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The synthesis and biological evaluation of novel prodrugs based on the cytotoxic antibiotic duocarmycin
SA (1) for a selective treatment of cancer using a prodrug monotherapy (PMT) are described. Transforma-
tion of the phenol 8 with the glucuronic acid benzyl ester trichloroacetimidate 9b followed by reaction
with DMAI�HCl (10) gives the glucuronide 11b, which is deprotected to afford the desired prodrug 4a con-
taining a glucuronic acid moiety. In addition, the prodrug 4b with a glucuronic methyl ester unit is pre-
pared. The cytotoxicity of the glucuronides is determined using a HTCFA-assay with IC50 values of 610 nM
for 4a and 3300 nM for 4b. In the presence of b-glucuronidase, 4a expresses an IC50 value of 0.9 nM and
4b of 2.1 nM resulting in QIC50 values of about 700 for 4a and 1600 for 4b.


� 2008 Elsevier Ltd. All rights reserved.

1. Introduction


One of the major problems of the commonly used chemothera-
peutics in cancer therapy is their insufficient differentiation be-
tween normal and cancer cells, which is usually based on the
different proliferation rates of cancer and normal cells. However,
since several normal cells as intestinal, epithelial and bone marrow
cells also show a fast proliferation rate as cancer cells, severe side
effects are often encountered. Some strategies to overcome this
lack of selectivity make use of non-toxic prodrugs that are selec-
tively activated at the tumour-site by conjugates of monoclonal
antibodies and enzymes, which liberate the toxin from the
prodrug.


Another approach is based on conjugates of toxins and peptides,
which bind to tumour-associated receptors. A third way rests upon
enzymes, which are overexpressed in tumours, in combination
with an enzymatically cleavable prodrug.


For the first approach, referred to as ADEPT strategy,1 we have
designed novel duocarmycin-based prodrugs as 2 over the last dec-
ade.2 The natural antibiotic duocarmycin SA (1)3 is a highly potent
cytostatic compound with an IC50 value of about 10 pM against dif-
ferent cancer cell lines and thus one of the strongest anticancer
agents known so far (Scheme 1). The newly developed prodrug
24 contains a benzindole skeleton with a chloroethyl group and a
dimethylaminoethoxyindole side chain (DMAI),5 which is neces-
sary for binding to the minor groove of the DNA as well as a galact-
ose moiety for detoxification. After cleaving off the sugar moiety by

ll rights reserved.

b-D-galactosidase the in situ formed seco-drug 3 undergoes a fast
cyclization to give the drug 5 with a spiro-methylcyclopropylcyclo-
hexadienone moiety as pharmacophoric unit.6 Since the prodrug 2
has an IC50 value of 3600 nM in the absence of the cleaving enzyme
and of 0.75 nM in its presence it results in a QIC50 value of about
5000.4 Thus, this substance is superior to almost all compounds de-
scribed so far for the use of ADEPT. Moreover, the in vivo investiga-
tions using mice are highly promising.7


On the other hand, the ADEPT approach has the disadvantage of
being rather costly and must cope with a possible immune re-
sponse of the patients against the used monoclonal antibody and
enzyme.


We therefore also investigated the second approach using the
peptide pentagastrin for targeting8 and the third approach employ-
ing glucuronic acid derivatives of the seco-drug 3. Thus, it has been
known for quite a long time that the concentration of the enzyme
b-glucuronidase is elevated in the extra cellular space of solid ne-
crotic tumours.9 We as one of the first suggested to use this knowl-
edge for the synthesis of non-toxic prodrugs selectively detoxified
by a glucuronic acid moiety.10 This strategy was later introduced
by Bosslet et al.11 as prodrug monotherapy (PMT). Moreover, this
concept is aided by the fact that the activity of b-glucuronidase is
very low at neutral pH12 but elevated at a decreased pH as it is
found in the tumour tissue.13


So far, several glucuronic acid prodrugs have been synthe-
sized14,15 but the resulting QIC50 values are rather low, and more-
over the liberated drugs often show an insufficient cytotoxicity.
We have proposed that in prodrug therapy the IC50 value of the lib-
erated drug should be <10 nM.1b,c Larrick et al. have developed
duocarmycin derivatives containing a glucuronic acid moiety
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which, however, cannot be considered as prodrugs since they eas-
ily form the spirocyclopropylcyclohexadiene moiety as the phar-
macophoric group under physiological conditions. Hence, the
biological investigation gave poor results.16


Here, we describe the novel glucuronic acid containing prodrug
4a, which shows excellent results in HTCFA cell culture
experiments using the human bronchial carcinoma cell line A549
(Scheme 1). In addition, we also prepared the corresponding glucu-
ronic acid methyl ester derivative 4b, which is not cleaved by b-
glucuronidase, but could be transformed in situ into the
corresponding cleavable acid derivative 4a by ubiquitous carboxy-
lesterases.10,17


2. Results and discussion


A main problem in the formation of the glucuronic acid deriva-
tive 4a was the proper choice of the glucuronic acid donor. First at-
tempts to prepare the corresponding glucoside followed by
oxidation of the primary hydroxy group of the sugar moiety using
the co-oxidant 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO)18 and
[bis(acetoxy)iodoso]benzene (BAIB), iodosobenzene (PhI@O)/KBr19


or polymer-supported chlorite (PS–O2Cl) were not successful.20


We then employed a route via the glucuronic acid methyl ester
11a, but hydrolysis of the methyl ester moiety in 11a could not be
performed without severe side reactions due to the lability of the
secondary chloride toward basic conditions. On the other hand,
the glucuronic acid benzyl ester derivative 11b could easily be ob-
tained, which allowed the formation of the desired glucuronic acid
prodrug 4a by cleavage of the benzyl ester using a hydrogenolysis
under neutral conditions. Furthermore, 11b could also be em-
ployed for the synthesis of the glucuronic acid methyl ester 4b.

The synthesis of the prodrug 4a followed the general route
shown in Scheme 2. We started from the known phenol
(1S,10R)-8, which was obtained in a highly selective way from
the known naphthaline derivative 621 and the enantiopure epoxide
(2R,3R)-7.22 Reaction of the phenol (+)-(1S,10R)-8 with the glucu-
ronide trichloroacetimidate 9b23 in the presence of BF3�Et2O in
dichloromethane and molecular sieves (4 Å) at �10 �C for 3 h gave
the corresponding glucuronide which, however, was not isolated,
but directly transformed into the desired amide 11b. For this
purpose, the primarily formed glucuronide was treated with addi-
tional three equivalents of BF3�Et2O to remove the N-tert-butyloxy-
carbonyl moiety and then reacted with the indole carboxylic acid
DMAI�HCl (10) in the presence of EDC�HCl in N,N-dimethylformam-
ide for 24 h to give 11b in 43% overall yield.


In a similar way the glucuronic acid methyl ester derivative
11a24 was prepared in 59% yield using the trichloroacetimidate
9a. Under Zemplén deacetylation conditions using sodium methox-
ide in methanol,25 11a and 11b were transformed into the methyl
ester prodrug 4b in 79% and 90% yield, respectively. For the synthe-
sis of the free glucuronic acid prodrug 4a the benzyl ester 11b was
hydrogenated under a hydrogen atmosphere using palladium on
charcoal. The final Zemplén deacetylation led to the desired acid
prodrug 4a in 60% yield over two steps, which was purified by
chromatography on a reversed phase column (Kromasil 100 C18).


The methyl ester trichloroacetimidate 9a was prepared using a
known procedure starting from D-(+)-glucurono-3,6-lactone in 60%
yield over four steps.26


The first three steps of the synthesis of the benzyl ester trichloro-
acetimidate 9b had first been performed by Vasella et al. in 33% yield
starting from the sodium salt of glucuronic acid.23a We developed a
higher-yielding route to 9b and its intermediate starting from D-glu-
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curonic acid (12) itself (Scheme 3). In the first step, a mixed anhy-
dride was formed with simultaneous peracetylation of the hydroxy
groups using acetic acid anhydride in the presence of catalytic
amounts of iodine. This is then directly converted into the peracety-
lated benzyl ester 13 by reaction with benzyl alcohol within 16 h in
65% yield over two steps. It follows an anomeric deprotection to give
14 by employing hydrazine acetate in DMF in 90% yield. The
transformation into the glucuronic acid donor 9b containing a tri-
chloroacetimidate moiety was accomplished by using trichloroace-
tonitrile and polymer-supported DBU27,28 as base avoiding a
purification step of the highly sensitive trichloroacetimidate moiety.
This route allows the synthesis of 9b in 46% over four steps.


The cytotoxicity of the glucuronides was determined using a
HTCFA-assay with IC50 values of 610 nM for 4a and 3300 nM for
4b (Fig. 1). In the presence of b-glucuronidase 4a expresses an
IC50 value of 0.9 nM and 4b a value of 2.1 nM resulting in QIC50 val-
ues of about 700 for 4a and 1600 for 4b. As expected, the IC50 value
of 4b in the presence of glucuronidase is lower than the value ob-
tained for 4a; however, the cytotoxicity is still quite high indicating
that the glucuronic acid methyl ester was cleaved in the cell cul-
ture medium by a present carboxylesterase. It is important to note

that the necessary amount of b-D-glucuronidase for the cleavage of
the glucuronide moiety in 4a and 4b is rather low and comes up to
only four fishman units.


3. Conclusion


We have synthesized the novel glucuronic acid prodrug 4a as
detoxified analogue of the cytotoxic antibiotic duocarmycin SA
for a selective treatment of cancer using the prodrug monotherapy
with a high QIC50 value of 700. Furthermore, we were able to show
that also the glucuronic methyl ester 4b with an even higher QIC50


value of 1600 might be also useable since it will be cleaved in situ
by ubiquitous carboxylesterases.


4. Experimental


4.1. General


All reactions were performed in flame-dried glassware under
an atmosphere of argon. Solvents were dried and purified accord-
ing to the method defined by Perrin and Armarego. Commercial
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Figure 1. HTCFA assay of the cytotoxicity of 4a and 4b against human bronchial
carcinoma cells of line A549.
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reagents were used without further purification. Thin-layer chro-
matography (TLC) was carried out on precoated Alugram SIL G/
UV254 (0.25 mm) plates from Macherey-Nagel & Co. Column chro-
matography was carried out on silica gel 60 from Merck with par-
ticle size 0.063–0.200 mm for normal pressure and 0.020–
0.063 mm for flash chromatography (P = pentane). IR spectra were
determined on a Bruker Vektor 22, UV–vis spectra on a Perkin-
Elmer Lambda 2, and mass spectra on a Varian MAT 311A, Varian
MAT 731 for EI-HRMS, and a Bioapex fourier transformation ion
cyclotron resonance mass spectrometer for ESI-HRMS.


1H NMR spectra were recorded either on a Varian UNITY-
300 MHz, Varian Inova 500 MHz, or Varian Inova 600 MHz. 13C
NMR spectra were recorded at 75, 125, or 150 MHz. Spectra were
taken at room temperature except otherwise stated in deuterated
solvents as indicated using the solvent peak as internal standard.


4.2. Benzyl (1,2,3,4-tetra-O-acetyl-b-D-glucopyran)uronate (13)


To a stirred suspension of D-glucuronic acid (7.50 g, 38.6 mmol,
1.00 equiv) in acetic anhydride (113 mL, 122 g, 1.20 mol) was
slowly added at room temperature iodine (530 mg, 1.93 mmol,
0.05 equiv) and stirring was continued for 2 h. The solvent was re-
moved in vacuo, the residue taken up in toluene followed by distil-
lation in vacuo (3� 200 mL) to remove the iodine and traces of
acetic acid to give the analytically pure mixed anhydride as slightly
yellow solid (15.5 g, 38.4 mmol, 99%). Then, a solution of 10.4 g
(25.8 mmol, 1.00 equiv) of the mixed anhydride in CH2Cl2


(70 mL) and benzyl alcohol (5.01 g, 4.80 mL, 46.7 mmol,
1.80 equiv) was stirred for 16 h at 25 �C. The solution was diluted
with EtOAc (250 mL), washed with 1 M Na2S2O3 solution
(100 mL), 1 M HCl solution (100 mL), satd NaHCO3 solution
(100 mL), and brine (100 mL). The organic phase was dried
(MgSO4), the solvent removed in vacuo and the residue purified
by column chromatography on silica gel (pentane/EtOAc = 2:1) to
give 13 as a colorless solid (6.76 g, 14.9 mmol, 65%) which can be
recrystallised from EtOH. Rf = 0.53 (pentane/EtOAc = 1:1); dH


(300 MHz, CDCl3) = 1.76, 1.96, 2.01, 2.09 (4� s, 12H, 4� COCH3),
4.19 (dd, J = 9.5, 4.5 Hz, 1H, 5-H), 5.08 (d, J = 12.0 Hz, 1H, OCH2Ph),
5.11 (dd, J = 9.0, 7.7 Hz, 1H, 2-H), 5.13 (d, J = 12.0 Hz, 1H, OCH2Ph),

5.19–5.29 (m, 2H, 3-H, 4-H), 5.74 (d, J = 7.7 Hz, 1H, 1-H), 7.29–7.38
(m, 5H, Ph-H); dC (75.5 MHz, CDCl3) = 20.21, 20.51, 20.74 (4�
COCH3), 67.98 (OCH2Ph), 68.80 (C-4), 70.11 (C-3), 71.87 (C-2),
72.94 (C-5), 91.28 (C-1), 128.6, 128.7, 128.8 (Ph-Co, Ph-Cm, Ph-
Cp), 134.5 (Ph-Ci), 166.3, (C-6), 168.8, 169.2, 169.3, 169.9 (4�
COCH3); C21H24O11 (452.41).


4.3. Benzyl (2,3,4-tri-O-acetyl-a/b-D-glucopyran)uronate (14)


To a stirred solution of 13 (1.94 g, 4.29 mmol, 1.00 equiv) in
DMF (20 mL) was added hydrazine acetate (503 mg, 5.47 mmol,
1.28 equiv) and stirring was continued for 2.5 h at 25 �C. After dilu-
tion with EtOAc (150 mL) the solution was washed with ice-water
(60 mL). The water phase was extracted with EtOAc (2� 25 mL),
and the combined organic layers were washed successively with
satd NaHCO3 solution (2� 70 mL), ice-water (70 mL), 1 N HCl solu-
tion (70 mL), and brine (70 mL). After drying (Na2SO4), removal of
the solvent in vacuo, and column chromatography on silica gel
(pentane/EtOAc = 1.5:1) 14 was obtained as a colorless solid
(1.58 g, 3.85 mmol, 90%) at a a/b ratio of 6:1; Rf = 0.35 (pentane/
EtOAc = 1:1); a-anomer: dH (300 MHz, CDCl3): 1.71, 1.96, 2.03
(3� s, 9H, 3� COCH3), 4.27 (sbr, 1H, OH), 4.62 (d, J = 10.2 Hz, 1H,
5-H), 4.84 (dd, J = 10.3, 3.5 Hz, 1H, 2-H), 5.05 (d, J = 12.0 Hz, 1H,
OCH2Ph), 5.10 (t, J = 10.0 Hz, 3-H), 5.19 (d, J = 11.9 Hz, 1H, OCH2Ph),
5.55 (d, J = 4.0 Hz, 1H, 1-H), 5.56 (t, J = 9.8 Hz, 1H, 4-H), 7.28–7.43
(m, 5H, Ph-H); dC (75.5 MHz, CDCl3): 20.27, 20.62, 20.65 (3�
COCH3), 67.91 (OCH2Ph), 67.99 (C-2), 69.16, 69.39 (C-3, C-4),
70.62 (C-5), 90.19 (C-1), 128.6, 128.7, 128.7 (Ph-Co, Ph-Cm, Ph-
Cp), 134.5 (Ph-Ci), 168.0 (C-6), 169.6, 170.0, 170.1 (3� COCH3);
C19H22O10 (410.37).


4.4. Benzyl (2,3,4-tri-O-acetyl-a-D-glucopyran)uronate
trichloroacetimidate (9b)


To a solution of 14 (1.00 g, 2.44 mmol, 1.00 equiv) in CH2Cl2


(35.0 mL) was added polymer-supported DBU (0.50 mmol/g,
2.44 g, 1.22 mmol 0.50 equiv) and trichloroacetonitrile (1.76 g,
1.22 mL, 12.1 mmol, 5.00 equiv). After stirring at 25 �C for 60 min
the suspension was filtered over Celite, and the solvent removed
in vacuo. The residue was taken up in toluene and the toluene dis-
tilled off in vacuo (3� 15 mL) to give the clean trichloroacetimi-
date 9b as slightly yellow syrup (1.15 g, 2.07 mmol, 85%), which
was used for the next step without further purification; Rf = 0.49
(pentane/EtOAc = 3:1); dH (300.0 MHz, CDCl3): 1.79, 2.02, 2.04,
(3� s, 9H, 3� COCH3), 4.54 (d, J = 10.5 Hz, 1H, 5-H), 5.15 (s, 2H,
OCH2Ph), 5.16 (dd, J = 9.8, 4.1 Hz, 1H, 2-H), 5.27 (t, J = 9.8 Hz, 1H,
4-H), 5.62 (t, J = 9.8 Hz, 1H, 3-H), 6.66 (d, J = 3.9 Hz, 1H, 1-H),
7.37 (s, 5H, Ph-H), 8.75 (s, 1H, NH); dC (75.8 MHz, CDCl3): 20.23,
20.39, 20.63 (3� COCH3), 68.07 (CH2Ph), 68.94 (C-2), 69.00, 69.38
(C-3, C-4), 70.49 (C-5), 91.76 (CCl3), 92.58 (C-1), 128.6, 128.7,
128.8 (Ph-Co, Ph-Cm, Ph-Cp), 134.5 (Ph-Ci), 160.5 (C@NH),166.6,
169.3, 169.6, 169.7 (4� COCH3); C21H22Cl3NO10 (554.76).


4.5. (+)-Benzyl {(1S,10 R)-1-(10-chloroethyl)-3-[(5-(2-(N,N-
dimethylamino)ethoxy)indol-2-yl)carbonyl]-1,2-dihydro-3H-
benz[e]indol-5-yl]}-2,3,4-tri-O-acetyl-b-D-glucopyranuronate
(11b)


A suspension of the trichloroacetimidate 9b (646 mg,
1.16 mmol, 1.25 equiv), phenol (+)-(1S,10R)-8 (325 mg, 938 lmol,
1.00 equiv) and molecular sieves 4 Å (1.75 g) in CH2Cl2 (42.0 mL)
was stirred at 25 �C for 30 min. The mixture was cooled to
�18 �C and BF3�OEt2 (59.4 lL, 468 lmol, 0.50 equiv) in CH2Cl2


(1.0 mL) was added dropwise, then, the mixture was allowed to
warm to �10 �C. After stirring for 3 h at this temperature addi-
tional BF3�OEt2 (200 lL, 1.58 mmol, 2.00 equiv) in CH2Cl2 (7.0 mL)
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was added, the suspension warmed to 25 �C, stirred for 3 h and the
reaction quenched by filtration over a Celite pad. The solvent was
removed in vacuo and the resulting salt dried under high vacuum
for 1 h to give a foam which was dissolved in DMF (60.0 mL). To the
obtained solution was added at 0 �C DMAI�HCl (10) (400 mg,
1.41 mmol, 1.50 equiv) and EDC�HCl (539 mg, 2.81 mmol,
3.00 equiv) and stirring was continued at 25 �C for 24 h. Then,
EtOAc (70 mL) was added and the mixture washed with ice-water
(70 mL) and satd NaHCO3 solution (25 mL). The layers were sepa-
rated and the water phase reextracted with EtOAc (4� 100 mL).
The combined organic layers were washed with brine (4� 60
mL), dried over MgSO4 and the solvent removed in vacuo. Column
chromatography on silica gel (CH2Cl2/MeOH = 10:1) yielded the
acetylated prodrug 11b as colorless solid (352 mg, 40.4 lmol,
43%); Rf = 0.44 (CH2Cl2/MeOH = 10:1); ½a�20


D +12.1� (c 0.87, MeOH);
dH (600 MHz, DMSO-d6, 35 �C): 1.65 (d, J = 6.7 Hz, 3H, 11-H3),
1.83, 2.01, 2.03 (3� s, 9H, 3� COCH3), 2.28 (s, 6H, N(CH3)2), 2.70
(t, J = 5.8 Hz, 2H, H2-200), 4.09 (t, J = 5.8 Hz, 2H, 100-H2), 4.28 (dt,
J = 9.4, 2.3 Hz, 1H, 1-H), 4.64 (dd, J = 10.0, 2.0 Hz, 1H, 2a-H), 4.78
(mc, 2H, 2b-H, 5000-H), 4.81 (dq, J = 6.6, 2.3 Hz, 1H, 10-H), 5.13, 5.
16 (2� d, J = 12.3 Hz, 2H, OCH2Ph), 5.20 (t, J = 9.6 Hz, 1H, 4000-H),
5.34 (dd, J = 9.6, 7.7 Hz, 1H, 2000-H), 5.57 (t, J = 9.6 Hz, 1H, 3000-H),
5.79 (d, J = 7.7 Hz, 1H, 1000-H), 6.93 (dd, J = 8.9, 2.3 Hz, 1H, 60-H),
7.19 (sbr, 2H, 30-H, 40-H), 7.26–7.38 (mc, 5H, Ph-H), 7.41 (d,
J = 8.9 Hz, 1H, 70-H), 7.47, 7.59 (2� t, J = 7.7 Hz, 2H, 7-H, 8-H),
8.00 (d, J = 8.9 Hz, 2H, 6-H, 9-H), 8.25 (sbr, 1H, 4-H), 11.61 (s, 1H,
NH); dc (150.8 MHz, DMSO-d6, 35 �C): 19.99, 20.20, 20.28 (3�
COCH3), 23.31 (11-CH3), 45.34 (N(CH3)2), 45.93 (C-1), 52.06 (C-2),
57.65 (C-200), 61.18 (C-10), 66.08 (C-100), 66.96 (OCH2Ph), 69.08
(C-4000), 70.70 (C-2000), 70.96 (C-3000), 71.28 (C-5000), 98.71 (C-1000),
103.0 (C-4), 103.3 (C-40), 105.5 (C-30), 113.2 (C-70), 115.9 (C-60),
120.6 (C-5a), 122.1 (C-6), 122.7 (C-9b), 123.2 (C-9), 124.4 (C-7),
127.5 (C-8, C-3a0), 128.2, 128.3, 128.4 (5� Ph-Co, Ph-Cm, Ph-Cp),
129.5, 130.7, 131.8 (C-20, C-7a0, C-9a), 134.9 (Ph-Ci), 141.8 (C-3a),
152.4, 152.9 (C-5, C-50), 160.2 (NC@O), 166.4 (C-6000), 169.0, 169.2,
169.4 (3� COCH3); IR (KBr): ~v ¼ 3418 cm�1, 2937, 1759, 1626,
1517, 1461, 1412, 1216, 1038, 758; MS (ESI): m/z: calcd for
C46H49ClN3O12 [M+H]+: 870.3 (100) [M+H]+, 1740.8 (12) [2M+H]+;
868.4 (100) [M�H]�, 1739.1 (72) [2M�H]�; HRMS (ESI): m/z: calcd
for C46H49ClN3O12 [M+H]+: 870.29993; found: 870.30003.


4.6. (�)-{(1S,10R)-1-(10-Chloroethyl)-3-[(5-(2-(N,N-
dimethylamino)ethoxy)indol-2-yl)carbonyl]-1,2-dihydro-3H-
benz[e]indol-5-yl]}-b-D-glucopyranuronate (4a)


A suspension of 11b (150 mg, 172 lmol, 1.00 equiv) and palla-
dium on charcoal (10 %, 104 mg, 98.0 lmol, 0.57 equiv of Pd) in
MeOH/EtOAc (66.0 mL, 1:10) was stirred under a H2-atmosphere
for 12 h at normal pressure and 25 �C. Filtration over Celite, wash-
ing with MeOH and evaporation of the solvent yielded an analyti-
cally pure colorless solid (121 mg, 155 lmol, 90%; Rf = 0.79, CH2Cl2/
MeOH = 3:1). The crude salt (121 mg) was dissolved in MeOH
(40.0 mL) and a NaOMe solution (30% in MeOH, 70.0 lL, 366 lmol,
2.50 equiv) added dropwise. After stirring at 25 �C for 2 h the solu-
tion was neutralized by addition of HOAc. Removal of the solvent
under high vacuum gave the crude prodrug, which was purified
by reversed phase column chromatography to give 4a as a colorless
solid (61.0 mg, 93.0 lmol, 60%). Rf = 0.12 (CH2Cl2/MeOH = 1:1.5);
½a�20


D �5.6� (c 0.6, DMSO); dH (600 MHz, DMSO-d6, 35 �C): 1.65 (d,
J = 6.6 Hz, 3H, H3-11), 2.39 (s, 6H, N(CH3)2), 2.83–2.88 (mc, 2H,
H2-200), 3.36 (d, J = 9.1 Hz, 1H, H-5000), 3.37–3.43 (mc, 1H, H-3000),
3.48 (t, J = 8.1 Hz, 1H, H-2000), 3.63–3.70 (mc, 1H, H-4000), 4.00 (sbr,
1H, OH), 4.12 (t, J = 5.7 Hz, 2H, H2-100), 4.25 (dt, J = 9.5, 2.4 Hz, 1H,
H-1), 4.62 (mc, 1H, H-2a), 4.73 (t, J = 9.7 Hz, 1H, H-2b), 4.81 (dq,
J = 6.4, 2.4 Hz, 1H, H-10), 5.34 (mc, 1H, H-1000), 5.47 (sbr, 2H, 2�
OH), 6.92 (dd, J = 8.9, 2.2 Hz, 1H, H-60), 7.15 (sbr, 1H, H-30) 7.18

(d, J = 1.3 Hz, 1H, H-40), 7.39 (d, J = 8.9 Hz, 1H, H-70), 7.44, 7.57
(2� mc, 2H, H-7, H-8), 7.97 (d, J = 8.4 Hz, 1H, H-9), 8.17 (sbr, 1H,
H-4), 8.34 (d, J = 8.4 Hz, 1H, H-6), 11.70 (s, 1H, NH); dC


(125.7 MHz, DMSO-d6, 35 �C): 23.34 (11-CH3), 44.76 (N(CH3)2),
45.89 (C-1), 51.93 (C-2), 57.12 (C-200), 61.21 (C-10), 65.35 (C-100),
71.70 (C-3000), 73.05 (C-2000), 75.24 (C-4000), 76.03 (C-5000), 101.2 (C-
1000), 101.6 (C-4), 103.4 (C-40), 105.4 (C-30), 113.1 (C-70), 115.8 (C-
60), 119.1 (C-5a), 122.9, 123.3, 123.7 (C-6, C-7, C-9, C-9b), 127.3,
127.4 (C-8, C-3a0), 129.5, 130.9, 131.7 (C-20, C-7a0, C-9a), 141.9
(C-3a), 152.7, 153.2 (C-5, C-50), 160.0 (NC@O), 171.9 (C-6000); UV/
vis (MeOH): kmax (lg e): 209.5 nm (1.6010), 240.5 (1.4051), 299.5
(1.2945), 330.0 (1.3307); IR (KBr): ~v ¼ 3406 cm�1, 1615, 1592,
1516, 1465, 1415, 1290, 1267, 1234, 1179, 1061, 762; MS (ESI):
m/z: calcd for C33H37ClN3O9 [M+H]+: 654.2 (100) [M+H]+; HRMS
(ESI): m/z: calcd for C33H37ClN3O9 [M+H]+: 654.22128; found:
654.22095.


4.7. Chromatographic purification of crude (4a)


A solution of 30.0 mg of crude 4a in 4.00 mL CH3CN/
H2O = 1:3 + 0.05% HOAc was separated (injection volume
0.80 mL) by semipreparative RP-HPLC (Kromasil 100 C18,
250 � 20 mm, particle size: 7 lm, gradient from 20% to 25% CH3CN
in H2O + 0.05% HOAc within 5 min, then CH3CN/H2O = 1:3 + 0.05%
HOAc, flow: 12 mL min�1; UV-detector: k = 299 nm, Jasco-module)
to provide pure 4a (tR = 15.8 min).


4.8. (+)-Methyl {(1S,10R)-1-(10-chloroethyl)-3-[(5-(2-(N,N-
dimethylamino)ethoxy)indol-2-yl)carbonyl]-1,2-dihydro-3H-
benz[e]indol-5-yl]}-2,3,4-tri-O-acetyl-b-D-glucopyranuronate
(11a)


A suspension of the trichloroacetimidate 9a (109 mg, 227 lmol,
1.05 equiv), phenol (+)-(1S,10R)-8 (75.0 mg, 216 lmol, 1.00 equiv)
and molecular sieves 4 Å (450 mg) in CH2Cl2 (10.0 mL) was stirred
at 25 �C for 30 min. The mixture was cooled to �20 �C and BF3�OEt2


(13.7 lL, 108 lmol, 0.50 equiv) in CH2Cl2 (150 lL) was added drop-
wise. After stirring for 3.5 h, additional BF3�OEt2 (82.2 lL, 648 lmol,
3.00 equiv) in CH2Cl2 (2.00 mL) was added, the suspension warmed
to 25 �C, and stirring was continued for 4.5 h. The reaction mixture
was filtered over a Celite pad, the filtrate evaporated in vacuo and
the resulting salt dried under high vacuum for 1 h to give a foam
which was dissolved in DMF (60.0 mL). To the obtained solution
were added at 0 �C DMAI�HCl (10) (92.3 mg, 324 lmol, 1.50 equiv)
and EDC�HCl (124 mg, 648 lmol, 3.00 equiv) and the mixture was
stirred at 25 �C for 24 h. Work-up and purification was performed
as described for 11b to give the acetylated prodrug 11a as colorless
solid (109 mg, 146 lmol, 68%). Rf = 0.34 (CH2Cl2/MeOH = 10:1);
½a�20


D +1.6� (c 0.1, MeOH); dH (300 MHz, DMSO-d6, 35 �C): 1.64 (d,
J = 6.7 Hz, 3H, 11-H3), 2.01, 2.02 (3� s, 9H, 3� COCH3), 2.37 (s,
6H, N(CH3)2), 2.84 (t, J = 5.7 Hz, 2H, 200-H2), 3.67 (s, 3H, OCH3),
4.14 (t, J = 5.7 Hz, 2H, 100-H2), 4.26 (dd, J = 8.9, 2.4 Hz, 1H, 1-H),
4.63 (dd, J = 11.4, 1.5 Hz, 1H, 2a-H), 4.71–4.83 (m, 3H, 2b-H, 5000-H,
10-H), 5.15 (t, J = 9.7 Hz, 1H, 4000-H), 5.32 (dd, J = 9.7, 7.8 Hz, 1H,
2000-H), 5.60 (t, J = 9.6 Hz, 1H, 3000-H), 5.80 (d, J = 7.8 Hz, 1H, 1000-H),
6.94 (dd, J = 9.0, 2.3 Hz, 1H, 60-H), 7.18, 7.18 (2� sbr, 2H, 30-H, 40-
H), 7.41 (d, J = 9.0 Hz, 1H, 70-H), 7.47 (t, J = 7.4 Hz, 1H, 7-H), 7.60
(t, J = 7.6 Hz, 1H, 8-H), 7.99, 8.01 (2� d, J = 8.1 Hz, 2H, 6-H, 9-H),
8.21 (s, 1H, 4-H), 11.63 (s, 1H, NH); dC (125.7 MHz, DMSO-d6,
35 �C): 20.14, 20.24, 20.29 (3� COCH3), 23.32 (11-CH3), 45.02
(N(CH3)2), 45.88 (C-1), 52.11 (C-2), 52.53 (OCH3), 57.36 (C-200),
61.24 (C-10), 65.66 (C-100), 69.06 (C-4000), 70.70 (C-2000, C-3000), 71.09
(C-5000), 98.40 (C-1000), 102.6 (C-4), 103.4 (C-40), 105.5 (C-30), 113.2
(C-70), 115.9 (C-60), 120.5 (C-5a), 122.0 (C-6), 122.6 (C-9b), 123.3
(C-9), 124.4 (C-7), 127.4, 127.6 (C-8, C-3a0), 129.5, 130.7, 131.4
(C-20, C-7a0, C-9a), 141.7 (C-3a), 152.4, 152.8 (C-5, C-50), 160.1
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(NC@O), 167.0 (C-6000), 169.2, 169.3, 169.4 (3� COCH3); UV/vis
(MeOH): kmax (lg e): 205.0 nm (1.5788), 299.0 (1.3633), 334.0
(1.3523); IR (KBr): ~v ¼ 2928 cm�1, 2759, 1626, 1516, 1462, 1414,
1217, 1054, 764; C36H44ClN3O12 (745.85).


4.9. (�)-Methyl {(1S,10R)-1-(10-chloroethyl)-3-[(5-(2-(N,N-
dimethylamino)ethoxy)indol-2-yl)carbonyl]-1,2-dihydro-3H-
benz[e]indol-5-yl]}-b-D-glucopyranuronate (4b)


To a stirred solution of 11a (25.0 mg, 33.4 lmol, 1.00 equiv) in
MeOH (10.0 mL) were added dropwise NaOMe in MeOH (30% in
MeOH, 0.90 mg, 3.20 lL, 16.8 lmol, 0.50 equiv in 1.00 mL MeOH)
and stirring was continued at 25 �C for 2 h. Column chromatogra-
phy on silica gel (CH2Cl2/ MeOH = 1:1) and filtration through a
membrane filter gave 4b as a colorless solid (17.6 mg, 26.4 lmol,
79%); Rf = 0.29 (MeOH/CH2Cl2 = 1:1); ½a�20


D �8.2� (c 0.6, MeOH); dH


(600 MHz, DMSO-d6, 35 �C): 1.65 (d, J = 6.6 Hz, 3H, 11-H3), 2.25
(s, 6H, N(CH3)2), 2.67 (t, J = 5.7 Hz, 2H, 200-H2), 3.38 (t, J = 9.0 Hz,
1H, 3000-H), 3.47–3.57 (m, 1H, 2000-H, 4000-H), 3.68 (s, 3H, OCH3),
3.97 (d, J = 9.3 Hz, 1H, 5000-H), 4.08 (t, J = 5.9 Hz, 2H, 100-H2), 4.26
(dd, J = 9.4, 2.1 Hz, 1H, 1-H), 4.62 (dd, J = 10.9, 2.2 Hz, 1H, 2b-H),
4.75 (t, J = 10.3 Hz, 1H, 2a-H), 4.81 (dq, J = 6.5, 2.3 Hz, 1H, 10-H),
5.11 (d, J = 7.5 Hz, 1H, 1000H), 5.38, 5.62 (2� sbr, 3H, 3� OH), 6.92
(dd, J = 8.8, 2.4 Hz, 1H, 60-H), 7.17, 7.18 (2� d, J = 2.2 Hz, 2H, 30-H,
40-H), 7.40 (d, J = 8.9 Hz, 1H, 70-H), 7.45, 7.58 (2� t, J = 7.5 Hz, 2H,
7-H, 8-H), 7.97 (d, J = 8.3 Hz, 1H, 9-H), 8.16 (s, 1H, 4-H), 8.33 (d,
J = 8.4 Hz, 1H, 6-H), 11.59 (s, 1H, NH); dC (125.7 MHz, DMSO-d6,
35 �C): 23.36 (11-CH3), 45.49 (N(CH3)2), 45.93 (C-1), 51.92
(OCH3), 52.02 (C-2), 57.77 (C-200), 61.31 (C-10), 65.66 (C-100),
69.06 (C-4000), 70.70 (C-2000, C-3000), 71.09 (C-5000), 101.5 (C-4), 102.1
(C-1000), 103.3 (C-40), 105.5 (C-30), 113.2 (C-70), 115.9 (C-60), 120.5
(C-5a), 123.0 (C-9, C-9b), 123.3 (C-6), 123.9 (C-7), 127.4, 127.5
(C-8, C-3a0), 129.5, 130.8, 131.7 (C-20, C-7a0, C-9a), 141.9 (C-3a),
153.0, 153.1 (C-5, C-50), 160.1 (NC@O), 169.0 (C-6000); HRMS (ESI):
m/z: calcd for C34H39ClN3O9 [M+H]+: 668.23748; found:
668.23791.


4.10. Cell culture


Human bronchial carcinoma cells of line A549 (ATCC CCL 185)
were kindly provided by the Institut für Zellbiologie, Universität
Essen, and were maintained as exponentially growing cultures at
37 �C and 7.5% CO2 in air in Dulbecco’s modified Eagle’s medium
(DMEM) (Biochrom, Berlin, Germany) supplemented with 10% fetal
calf serum (heat-inactivated for 30 min at 56 �C, Gibco–BRL,
Karlsruhe, Germany), 44 mM NaHCO3 (Biochrom, Berlin, Germany)
and 4 mM L-glutamine (Gibco–BRL, Karlsruhe, Germany).


4.11. In vitro cytotoxicity assays


Adherent cells of line A549 were sown in triplicate in six-
multiwell plates at concentrations of 102–105 cells per cavity.
Culture medium was sucked off after 24 h and cells were
washed in the incubation medium Ultraculture (UC, serum-free
special medium, purchased from BioWhittaker Europe, Verviers,
Belgium). Incubation with compounds 4a and 4b was then per-
formed in Ultraculture medium at various concentrations for
24 h. All substances were used as freshly prepared solutions in
DMSO (Merck, Darmstadt, Germany) diluted with incubation
medium to a final concentration of DMSO of 1% in the wells.
After 24 h of exposure the test substance was removed and the
cells were washed with fresh medium. Cultivation was done at
37 �C and 7.5% CO2 in air for 12 days. The medium was removed
and the clones were dried and stained with Löffler’s methylene
blue (Merck, Darmstadt, Germany). They were then counted
macroscopically.

The IC50 values are based on the relative clone forming rate,
which was determined according to the following formula: relative
clone forming rate [%] = 100 � (number of clones counted after
exposure)/(number of clones counted in the control).


Liberation of the drugs from their glycosidic prodrugs was
achieved by addition of 4.0 U mL�1b-D-galactosidase (EC 3.2.1.23,
Grade X, purchased from Sigma Germany, Deisenhofen, Germany)
to the cells during incubation with the substances.
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The phosphate, uracil, and ribose moieties of uracil nucleotides were varied structurally for evaluation of
agonist activity at the human P2Y2, P2Y4, and P2Y6 receptors. The 2-thio modification, found previously to
enhance P2Y2 receptor potency, could be combined with other favorable modifications to produce novel
molecules that exhibit high potencies and receptor selectivities. Phosphonomethylene bridges
introduced for stability in analogues of UDP, UTP, and uracil dinucleotides markedly reduced potency.
Truncation of dinucleotide agonists of the P2Y2 receptor, in the form of Up4-sugars, indicated that a ter-
minal uracil ring is not essential for moderate potency at this receptor and that specific SAR patterns are
observed at this distal end of the molecule. Key compounds reported in this study include 9, a,b-meth-
ylene-UDP, a P2Y6 receptor agonist; 30, Up4-phenyl ester and 34, Up4-[1]glucose, selective P2Y2 receptor
agonists; dihalomethylene phosphonate analogues 16 and 41, selective P2Y2 receptor agonists; 43, the
2-thio analogue of INS37217 (P1-(uridine-50)-P4-(20-deoxycytidine-50)tetraphosphate), a potent and
selective P2Y2 receptor agonist.


Published by Elsevier Ltd.

1. Introduction


The P2Y receptor family consists of at least eight human sub-
types that are activated by either or both adenine and uracil nucle-
otides.1,2 P2Y2 and P2Y4 nucleotide receptors respond to uridine 50-
triphosphate (UTP, 1) and its analogues, and the P2Y6 receptor re-
sponds to uridine 50-diphosphate (UDP, 2) and analogues.3 How-
ever, this delineation of agonist selectivities is not absolute. For
example, Müller and coworkers and Besada et al. reported that cer-
tain 50-triphosphate derivatives potently activate the P2Y6 recep-
tor.4,5 The conformational preference of the ribose moiety in
binding to uridine nucleotide-activated P2Y receptors has been ex-
plored through substitution with the sterically constrained metha-
nocarba (bicyclo[3.1.0]hexane) ring system. P2Y2 and P2Y4


receptors display a North conformational preference, while the
P2Y6 receptor prefers the South.6–8


Several recent studies have explored structure–activity rela-
tionships (SARs) at the P2Y2, P2Y4, and P2Y6 receptors.4–6,9–11 Key
pharmacological probes introduced include the nonselective P2Y2

Ltd.


: +1 301 480 8422.
son).

receptor agonists 3 and 4, which have progressed to clinical studies
for dry eye syndrome and pulmonary diseases, the potent and
selective P2Y2 receptor agonist 5,7 and the selective P2Y6 receptor
agonist 6 (Chart 1).12,13 Modification of the base moiety of UTP to
form C-linked nucleotides is possible in P2Y2 receptor agonists
and results in enhanced stability.10 Various dinucleotides tend to
activate P2Y2 and P2Y4 receptors (diuridine tetraphosphates) or
P2Y6 receptors (diuridine triphosphates) with moderate potency
and with greater stability than analogues of UTP and UDP.9 Also,
the pharmacological activity of diadenosine polyphosphates at
both P2Y and P2X receptor subtypes has been characterized.1,2


Diadenosine tetraphosphate is only 3-fold less potent than ATP at
the human P2Y2 receptor.


In the present study, we further investigated structure–activity
relationships at P2Y receptors through synthesis of molecules with
additional substitutions of the uracil, ribose, and phosphate moie-
ties and combinations thereof. These analogues of UDP, UTP, and
dinucleotides were assayed for capacity to promote P2Y2, P2Y4,
and P2Y6 receptor-mediated activation of phospholipase C (PLC).3


These novel derivatives incorporated groups such as 2-thio, found
previously to enhance receptor potency.4,7 Phosphonomethylene
bridges and nonphosphate linkages were introduced to enhance
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Chart 1. Agonists of the P2Y2 and P2Y6 receptors.
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stability of molecules against the action of ectonucleotidases.14 We
also probed the effects of truncation of dinucleotide agonists of the
P2Y2 receptor by synthesizing and quantifying the activities of a
series of Up4-sugars.7


2. Results and discussion


2.1. Chemical synthesis


The synthetic routes to the novel nucleotide derivatives (Tables
1–3) are shown in Schemes 1–6. The potencies of five known refer-
ence compounds are listed in Table 1 (P2Y6 agonist UDP 2), Table 2
(P2Y2 agonists UTP 1 and MRS2698 5), and Table 3 (P2Y2 agonists
Up4U 3 and INS37217 4). Types of modifications include UDP ana-
logues containing a methylene-bridged substitute for the diphos-
phate group (Scheme 1), UTP analogues containing a b,c-
dihalomethylene-bridge in the triphosphate group4 (Scheme 2),
UTP analogues with modified uracil and ribose moieties7 (Scheme
3), a 5-iodo analogue of INS488235,13 (Scheme 4), analogues of uri-
dine 50-tetraphosphate7 (Scheme 5) in which the terminal phos-
phate moiety was condensed with various alcohols, including
sugars. Among the derivatives in Scheme 1, compounds 7 and 10
are new compounds, but 8 and 9 were previously reported15,16


(see Table 1).
The synthesis of UTP analogues 12 and 17–25 from the cor-


responding nucleosides was by standard methods of di-, tri-
phosphate formation.6 In each case the unprotected
nucleoside was first treated with phosphorous oxychloride
(Scheme 3). The reaction mixture was either treated immedi-
ately with bis(tri-n-butylammonium) pyrophosphate (phospho-
ric acid for 12) or the isolated 50-monophosphate was
activated with 1,10-carbonyldiimidazole (CDI) followed by the
pyrophosphate salt. An attempt to synthesize 2,4-dithio-UTP
led to isolation only of the 4-methylthio analogue 17. Identifi-
cation of nucleotide compounds was confirmed by NMR (1H
and 31P) and by high-resolution mass spectrometry (HRMS),
and purity was demonstrated with high-performance liquid
chromatography (HPLC).


The preferred method of synthesis of 20-MeUTP (20) and 30-
MeUTP (21) was through isolation of the monophosphate. 20-C-
Methyl-uridine-50-monophosphate17 and 30-C-methyl-uridine-50-

monophosphate18 were obtained as ammonium salts following
the Yoshikawa procedure19 starting from nucleosides 20-C-
methyl-uridine (49) and 30-C-methyl-uridine (50). The nucleo-
tides also were prepared by the one-pot method using a sequen-
tial reaction of 49 and 50 with phosphorous oxychloride and
pyrophosphoric acid tributylammonium salt, but the yields were
lower.


Most of the required nucleoside precursors were readily avail-
able, with several exceptions. 20-Ureido-20-deoxyuridine 46 was
prepared by a one-step method from 20-amino-20-deoxyuridine
57 (Scheme 6A).20 The synthesis of 2,4-dithiouridine 47 is depicted
in Scheme 6B. The commercially available b-D-ribofuranose 1,2,3,5-
tetraacetate 58 was coupled with silylated 2-thiouracil under
SnCl4-catalyzed Vorbrüggen conditions.21 4-Thionation of the
resulting 20,30,50-tri-O-acetyl-2-thiouridine 59 was performed
using Lawesson’s reagent.22 Subsequent sugar deprotection of 60
afforded 2,4-dithiouridine 47 in 59% overall yield. The nucleoside
1-(b-D-arabinofuranosyl)-2-thio(1H)pyrimidin-4-one 48 was ob-
tained via opening of 2,20-O-anhydrouridine 61with H2S and trieth-
ylamine in anhydrous DMF (Scheme 6C).23 The synthetic routes to
the nucleosides 20-C-methyl-uridine 49 and 30-C-methyl-uridine
50, synthesized using the strategy reported by Wolfe & Harry-
O’kuru24 and Mikhailov et al.25a with some modifications, are out-
lined in Scheme 6D.


2.2. Pharmacological activity


Activation of PLC by a range of concentrations of each nucleo-
tide derivative (7–44) was studied in [3H]inositol-labeled 1321N1
human astrocytoma cells stably expressing the human P2Y2,
P2Y4, or P2Y6 receptors (Tables 1–3) by methodology (see Section
3) we have described previously in detail.1,3,6,26


Table 1 illustrates UDP analogues that were designed for possi-
ble interaction with the P2Y6 receptor. Compounds 7 and 8 are
derivatives substituted with an anionic carboxylic acid or phospho-
nate acetyl ester moiety with the goal of approximating the charge
and electronic characteristics of the diphosphate moiety for inter-
action with cationic residues in the ligand binding pocket.8 These
molecules were inactive at the P2Y6 receptor. Introduction of an
a,b-methylene 9 substitution only slightly reduced potency at the
P2Y6 receptor (Fig. 1), while the a,b-difluoromethylene analogue







Table 1
Relative potencies of UDP, 2, and UDP analogues for activation of the human P2Y6 receptor


O


N


NH


O


HO R1


O


R2


R3


Compound Modification Structure EC50 (lM)
hP2Y6receptora


Nucleosides


7 Uridine-50-malonate
R2 = OCCHO


O O
NE


8 Uridine-50-phosphonoacetate


R2 =
OCPHO


OH


O O
NE


Diphosphates
2 UDP 0.30 ± 0.06


9b Up-CH2-p (a,b-Methylene UDP)


R2 =
HO P P O


OH OH


OO
0.66 ± 0.11


10 Up-CF2-p (a,b-difluoromethylene UDP)


R2 =
HO P P O


OH OH


OO
F


F
NE


11 5-Amino-UDP R3 = NH2 0.61 ± 0.17
12 20-Deoxy-20-ureido-UDP R1 = NHCONH2 4.70 ± 0.44


NE, no effect at 10 lM.


Unless noted: R1 = OH;


R2 = 
HO P O P O


OH OH


OO
and R3 = H.


a Agonist potencies reflect stimulation of phospholipase C in 1321N1 human astrocytoma cells stably expressing the human P2Y6 receptor. Potencies are presented in the
form of EC50 values, which represent the concentration of agonist at which 50% of the maximal effect is achieved. These values were determined using a four-parameter
logistic equation and the GraphPad software package (GraphPad, San Diego, CA). The results are presented as means ± standard error and are the average of three to six
different experiments with each molecule.


b 9, MRS2782.
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10 was strikingly inactive. Nucleobase substitution was also exam-
ined in the UDP series. We previously reported that the higher
homologue of 11, 5-amino-UTP, displays increased potency rela-
tive to UTP as a P2Y6 receptor agonist.7 In contrast, the correspond-
ing diphosphate 11 was �50-fold less potent than UDP. The
introduction of a polar ureido group on the ribose moiety of aden-
osine derivatives provided tailored analogues for selective recogni-
tion by adenosine neoceptors.27 Therefore, we replaced the 20-
hydroxy group of UDP with a highly H-bonding ureido group. This
molecule exhibited a 360-fold reduction of potency at the P2Y6


receptor compared to UDP.
Table 2 illustrates composite data for UTP analogues designed


to activate the P2Y2 and P2Y4 receptors. We previously illustrated
that substitution of a 2-thio group enhances potency and/or selec-
tivity of UTP analogues (e.g., 5 and 14) at the P2Y2 receptor.7 The
combination of the 2-thio modification with a b,c-difluoromethyl-
ene 15 or b,c-dichloromethylene 16 substitution of the triphos-
phate moiety or 4-methylthio 17 group resulted in analogues
that were 50- to 100-fold weaker than 14. A report of another
UTP analogue,4 5-bromo-b,c-dichloromethylene-UTP, that dis-
played submicromolar P2Y2 receptor potency had suggested the
possibility of greater potency in 15 and 16 than we observed
experimentally in the current study. Nevertheless, the dichloro-
methylene group of 16 provides moderate selectivity for the P2Y2

receptor, while the equipotent difluoromethylene derivative 15
was only marginally selective. Replacement of the 20-hydroxy
group of UTP with a ureido group 18 resulted in a 36-fold reduction
of potency at the P2Y2 receptor and >100-fold reduction at the
P2Y4 receptor.


Methyl groups were placed on the ribose ring of UTP at the 20


and 30 positions in 20 and 21, respectively. Like the methanocarba
modification of ribose,6,28 this approach is a means of conforma-
tional control of the ribose ring that has proven effective for
achieving selectivity in A1 adenosine receptor agonists.29,30 Com-
pound 20 maintains a North conformation of the ribose ring and,
as is the case with UTP, activated the P2Y2 and P2Y4 receptors
nearly equipotently. However, a 20- to 30-fold decrease in potency
relative to UTP was observed. In contrast, 21, which maintains a
South conformation of the ribose ring, was inactive at both P2Y2


and P2Y4 receptors. These results are consistent with previously re-
ported conformational preferences of these receptors deduced
from our studies with methanocarba-derivatives of UTP.6


No previous studies have reported the potency of nucleoside 50-
tetraphosphates at the P2Y2 receptor, although adenosine 50-tetra-
phosphate (Ap4) was reported to activate a presumed P2X recep-
tor.31 Therefore, we synthesized and evaluated the activities of
50-tetraphosphate and pentaphosphate derivatives 22–25. The po-
tency of uridine 50-tetraphosphate 22 (Up4) was greatly reduced in







Table 2
Relative potencies of UTP, 1, and UTP analogues for activation of the human P2Y2, P2Y4 and P2Y6 receptors


PR2
O


OH
X3 P


O


OH
O O


N


NH


X2


HO R1


n


X1


R4 R3


Compound Modification Structure EC50
a (lM)


hP2Y2 hP2Y4 hP2Y6


Triphosphates (n = 2)
1b (=UTP) 0.060 ± 0.00 0.090 ± 0.01 >10d


13b 20-Deoxy-20-amino-UTP R1 = NH2 0.062 ± 0.008 1.2 ± 0.3 NE
14b 2-Thio-UTP X1 = S 0.035 ± 0.004 0.35 ± 0.10 �1.5b


5b,c 2-Thio-20-deoxy-20-amino-UTP X1 = S, R1 = NH2 0.008 ± 0.002 2.4 ± 0.8 NE
15 2-Thio-b,c-difluoromethylene-UTP X1 = S, X3 = CF2 1.63 ± 0.36 8.11 ± 0.69 5.15 ± 0.69
16c 2-Thio-b,c-dichloromethylene-UTP X1 = S, X3 = CCl2 2.51 ± 0.65 NE >10d


17 2-Thio-4-methylthio-UTP X1 = S, X2 = S CH3 0.91 ± 0.06 5.35 ± 1.20 >10d


18 20-Deoxy-20-ureido-UTP R1 = NHCONH2 1.74 ± 0.25 4.64 ± 2.05 >10d


19 2-Thio-arabino-UTP R1 = H, R3 = OH 0.14 ± 0.01 7.93 ± 0.81 NE
20 20-Methyl-UTP R3 = CH3 1.45 ± 0.26 1.26 ± 0.14 NE
21 30-Methyl-UTP R4 = CH3 NE NE NE


Tetra- (n = 3) and penta- (n = 4) phosphates
22 Up4 2.61 ± 1.39 4.64 ± 2.05 7.56 ± 1.07
23 2-Thio-Up4 X1 = S 0.60 ± 0.20 5.52 ± 1.75 6.83 ± 1.74
24 4-Thio-Up4 X2 = S 0.070 ± 0.01 0.28 ± 0.06 6.46 ± 0.41
25 2-Thio-Up5 X1 = S, n = 4 0.57 ± 0.16 5.27 ± 1.24 7.33 ± 0.66
26 Up4-OMe R2 = OCH3 3.95 ± 0.51 2.70 ± 0.43 >10d


27 Up4-d-Me-phosphonate R2 = CH3 4.18 ± 0.43 2.53 ± 0.57 8.16 ± 0.74
28 Up4-O(CH2)2CN R2 = O(CH2)2CN 1.70 ± 0.22 1.96 ± 0.53 >10d


29 Up4-OCH2CHOHCH2OH R2 = OCH2CHOH-CH2OH 1.87 ± 0.15 1.12 ± 0.04 8.19 ± 0.41


30c Up4-OC6H5 R2 = 
O 1.89 ± 1.07 NE NE


31 Up4-OC6H11 R2 = 
O 5.86 ± 0.33 >10d >10d


Tetraphosphate sugars (n = 3)


32 Up4-[5]ribose


R2 = 
OO


OHHO


HO 1.88 ± 0.03 4.78 ± 0.40 >10d


33 Up4-[6]fructose


R2 = 
OO


OHHO


HO


HO
3.33 ± 0.42 6.30 ± 0.75 >10d


34c Up4-[1]glucose OO


OHHO
OH


OH
R2 = 


0.30 ± 0.13 2.06 ± 0.18 7.83 ± 0.17


35 Up4-[1]galactose


R2 = 


OO


OHHO
OH


OH


4.85 ± 2.07 1.77 ± 0.41 8.19 ± 0.73
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Table 2 (continued)


Compound Modification Structure EC50
a (lM)


hP2Y2 hP2Y4 hP2Y6


36 Up4-[6]mannose


R2 = 
OO


OHHO
OH


HO
>10d >10d >10d


37 Up4-[6]20-deoxyglucose


R2 = 
OO


OH
OH


HO
3.54 ± 0.96 4.32 ± 1.50 >10d


Unless noted: R1, R2 = OH; X = O; and R3, R4 = H.
NE, no effect at 10 lM.


a Agonist potencies reflect stimulation of phospholipase C in 1321N1 human astrocytoma cells stably expressing the human P2Y2, P2Y4, or P2Y6 receptor. Potencies are
presented in the form of EC50 values, which represent the concentration of agonist at which 50% of the maximal effect is achieved. These values were determined using a four-
parameter logistic equation and the GraphPad software package (GraphPad, San Diego, CA). The results are presented as means ± standard error and are the average of three
to six different experiments with each molecule.


b Agonist potencies from Refs. 4 and 7.
c 5, MRS2698; 16, MRS2725; 30, MRS2768; 34, MRS2732.
d
650% effect at 10 lM.


Table 3
Relative potencies of dinucleotide derivatives for activation of the human P2Y2, P2Y4 and P2Y6 receptors


P X P
O


OH
OR1


O


OH
O R2


Compound Modification Structure EC50
a (lM)


hP2Y2 hP2Y4 hP2Y6


Dinucleoside triphosphates (n = 1)
38b Up3U 1.31 ± 0.21 0.87 ± 0.11 0.27 ± 0.07


39c 5-I-Up3- (20 ,30-phenylethyl acetal)U


R1=


O


N


O


NH


O


O


OHHO


I


R2=


O
O


N


HN


O


O


O O


9.97 ± 0.95 NE 5.49 ± 0.68


Dinucleoside tetraphosphates (n = 2)
3 (=Up4U) 0.21 ± 0.03 0.13 ± 0.01 1.16 ± 0.42
40 4-S-Up4(4-S-U) R1 = R2 = 4-thio-uridine 0.030 ± 0.010 0.08 ± 0.01 2.03 ± 0.18
41 Up2-CF2-p2-U (b,c-difluoromethylene Up4U) X = CF2 2.27 ± 1.39 >10d >10d


42 Up2-CCl2-p2-U (b,c-dichloromethylene Up4U) X = CCl2 7.77 ± 1.39 NE NE
4 Up4-20-dC (INS37217) R2 = 20-deoxy-cytidine 0.14 ± 0.04 0.14 ± 0.04 0.95 ± 0.06
43 2-Thio-Up4-20-dC R1 = 2-thio uridine R2 = 20-deoxy-cytidine 0.08 ± 0.03 0.71 ± 0.15 1.05 ± 0.07
44 Up4-20-dG R2 = 20-deoxy-guanosine 0.14 ± 0.04 0.54 ± 0.15 1.03 ± 0.08


Unless noted: R1, R2 = Uridine; and X = O.
NE, no effect at 10 lM.


a Agonist potencies reflect stimulation of phospholipase C in 1321N1 human astrocytoma cells stably expressing the human P2Y2, P2Y4, or P2Y6 receptor. Potencies are
presented in the form of EC50 values, which represent the concentration of agonist at which 50% of the maximal effect is achieved. These values were determined using a four-
parameter logistic equation and the GraphPad software package (GraphPad, San Diego, CA). The results are presented as means ± standard error and are the average of three
to six different experiments with each molecule.


b Reported in Ref. 9.
c 39, MRS2752; 44, MRS2798; 43, MRS2657.
d
650% effect at 10 lM.
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12, X
17, X
18, X
19, X
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23, X
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46, X1 = O, X2 = O, R1 = NHCONH2, R2 = H, R3 = H 
47, X1 = S, X2 = S, R1 = OH, R2 = H, R3 = H
48, X1 = S, X2 = O, R1 = H, R2 = OH, R3 = H
49, X1 = O, X2 = O, R1 = OH, R2 = CH3, R3 = H
50, X1 = O, X2 = O, R1 = OH, R2 = H, R3 = CH3
51, X1 = O, X2 = S, R1 = OH, R2 = H, R3 = H
52, X1 = S, X2 = O, R1 = OH, R2 = H, R3 = H


Scheme 3. Synthesis of UTP analogues with modified uracil and ribose moieties. Reagen
Bu3N, DMF, 0 �C; iii—TEAB 0.2 M rt; (b) i—POCl3, PO(OMe)3, 4 h, 0 �C; ii—concd NH4OH; iii
49 or 50, 0 �C; ii—concd NH4OH; iii—CDI, DMF, rt; iv—(Bu3NH)2H2P2 O7, DMF, rt for 20 or
method to (a), except for use of a phosphoric acid salt in the second step: (ii) (Bu3NH)2
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Scheme 4. Synthesis of a 5-iodo analogue of INS48823. Reagents and conditions: (a) ph
idate, DMF, rt.
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Scheme 1. Synthesis of UDP analogues containing a methylene-bridged substitute
for the diphosphate group. Reagent and condition: (a) DCC, ROH, DMF, rt.
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Scheme 2. Synthesis of UTP analogues containing a b,c-dihalomethylene-bridge in
the triphosphate group. Reagent and condition: (a) PO(OH)2CX2PO(OH)2, DMF, rt.
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comparison to UTP 1. The high P2Y2 receptor potency of 2-thio-
UTP 14 was remarkably preserved in the corresponding 4-thio-
50-tetraphosphate analogue 24; in contrast, the potency of the 2-
thio analogue 23 was reduced. Nevertheless, these results illustrate
that 2- or 4-thio substitution of Up4 results in marked increases of
potency in tetraphosphate molecules since both 23 and 24 were
more potent at the P2Y2 receptor than Up4 22. Homologation of
23 to the pentaphosphate 25 had no effect on potency at the
P2Y2 receptor.


Although dinucleoside tetraphosphates, such as 3 and 4, are
known to activate P2Y2 and P2Y4 receptors with moderate po-
tency,9 the SAR of the terminal nucleoside moiety mainly has been
explored for uridine and other nucleoside units. Therefore, we
investigated the effects of substitution of the terminal nucleoside
moiety with small organic moieties 26–31 or to sugars alone 32–
37. Most of these modifications led to P2Y2 receptor potencies in
the micromolar range. A terminal methyl phosphoester 26 and
the corresponding phosphonate 27 were identical in potency as
relatively weak P2Y2 receptor agonists, with EC50 values of 4 lM.
A terminal cyclohexyl ester 31 was significantly less potent than
the corresponding terminal phenyl ester 30, suggesting that aro-
matic or hydrophilic groups are more favored than simple hydro-
phobic groups in this region. Curiously, substitution of an acyclic
alkyl phosphate or phosphonate at the terminal position (26–29)
did not favor selective interaction with the P2Y2 versus P2Y4 recep-
tors, while an aryl phosphate ester (30) substitution resulted in
high selectivity for the P2Y2 receptor (Fig. 2).

O


N


HO


HN


X1


R1


X2


OP
O


OH
O


H n R2R3


1 = O, X2 = O, R1 = NHCONH2, R2 = H, R3 = H, n =1
1 = S, X2 = SCH3, R1 = OH, R2 = H, R3 = H, n = 2
1 = O, X2 = O, R1 = NHCONH2, R2 = H, R3 = H, n = 2
1 = S, X2 = O, R1 = H, R2 = OH, R3 = H, n = 2
1 = O, X2 = O, R1 = OH, R2 = CH3, R3 = H, n = 2
1 = O, X2 = O, R1 = OH, R2 = H, R3 = CH3, n = 2
1 = S, X2 = O, R1 = OH, R2 = H, R3 = H, n = 3
1 = O, X2 = S, R1 = OH, R2 = H, R3 = H, n = 3
1 = S, X2 = O, R1 = OH, R2 = H, R3 = H, n = 4


ts and conditions: (a) i—POCl3, proton sponge, PO(OMe)3, 0 �C; ii—(Bu3NH)2H2P2 O7,
—Bu3N, CDI, DMF, 48; iv—(Bu3NH)2H2P2 O7; TEAB 1 M for 19; (c) i—POCl3, PO(OMe)3,
21. Note that the UDP analogue 6 (not shown in scheme) was prepared by a similar


H2PO4, Bu3N, DMF, 0 �C.
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27, X1 = O, X2 = O, R = CH3
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33, X1 = O, X2 = O, R = [6]fructose
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36, X1 = O, X2 = O, R = [6]mannose
37, X1 = O, X2 = O, R = [6]2'-deoxyglucose
41, X1 = O, X2 = CF2,  R = uridine 
42, X1 = O, X2 = CCl2,  R = uridine 
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Scheme 5. Synthesis of 50-tetraphosphate analogues, including Up4-sugars and dinucleotides. The 20-deoxyguanosine derivative 44 was prepared in the same manner as 43.
Reagents and conditions: (a) i—DCC, DMF, rt; ii—RPO(OH)2, DMF, rt.
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Among tetraphosphate sugar derivatives, Up4-[1] glucose 34
was the most potent with an EC50 of 0.3 lM (Fig. 3). The P2Y2


receptor selectivity of 34 in comparison to P2Y4 and P2Y6 receptors
was 7- and 26-fold, respectively. Inversion of the chirality of the 40-
hydroxyl group in the sugar, that is, galactose rather than glucose,
in 35 reduced potency at the P2Y2 receptor (16-fold), but not at the
P2Y4 receptor. The mannose adduct 36 of Up4


6 was essentially
inactive at the P2Y2 receptor. Removal of a single hydroxyl group
of 36 to form 37 increased the potency at both P2Y2 and P2Y4


receptors. These results are consistent with our recent P2Y2 recep-
tor modeling study, which proposes specific interactions in the re-
gion of the distally-binding uridine moiety of Up4U.7


The SAR of dinucleotides at the P2Y2 and P2Y6 receptors also was
further explored (Table 3). An analogue of a known P2Y6 receptor
agonist,9 Up3U 38, was designed to combine multiple reported
favorable modifications of uracil nucleotides directed toward acti-
vation of the P2Y6 receptor based on the agonist INS48823 6.13


The resulting hybrid compound 39, containing 5-iodo substitution
and a 20,30-phenylmethylacetyl group on opposite uridine moieties
of Up3U, was a nonselective agonist of the P2Y6 receptor.


Several new dinucleoside tetraphosphate derivatives 41–44
were synthesized, and their activities were compared to previously
studied compounds 3, 4.9,12 Compound 40 was reported by Shaver
et al.9 The inclusion of a b,c-difluoromethylene 41 or dichloro-
methylene 42 bridge in the tetraphosphate moiety resulted in ana-
logues that were at least an order of magnitude weaker at the P2Y2


receptor than Up4U 3. The difluoro analogue 41, which exhibited
an EC50 of �2 lM at the P2Y2 receptor, apparently provides a better
mimic of the phosphate ester group than does the dichloro substi-
tution in 42. These results are consistent with electronic effects of
the difluoromethylene group noted for other phosphonates.32 The
P2Y2 receptor agonist INS37217 4 also was prepared for compari-
son.12 Substitution of a 2-thio group in 43 resulted in enhanced po-
tency (EC50 �80 nM) and selectivity for the P2Y2 receptor (9-fold in
comparison to P2Y4). A 20-deoxyguanosine analogue 44 also exhib-
ited moderate potency at the P2Y2 receptor, as reported.12


Many of the analogues synthesized and studied including Up4-
sugars retained moderate potency at the P2Y4 receptor. However,
our work to date has not revealed molecules that exhibit notable

selectivity for the P2Y4 receptor subtype over the other uridine
nucleotide activated receptors.


In conclusion, we have synthesized novel uracil nucleotide
derivatives that are directed toward activation of the P2Y2 or
P2Y6 receptor. Key compounds reported in this study include 34,
Up4-[1]glucose, which displayed submicromolar potency at the
P2Y2 receptor; 16 and 41, dihalomethylene phosphonate analogues
which were selective P2Y2 receptor agonists; and 43, the 2-thio
analogue of INS37217, which was a potent and selective P2Y2


receptor agonist. Thus, the 2-thio modification, found previously
to enhance P2Y2 receptor potency, could be combined with other
favorable modifications to produce novel molecules that exhibit
high potencies and receptor selectivities. Phosphonomethylene
bridges introduced for stability in analogues of UDP, UTP, and ura-
cil dinucleotides markedly reduced potency. Truncation of dinucle-
otide agonists of the P2Y2 receptor, in the form of Up4-sugars,
indicated that a terminal uracil ring is not essential for moderate
potency at this receptor and that specific SAR patterns are ob-
served at this distal end of the molecule.


3. Experimental


3.1. Chemical synthesis


1H NMR spectra were obtained with a Varian Gemini 300 or
Varian Mercury 400 spectrometers using D2O, CDCl3 or DMSO-d6


as a solvent. The chemical shifts are expressed as relative ppm
from HOD (4.80 ppm). 31P NMR spectra were recorded at rt (rt)
by use of Varian XL 300 (121.42 MHz) or Varian Mercury 400
(162.10 MHz) spectrometers; orthophosphoric acid (85%) was used
as an external standard. In several cases the signal of the terminal
phosphate moiety was not visible due to high dilution.


Purity of compounds was checked using a Hewlett–Packard
1100 HPLC equipped with a Zorbax Eclipse 5 lm XDB-C18 analyt-
ical column (250 � 4.6 mm; Agilent Technologies Inc., Palo Alto,
CA). Mobile phase: linear gradient solvent system: 5 mM TBAP
(tetrabutylammonium dihydrogenphosphate)-CH3CN from 80:20
to 40:60 in 20 min; the flow rate was 1 mL/min. Peaks were de-
tected by UV absorption with a diode array detector at 254, 275,
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Scheme 6. Synthesis of nucleoside intermediates. Reagents and conditions: A, benzotriazole-1-carboxamide, DMF; B, (a) silylated 2-thiouracil, SnCl4, C2H4Cl2; (b) Lawesson’s
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and 280 nm. All derivatives tested for biological activity showed
>99% purity by HPLC analysis (detection at 254 nm).


High-resolution mass measurements were performed on Micro-
mass/Waters LCT Premier Electrospray Time of Flight (TOF) mass
spectrometer coupled with a Waters HPLC system, unless noted.
Purification of the nucleotide analogues for biological testing was
carried out on (diethylamino)ethyl (DEAE)-A25 Sephadex columns
with a linear gradient (0.01–0.5 M) of 0.5 M ammonium bicarbon-
ate as the mobile phase. Compounds 16, 20, 21, 39, and 54 were
purified by Sephadex alone (and isolated in the ammonium salt
form), and all other compounds were additionally purified by
HPLC with a Luna 5 l RP-C18(2) semipreparative column (250 �
10.0 mm; Phenomenex, Torrance, CA) and using the following con-
ditions: flow rate of 2 mL/min; 10 mM triethylammonium acetate
(TEAA)-CH3CN from 100:0 to 95:5 (or up to 99:1 to 92:8) in 30 min
(and isolated in the triethylammonium salt form).


All reagents were of analytical grade. 20-Amino-20-deoxyuridine
was from Metkinen Chemistry (Kuusisto, Finland). 2,20-O-Anhydro-

uridine 61 was obtained from Wako Chemicals. 5-Amino-UDP was
purchased from ALT, Inc. (Lexington, KY). Other reagents and sol-
vents were purchased from Sigma–Aldrich (St. Louis, MO).


3.1.1. General procedure for the preparation of nucleoside
triphosphates (e.g., 14 and 17), tetraphosphates (22–24),
pentaphosphate (25). Procedure A


To a solution of nucleoside (0.054 mmol) and Proton Sponge
(23 mg, 0.11 mmol) in trimethyl phosphate (1 mL) was added
phosphorous oxychloride (0.01 mL, 0.11 mmol) at 0 �C. The reac-
tion mixture was stirred for 2 h at 0 �C and tributylamine
(0.03 mL, 0.12 mmol) was added. Tributylammonium pyrophos-
phate (1.6 moles C12H27N per mole H4P2O7, 110 mg, 0.23 mmol)
in DMF (0.3 mL) was added at once to the reaction mixture. After
10 min, 0.2 M triethylammonium bicarbonate solution (2 mL)
was added, and the clear solution was stirred at rt for 1 h. The lat-
ter was lyophilized overnight, and the resulting residue was puri-
fied by ion-exchange column chromatography using a Sephadex-







Figure 1. Activity of compounds 2 (the native agonist, UDP) and 9 (a,b-methylene-
UDP) at the P2Y6 receptor as indicated by activation of PLC in stably transfected
astrocytoma cells.


Figure 2. Activity of compound 30 (uridine 50-tetraphosphate d-phenyl ester) at
P2Y2, P2Y4, and P2Y6 receptors as indicated by activation of PLC in stably transfe-
cted astrocytoma cells. The effect of UTP corresponds to 100%.


Figure 3. Activity of compounds 34–37 (uridine 50-tetraphosphate d-sugars) at the
P2Y2 receptor as indicated by activation of PLC in stably transfected astrocytoma
cells.
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DEAE A-25 resin with a linear gradient (0.01–0.5 M) of 0.5 M
ammonium bicarbonate as the mobile phase to obtain the corre-
sponding nucleotides as the ammonium salts. The collected por-
tions were purified by HPLC again as described above.


3.1.2. General procedure for the preparation of nucleosides
tetraphosphate (26–31), nucleoside tetraphosphate sugars (32–
37), and dinucleoside tetraphosphates (40–44). Procedure B


Uridine triphosphate trisodium salt (15 mg, 0.027 mmol or UTP
analogues for compounds 40–44) and the corresponding mono-
phosphate (0.109 mmol) were converted to the tributylammoni-
um salts by treatment with ion-exchange resin (DOWEX
50WX2-200 (H)) and tributylamine. After removal of the water,
the obtained tributylammonium salts were dried under high-vac-
uum overnight. To a solution of uridine triphosphate tributylam-
monium salt (0.027 mmol) in DMF (2 mL) was added N,N0-
dicyclohexylcarbodiimide (DCC, 14 mg, 0.07 mmol). After stirring

the reaction mixture at rt for 1 h, a solution of the corresponding
monophosphate tributylammonium salt (0.109 mmol) in DMF
(1 mL) was added. The reaction mixture was stirred at rt for
48 h. After removal of the solvent, the residue was purified by
ion-exchange column chromatography with a Sephadex-DEAE A-
25 resin, followed by a semipreparative HPLC purification as de-
scribed above. Free nucleoside 50-tetra- and pentaphosphates
were not stable upon prolonged storage at 4 �C, but were stable
at �20 �C for at least 3 weeks. Dinucleoside tetraphosphates were
stable for several months at �20 �C and later showed signs of
gradual decomposition.


3.1.3. General procedure for the preparation of compounds (7–
10). Procedure C


To a solution of uridine (25 mg, 0.1 mmol) and DCC (62 mg,
0.3 mmol) in DMF (1.5 mL) was added the appropriate carboxylic
acid or phosphonic acid (0.15 mmol): malonic acid for 7, phospho-
noacetic acid for 8, methylene diphosphonic acid for 9, difluorom-
ethylene diphosphonic acid for 10. After stirring the reaction
mixture at rt for 24–48 h, the solvent was removed. The residue
was purified by ion-exchange column chromatography with a
Sephadex-DEAE A-25 resin, followed by a semipreparative HPLC
purification as described above.


3.1.4. Uridine-50-phosphonoacetate triethylammonium salt (8).
Procedure C


Compound 8 (13.4 mg, 36%) was obtained as a white solid from
uridine (25 mg, 0.1 mmol). 1H NMR (D2O) d 7.81 (d, J = 8.1 Hz, 1H),
5.94 (d, J = 8.1 Hz, 1H), 5.91 (d, J = 4.5 Hz, 1H), 4.41 (m, 3H), 4.33
(m, 2H), 2.89 (d, J = 20.4 Hz, 2H); 31P NMR (D2O) d 12.23; 13C
NMR (D2O) d (169.27, 169.19), 164.92, 150.34, 140.53, 101.18,
88.21, 80.14, 72.06, 68.06, 62.87, (36.28, 34.73); HRMS-EI found
367.0658 (M�H)�. C11H16N2O10P requires 367.0543; purity >99%
by HPLC (retention time: 5.9 min).


3.1.5. Uridine-50-a,b-methylene-diphosphate triethyl-
ammonium salt (9). Procedure C


Compound 9 (14 mg, 33%) was obtained as a white solid from
uridine (25 mg, 0.1 mmol). 1H NMR (D2O) d 8.03 (d, J = 8.1 Hz,
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1H), 5.98 (m, 2H), 4.41 (m, 2H), 4.28 (m, 1H), 4.19 (m, 2H), 2.18 (t,
J = 19.5 Hz, 2H); 31P NMR (D2O) d 19.37 (m), 14.44 (m); HRMS-EI
found 403.0245 (M+H)�. C10H17N2 O11P2 requires 403.0308; purity
>99% by HPLC (retention time: 12.6 min).


3.1.6. Uridine-50-a,b-difluoromethylenediphosphate triethyl-
ammonium salt (10). Procedure C


Compound 10 (14 mg, 33%) was obtained as a white solid from
uridine (25 mg, 0.1 mmol). 1H NMR (D2O) d 8.02 (d, J = 8.1 Hz, 1H),
5.98 (m, 2H), 4.40 (m, 2H), 4.26 (m, 1H), 4.19 (m, 2H); 31P NMR
(D2O) d 4.69 (m), 3.48 (m); HRMS-EI found 436.9977 (M�H)�.
C10H13N2O11 F2P2 requires 436.9963; purity >99% by HPLC (reten-
tion time: 14.1 min).


3.1.7. 20-Deoxy-20-ureido-uridine-50-diphosphate triethyl-
ammonium salt (12)


A solution of the compound 46 (38 mg, 0.13 mmol) and Proton
Sponge (43 mg, 0.20 mmol) in trimethyl phosphate (1 mL) was
stirred for 10 min at 0 �C. Then phosphorous oxychloride (25 lL,
0.27 mmol) was added dropwise, and the reaction mixture was
stirred for 2 h at 0 �C. A mixture of tributylamine (0.25 mL,
1.05 mmol) and a solution 0.35 M of bis(tributylammonium) salt
of phosphoric acid in DMF (2.28 mL) was added at once. This salt
was prepared by mixing tributylamine (0.4 mL, 1.65 mmol) and
phosphoric acid (85 mg, 0.87 mmol) in DMF (2.5 mL). After
10 min, 0.2 M triethylammonium bicarbonate (TEAB) solution
(3 mL) was added, and the clear solution was stirred at rt for
30 min. The latter was lyophilized overnight. The residue
was purified by Sephadex-DEAE A-25 resin ion-exchange column
chromatography, followed by semipreparative HPLC as described
above to obtain 12 (8 mg, 8%) as a white solid. 1H NMR (D2O) d
7.98 (d, J = 8.1 Hz, 1 H), 6.02 (m, 2H), 4.51 (m, 1H), 4.34 (m,
2H), 4.20 (m, 2H); 31P NMR (D2O) d �7.24, �10.14 (d,
J = 22.0 Hz); HRMS-EI found 445.0172 (M�H)�. C10H15N4O12 P2


requires 445.0162; purity >99% by HPLC (retention time:
12.7 min).


3.1.8. 2-Thio-uridine-50-b,c-difluoromethylene-triphosphate
triethylammonium salt (15)


To a solution of 2-thio-uridine 50-monophosphate morpholidate
4-morpholine-N,N dicyclohexylcarboxamidine salt, 4533 (10 mg,
0.014 mmol) in DMF (2 mL), difluoromethylene diphosphonate
tributylammonium salt (20 mg, 0.021 mmol) was added. After
being stirred for 3 days at rt, the reaction mixture was evaporated
to remove the solvent and purified by Sephadex-DEAE A-25 resin
followed by HPLC purification to give 15(4 mg, 31%). 1H NMR
(D2O) d 8.18 (d, J = 8.1 Hz, 1H), 6.69 (d, J = 3.0 Hz, 1H), 6.28 (d,
J = 8.1 Hz, 1H), 4.31–4.47 (m, 5H); 31P NMR (D2O) d 3.47, �3.80
(m), �10.69 (d, J = 31.2 Hz); HRMS-EI found 532.9375 (M�H)�.
C10H14N2O13 F2P3S requires 532.9398; purity >99% by HPLC (reten-
tion time: 18.1 min).


3.1.9. 2-Thio-uridine-50-b,c-dichloromethylene-triphosphate
ammonium salt (16)


To a solution of 2-thio-uridine 50-monophosphate morpholidate
4-morpholine-N,N dicyclohexylcarboxamidine salt, 4533 (7 mg,
0.01 mmol) in DMF (2 mL), dichloromethylene diphosphonate trib-
utylammonium salt (25 mg, 0.025 mmol) was added. After being
stirred for 3 days at rt, the reaction mixture was evaporated to re-
move the solvent and purified by Sephadex-DEAE A-25 resin to
give 16 (5 mg, 80%). 1H NMR (D2O) d 8.20 (d, J = 8.1 Hz, 1H), 6.69
(d, J = 2.7 Hz, 1H), 6.29 (d, J = 8.4 Hz, 1H), 4.45 (m, 2H), 4.39 (m,
2H), 4.34 (m, 1H); 31P NMR (D2O) d 8.08 (d, J = 17.7 Hz), 1.17 (dd,
J = 17.7, 31.2 Hz), �10.60 (d, J = 31.2 Hz); HRMS-EI found
564.8817 (M�H)�. C10H14N2O13 Cl2P3S requires 564.8807; purity
>99% by HPLC (retention time: 19.5 min).

3.1.10. 2-Thio-4-methylthio-uridine-50-triphosphate
triethylammonium salt (17). Procedure A


Compound 17 (3.2 mg, 6.4%) was obtained as a white solid from
2,4-dithio-uridine, 47 (15 mg, 0.054 mmol). 1H NMR (D2O) d 8.51
(d, J = 7.5 Hz, 1H), 7.15 (d, J = 7.2 Hz, 1H), 6.53 (br s, 1H), 4.45 (m,
2H), 4.38 (m, 3H), 2.60 (s, 3H); 31P NMR (D2O) d �11.00 (d,
J = 19.2 Hz), �21.02 (m); HRMS-EI found 528.9315 (M�H)�.
C10H16N2O13 P3S2 requires 528.9307; purity >99% by HPLC (reten-
tion time: 17.1 min).


3.1.11. 20-Deoxy-20-ureido uridine-50-triphosphate
triethylammonium salt (18). Procedure A


A solution of the compound 46 (38 mg, 0.13 mmol) and Pro-
ton Sponge (43 mg, 0.20 mmol) in trimethyl phosphate (1 mL)
was stirred for 10 min at 0 �C. Phosphorous oxychloride (25 lL,
0.27 mmol) was then added dropwise, and the reaction mixture
was stirred for 2 h at 0 �C. A solution of tributylammonium pyro-
phosphate (377 mg, 0.80 mmol) and tributylamine (0.13 mL,
0.53 mmol) in DMF (1 mL) was added and stirring was continued
at 0 �C for additional 10 min. Triethylammonium bicarbonate
solution (TEAB, 3 mL of 0.2 M) was added, and the reaction mix-
ture was stirred at rt for 30 min. The latter was lyophilized over-
night. The residue was purified by Sephadex-DEAE A-25 resin
ion-exchange column chromatography, followed by semiprepar-
ative HPLC as described above to obtain 18 (9 mg, 7%) as a white
solid. 1H NMR (D2O) d 7.95 (d, J = 8.4 Hz, 1H), 6.05 (d, J = 7.8 Hz,
1H), 6.01 (d, J = 8.4 Hz, 1H), 4.51 (m, 1H), 4.35 (m, 2H), 4.25 (m,
2H); 31P NMR (D2O) d �10.15, �12.15 (d, J = 19.5 Hz), �23.6;
HRMS-EI found 524.9812 (M�H)�. C10H16N4O15 P3 requires
524.9825; purity >99% by HPLC (retention time: 16.6 min).


3.1.12. 1-(b-D-Arabinofuranosyl)-2-thio(1H)pyrimidin-4-one 50-
triphosphate triethyl ammonium salt (19)


Solution of 48 (150 mg, 0.58 mmol) in trimethyl phosphate
(5.8 mL) was cooled to 0 �C, POCl3 (342 lL, 3.8 mmol) was added
dropwise and the mixture was stirred for 4 h at 0 �C and for
30 min at rt. The mixture was poured into ice-water (10 mL), neu-
tralized with concentrated NH4OH, and evaporated to dryness. The
resulting residue was purified by column chromatography
(i-PrOH:NH4OH:H2O 60:30:5). After lyophilization of the collected
pure fractions, the 50-monophosphate of 48 was obtained as a
white solid (124 mg, 60%). 1H NMR (D2O) d 7.97 (d, J = 8.2 Hz,
1H), 6.78 (d, J = 5.0 Hz, 1H), 6.07 (d, J = 8.2 Hz, 1H), 4.48 (app t,
J = 4.8 Hz, 1H), 4.12 (app t, J = 4.8 Hz, 1H), 3.90–4.01 (m, 3H); 31P
NMR (D2O) d 3.42; HRMS-EI found 363.0271 [M+Na]+. C9H12N2O8


P1S1Na requires 363.0281. To a solution of 50-monophosphate of
48 (32 mg, 0.088 mmol) and tributylamine (21 lL, 0.088 mmol)
in DMF (3.2 mL) was added CDI (71 mg, 0.44 mmol). After being
stirred for 3 h at rt, the reaction mixture was quenched by addition
of methanol (14 lL). Bis(tri-n-butylammonium)pyrophosphate
(228 mg, 0.51 mmol) was added, and the mixture was stirred and
subsequently concentrated under reduced pressure. The resulting
residue was stirred in 1 M triethylammonium bicarbonate (TEAB)
buffer (6 mL, pH 7.4) for 30 min, lyophilized and purified on a
preparative HPLC apparatus equipped with a source 15 Q
column (100% water ? 100% 1 M TEAB/water in 45 min) to yield
10 lmol (11%) of compound 19 after lyophilizing the appropriate
fractions. 1H NMR (D2O) d 7.90 (d, J = 8.1 Hz, 1H), 6.80 (d,
J = 5.2 Hz, 1H), 6.08 (d, J = 8.2 Hz, 1H), 4.48 (app t, J = 5.0 Hz, 1H),
4.16 (m, 3H), 4.03 (m, 1H); 31P NMR (D2O) d �9.54 (d,
J = 19.6 Hz), �10.35 (d, J = 19.6 Hz), �22.19 (t, J = 19.6 Hz), HRMS-
EI found 498.9099 [M�H]�. C9H14N2O14 P3S requires 498.9384.
Structural assignment was confirmed with COSY. All signals as-
signed to hydroxyl groups were exchangeable with D2O. Exact
mass measurements were performed on a quadrupole/orthogo-
nal-acceleration time-of-flight (Q/oaTOF) tandem mass spectrome-
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ter (qToF 2, Micromass, Manchester, UK) equipped with a standard
electrospray ionization (ESI) interface. Samples were infused in a i-
PrOH/water (1:1) mixture at 3 lL/min.


3.1.13. General procedure for the preparation of the nucleoside
50-triphosphates 20-MeUTP (20) and 30-MeUTP (21)


To a solution of 20-17 or 30-C-methyl-UMP18 (0.15 mmol) dis-
solved in dry DMF (1.5 mL) was added tri-n-butylamine
(0.15 mmol) and the solution was stirred for 20 min at rt. After
evaporation under anhydrous condition, the residue was sus-
pended in 1.4 mL of dry DMF and CDI (122 mg, 0.75 mmol)
was added and the mixture was stirred for 6 h at rt. Methanol
(49 ll, 1.2 mmol) was added and the mixture was stirred for
30 min. Then 6 mL (3 mmol) of a 0.5 M solution of bis(tri-n-
butylammonium) pyrophosphate in dry DMF was added. The
mixture was stirred for 24 h at rt, and the solvent was removed
under high vacuum at rt. The mixture dissolved in water was
purified by Sephadex DEAE A-25 resin ion exchange column
chromatography with a linear gradient (0.01–0.5 M) of 0.5 M
ammonium bicarbonate. Compounds 20 and 21 were isolated
as ammonium salts (yield 32 and 34%, respectively). Mass spec-
troscopy was carried out on an HP 1100 series instrument in the
negative ion mode using atmospheric pressure electrospray ion-
ization (API-ESI).


3.1.14. 20-C-Methyl-uridine-50-triphosphate ammonium salt
(20)


1H NMR (D2O) d 7.76 (d, J = 8.1 Hz, 1H), 5.86 (s, 1H), 5.75 (d,
J = 8.1 Hz, 1H), 3.85–3.90 (m, 2H), 3.75 (d, J = 9.0 Hz, 1H), 3.68
(dd, J = 4.3, 13.7 Hz, 1H), 1.05 (s, 3H); 31P NMR (D2O) d �4.75 (br
s), �19.34 (br s), �20.59 (m); MS m/z 497.10 [M�H]�.


3.1.15. 30-C-Methyl-uridine-50-triphosphate ammonium salt
(21)


1H NMR (D2O) d 7.78 (d, J = 8.1 Hz, 1H), 5.84 (d, J = 7.7 Hz, 1H),
5.75 (d, J = 8.1 Hz, 1H), 4.03 (d, J = 7.7 Hz, 1H), 3.94 (dd, J = 3.4, 5.1
Hz, 1H), 3.65 (dd, J = 3.4, 12.8 Hz, 1H), 3.58 (dd, J = 4.9, 12.6,
1H),1.20 (s, 3H); 31P NMR (D2O) d �4.83 (d, J = 15.9 Hz), �19.25
(t, J = 15.3 Hz), �20.66 (t, J = 15.9 Hz); MS m/z 497.10 [M�H]�.


3.1.16. 2-Thio-uridine-50-tetraphosphate triethylammonium
salt, 2-thio-UP4 (23). Procedure A


Compound 23 (1.5 mg, 4.5%) was obtained as a white solid from
2-thio-uridine (10 mg, 0.038 mmol). 1H NMR (D2O) d 8.17 (d,
J = 8.4 Hz, 1H), 6.73 (d, J = 3.0 Hz, 1H), 6.27 (d, J = 8.1 Hz, 1H),
4.46 (m, 2H), 4.33 (m, 3H); 31P NMR (D2O) d �11.18 (d,
J = 18.9 Hz), �22.55 (m); HRMS-EI found 578.9042 (M�H)�.
C9H15N2O17 P4S requires 578.9042; purity >99% by HPLC (retention
time: 19.8 min).


3.1.17. 4-Thio-uridine-50-tetraphosphate triethylammonium
salt (24). Procedure A


Compound 24 (5.2 mg, 7.6%) was obtained as a white solid from
4-thio-uridine (20 mg, 0.077 mmol). 1H NMR (D2O) d 7.88 (d,
J = 7.8 Hz, 1H), 6.66 (d, J = 7.8 Hz, 1H), 5.95 (d, J = 4.5 Hz, 1H),
4.47 (m, 1H), 4.40 (m, 1H), 4.28 (m, 3H); 31P NMR (D2O) d
�10.91 (d, J = 20.2 Hz), �21.97 (m); HRMS-EI found 578.8890
(M�H)�. C9H15N2O17 P4S requires 578.9042; purity >99% by HPLC
(retention time: 19.2 min).


3.1.18. 2-Thio-uridine-50-pentaphosphate triethylammonium
salt (25). Procedure A


Compound 25 (1.1 mg, 3%) was obtained as a white solid from
2-thio-uridine 52 (10 mg, 0.038 mmol). 1H NMR (D2O) d 8.15 (d,
J = 7.8 Hz, 1H), 6.70 (d, J = 3.6 Hz, 1H), 6.26 (d, J = 8.1 Hz, 1H),

4.43 (m, 2H), 4.32 (m, 3H); 31P NMR (D2O) d �11.22 (d,
J = 18.3 Hz), �22.78 (m); HRMS-EI found 658.8782 (M�H)�.
C9H16N2O20 P5S requires 658.8705; purity >99% by HPLC (retention
time: 19.9 min).


3.1.19. Uridine-50-methyl-tetraphosphate triethylammonium
salt (26). Procedure B


Compound 26 (7.8 mg, 33%) was obtained as a white solid using
uridine triphosphate (20 mg, 0.036 mmol) and methylphosphate
(45 mg, 0.15 mmol). 1H NMR (D2O) d 8.00 (d, J = 8.1 Hz, 1H), 6.03
(d, J = 5.7 Hz, 1H), 6.00 (d, J = 8.1 Hz, 1H), 4.44 (m, 2H), 4.31 (m,
1H), 4.26 (m, 2H), 3.69 (d,J = 11.7 Hz, 3H); 31P NMR (D2O) d
�8.70 (d, J = 17.7 Hz), �10.59 (d, J = 18.9 Hz), �22.46; HRMS-EI
found 576.9375 (M�H)�. C10H17N2O18P4 requires 576.9427; purity
>99% by HPLC (retention time: 18.8 min).


3.1.20. Uridine-50-methyl(C-P)-tetraphosphate
triethylammonium salt (27). Procedure B


Compound 27 (8.6 mg, 34%) was obtained as a white solid using
uridine triphosphate (22 mg, 0.04 mmol) and methylphosphoric
acid (22 mg, 0.23 mmol). 1H NMR (D2O) d 7.98 (d, J = 8.4 Hz, 1H),
6.02 (d, J = 5.4 Hz, 1H), 5.99 (d, J = 8.4 Hz, 1H), 4.43 (m, 2H), 4.28
(m, 1H), 4.25 (m, 2H), 1.49 (d, J = 17.1 Hz, 3H); 31P NMR (D2O) d
19.05, �10.57 (d, J = 18.3 Hz), �22.34 (d, J = 18.9 Hz); HRMS-EI
found 560.9476 (M�H)�. C10H17N2O17 P4 requires 560.9478; purity
>99% by HPLC (retention time: 19.2 min).


3.1.21. Uridine-50-(2-cyanoethyl)-tetraphosphate
triethylammonium salt (28). Procedure B


Compound 28 (2.5 mg, 13%) was obtained as a white solid using
uridine triphosphate (15 mg, 0.027 mmol) and 2-cyanoethyl phos-
phate (35 mg, 0.11 mmol). 1H NMR (D2O) d 7.98 (d, J = 8.1 Hz, 1H),
5.99 (m, 2H), 4.41 (m, 2H), 4.29 (m, 1H), 4.24 (m, 2H), 4.18 (t,
J = 6.2 Hz, 2H), 2.88 (t, J = 6.2 Hz, 2H); 31P NMR (D2O) d �10.54
(d, J = 17.7 Hz), �10.83 (d, J = 18.2 Hz), �22.39; HRMS-EI found
639.9489 (M+Na–H)�. C12H19N3O18 P4Na requires 639.9512; purity
>99% by HPLC (retention time: 19.4 min).


3.1.22. Uridine-50-a-glycerol-tetraphosphate
triethylammonium salt (29). Procedure B


Compound 29 (2.1 mg, 11%) was obtained as a white solid using
uridine triphosphate (15 mg, 0.027 mmol) and D-L-a-glycerol
phosphate (35 mg, 0.11 mmol). 1H NMR (D2O) d 7.99 (d,
J = 7.8 Hz, 1H), 6.01 (m, 2H), 4.44 (m, 2H), 4.30 (m, 1H), 4.26 (m,
2H), 4.01 (m, 3H), 3.67 (m, 2H); 31P NMR (D2O) d �9.83 (d,
J = 17.7 Hz), �10.55 (d, J = 18.3 Hz), �22.40; HRMS-EI found
636.9638 (M�H)�. C12H21N2O20 P4 requires 636.9638; purity
>99% by HPLC (retention time: 18.9 min).


3.1.23. Uridine-50-phenyl-tetraphosphate triethylammonium
salt (30). Procedure B


Compound 30 (1.1 mg, 6%) was obtained as a white solid
using uridine triphosphate (15 mg, 0.027 mmol) and phenyl
phosphate (28 mg, 0.11 mmol). 1H NMR (D2O) d 7.92 (d,
J = 7.8 Hz, 1H), 7.37 (t, J = 7.2 Hz, 2H), 7.25 (d, J = 7.8 Hz, 2H),
7.17 (t, J = 7.5 Hz, 1H), 5.93 (m, 2H), 4.37 (m, 1H), 4.31 (m,
1H), 4.21 (m, 3H); 31P NMR (D2O) d �10.51 (d, J = 17.7 Hz),
�14.80 (d, J = 17.1 Hz), �22.43; HRMS-EI found 638.9577
(M�H)�. C15H19N2O18 P4 requires 638.9583; purity >99% by HPLC
(retention time: 18.6 min).


3.1.24. Uridine-50-cyclohexane-tetraphosphate
triethylammonium salt (31). Procedure B


Compound 31 (6.7 mg, 20%) was obtained as a white solid using
uridine triphosphate (20 mg, 0.036 mmol) and cyclohexene mono-
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phosphate tributylammonium salt (20 mg, 0.037 mmol). 1H NMR
(D2O) d 8.02 (d,J = 8.1 Hz, 1H), 6.03 (m, 2H), 4.42–4.50 (m, 2H),
4.22–4.34 (m, 4H), 2.01 (m, 2H), 1.74 (m, 2H), 1.33 (m, 6H); 31P
NMR (D2O) d �11.26 (m), �23.10 (m); HRMS-EI found 645.0037
(M�H)�. C15H25N2O18 P4 requires 645.0053; purity >99% by HPLC
(retention time: 19.9 min).


3.1.25. Uridine-50-fructose-60-tetraphosphate
triethylammonium salt (33). Procedure B


Compound 33 (4.2 mg, 19%) was obtained as a white solid
using uridine triphosphate (15 mg, 0.027 mmol) and D-fructose-
6-phosphate (51 mg, 0.12 mmol). 1H NMR (D2O) d 7.98 (d,
J = 8.3 Hz, 1H), 6.02 (d, J = 5.4 Hz, 1H), 5.99 (d, J = 8.3 Hz, 1H),
4.43 (m, 2H), 4.32–4.06 (m, 7H), 3.95 (m, 1H), 3.63 (m, 1H),
3.56 (m, 1H); 31P NMR (D2O) d �10.08 (d, J = 15.3 Hz), �10.54
(d, J = 18.3 Hz), �22.27; HRMS-EI found 724.9796 (M�H)�.
C15H25N2O23 P4 requires 724.9799; purity >99% by HPLC (reten-
tion time: 19.5 min).


3.1.26. Uridine-50-glucose-10-tetraphosphate triethylammonium
salt (34). Procedure B


Compound 34 (10 mg, 28%) was obtained as a white solid using
uridine triphosphate (25 mg, 0.045 mmol) and D-glucose-1-phos-
phate (68 mg, 0.18 mmol). 1H NMR (D2O) d 8.01 (d, J = 8.4 Hz,
1H), 6.02 (m, 2H), 5.66 (m, 1H), 4.45 (m, 2H), 4.32 (m, 1H), 4.28
(m, 2H), 4.01–3.77 (m, 4H), 3.55 (m, 1H), 3.46 (m, 1H); 31P NMR
(D2O) d �10.53 (d, J = 15.9 Hz), �11.90 (d, J = 16.5 Hz), �22.27;
HRMS-EI found 724.9800 (M�H)�. C15H25N2O23 P4 requires
724.9799; purity >99% by HPLC (retention time: 18.9 min).

3.1.27. Uridine-50-galactose-10-tetraphosphate triethylammonium
salt (35). Procedure B


Compound 35 (4.5 mg, 16%) was obtained as a white solid using
uridine triphosphate (20 mg, 0.036 mmol) and D-galactose-1-
phosphate (51 mg, 0.12 mmol). 1H NMR (D2O) d 7.99 (d,
J = 8.3 Hz, 1H), 6.03 (d, J = 5.7 Hz, 1H), 6.00 (d, J = 8.3 Hz, 1H),
5.67 (m, 1H), 4.44 (m, 2H), 4.26 (m, 4H), 4.05 (m, 1H), 3.98 (m,
1H), 3.77 (m, 3H); 31P NMR (D2O) d �10.54 (d, J = 18.3 Hz),
�11.74 (d, J = 18.2 Hz), �22.19; HRMS-EI found 724.9781 (M�H)�.
C15H25N2O23 P4 requires 724.9799; purity >99% by HPLC (retention
time: 19.0 min).


3.1.28. Uridine-50-mannose-60-tetraphosphate triethylammonium
salt (36). Procedure B


Compound 36 (2.4 mg, 11%) was obtained as a white solid using
uridine triphosphate (15 mg, 0.027 mmol) and D-mannose-6-
phosphate (23 mg, 0.08 mmol). 1H NMR (D2O) d 7.97 (d,
J = 8.4 Hz, 1H), 5.99 (m, 2H), 5.18 (m, 3/5H), 4.92 (m, 2/5H), 4.43
(m, 2H), 4.24 (m, 5H), 3.95–3.74 (m, 3H), 3.68 (m, 3/5H), 3.52 (m,
2/5H); 31P NMR (D2O) d �9.92 (m), �10.46 (m), �22.20 (m);
HRMS-EI found 724.9814 (M�H)�. C15H25N2O23 P4 requires
724.9799; purity >99% by HPLC (retention time: 18.6 min).

3.1.29. Uridine-50-(20-deoxy-glucose)-60-tetraphosphate
triethylammonium salt (37). Procedure B


Compound 37 (4.2 mg, 20%) was obtained as a white solid using
uridine triphosphate (15 mg, 0.027 mmol) and 20-deoxy-D-glu-
cose-6-phosphate (20 mg, 0.08 mmol). 1H NMR (D2O) d 7.99 (d,
J = 7.8 Hz, 1H), 6.01 (m, 2H), 5.38 (m, 1/2H), 4.96 (m, 1/2H), 4.44
(m, 2H), 4.33–4.09 (m, 6H), 3.93 (m, 1/2H), 3.73 (m, 1/2H), 3.51
(m, 1H), 2.23 (m, 1/2H), 2.13 (m, 1/2H), 1.74 (m, 1/2H), 1.53 (m,
1/2H); 31P NMR (D2O) d �11.60 (d, J = 14.7 Hz), �12.24 (d,
J = 18.9 Hz), �23.58, -24.11 (t, J = 12.2 Hz); HRMS-EI found
708.9827 (M�H)�. C15H25N2O22 P4 requires 708.9849; purity
>99% by HPLC (retention time: 18.5 min).

3.1.30. (2-Benzyl-1,3-dioxolo-4-yl)uridine 50-monophosphate
ammonium salt (54)


To a solution of uridine 50-monophosphate (100 mg, 0.27 mmol)
in TFA (1 mL) was added phenylacetaldehyde dimethylacetal
(0.3 mL, 1.81 mmol). The reaction mixture was stirred at rt for
4 h. After removal of the solvent, the residue was treated with
1 M NaHCO3 (4 mL) and AcOEt (2 mL). Aqueous phase was sepa-
rated, evaporated, and purified by Sephadex-DEAE A-25 resin as
described above to obtain 54 (100 mg, 86%) as a white solid. 1H
NMR (D2O) d 7.92 (d, J = 8.3 Hz, 1H), 7.36 (m, 5H), 5.90 (d,
J = 8.3 Hz, 1H), 5.63 (m, 1H), 5.47 (m, 1H), 4.95 (m, 1H), 4.90 (m,
1H), 4.42 (m, 1H), 3.89 (m, 2H), 3.16 (m, 2H); 31P NMR (D2O) d
2.71; HRMS-EI found 425.0748 (M�H)�. C17H18N2O9P requires
425.0750; purity >99% by HPLC (retention time: 12.9 min).


3.1.31. P1-((2-benzyl-1,3-dioxolo-4-yl)uridine 50) P3-(5-iodouridine
50) triphosphate ammonium salt (39)


To a solution of 5-iodouridine 50-diphosphate[5] (10 mg, 0.017
mmol) in DMF (1 mL) was added CDI (7 mg, 0.04 mmol). The reac-
tion mixture was stirred at rt for 6 h. Methanol (1 mL) was then
added, and stirring was continued at rt for an additional 1 h. After
removal of the solvent, the residue was dried in high vacuum over-
night, was dissolved in DMF (2 mL), and was added compound 54
(11 mg, 0.025 mmol). The reaction mixture was stirred at rt over-
night. After removal of the solvent, the residue was purified by
Sephadex-DEAE A-25 resin as described above to obtain 39
(2.5 mg, 15%) as a white solid. 1H NMR (D2O) d 8.17 (s, 1H), 7.77
(d, J = 8.1 Hz, 1H), 7.35 (m, 5H), 5.88 (m, 2H), 5.53 (m, 1H), 5.44
(m, 1H), 4.92 (m, 2H), 4.45 (m, 1H), 4.31 (m, 2H), 4.19 (m, 5H),
3.13 (m, 2H); 31P NMR (D2O) d �10.68 (d, J = 17.7 Hz), �10.97 (d,
J = 20.2 Hz), �22.2; HRMS-EI found 936.9611 (M�H)�.
C26H29N4O20 P3I requires 936.9633; purity >99% by HPLC (reten-
tion time: 18.5 min).


3.1.32. P1,P4-di(uridine 50-)b,c-difluoromethylenetetra-
phosphate triethylammonium salt (41). Procedure B


Compound 41 (1.4 mg, 21%) was obtained as a white
solid from uridine-50-b,c-difluoromethylenetriphosphate (3.2 mg,
0.0055 mmol) and uridine-50-monophosphate (3.2 mg, 0.01 mmol).
1H NMR (D2O) d 7.97 (br d, J = 6.1 Hz, 2H), 6.01 (m, 4H), 4.41 (m, 4H),
4.28 (m, 6H); 31P NMR (D 2O) d �6.28 (m), �10.96 (m); HRMS-EI
found 822.9910 (M�H)�. C19H25N4O22 F2P4 requires 822.9879; pur-
ity >99% by HPLC (retention time: 19.8 min).


3.1.33. P1,P4-di(uridine 50-)b,c-dichloromethlyenetetraphosphate
triethylammonium salt (42). Procedure B


Compound 42 (2.2 mg, 19%) was obtained as a white solid from
uridine-50-b,c-dichloromethylenetriphosphate (5 mg, 0.009 mmol)
and uridine-50-monophosphate (6.4 mg, 0.019 mmol). 1H NMR
(D2O) d 7.99 (d, J = 8.1 Hz, 2H), 5.98 (m, 4H), 4.45 (m, 2H), 4.40
(m, 2H), 4.29 (m, 6H); 31P NMR (D2O) d �1.61 (m), �10.94 (m);
HRMS-EI found 854.9203 (M�H)�. C19H25N4O25 Cl2P4 requires
854.9288; purity >99% by HPLC (retention time: 20.0 min).


3.1.34. P1-(2-thiouridine 50-)-P4-(20-deoxycytidine 50-)tetra-
phosphate triethylammonium salt (43). Procedure B


Compound 43 (1.1 mg, 7.1%) was obtained as a white solid from
2-thio-uridine triphosphate tributylammonium salt, (14 mg,
0.013 mmol) and 20-deoxycytidine mono phosphate tributylam-
monium salt (27 mg, 0.055 mmol). 1H NMR (D2O) d 8.16 (d,
J = 8.4 Hz, 1H), 7.97 (d, J = 7.8 Hz, 1H), 6.63 (d, J = 3.0 Hz, 1H),
6.31 (t, J = 6.6 Hz, 1H), 6.26 (d, J = 8.4 Hz, 1H), 6.15 (d, J = 7.2 Hz,
1H), 4.62 (m, 1H), 4.36 (m, 5H), 4.20 (m, 3H), 2.42 (m, 1H), 2.28
(m, 1H); 31P NMR (D2O) d �11.10 (m), �22.94 (m); HRMS-EI found
787.9837 (M�H)�. C18H26N5O20 P4S requires 787.9842; purity
>99% by HPLC (retention time: 19.5 min).
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3.1.35. 20-Deoxy-20-ureidouridine (46)
Benzotriazole-1-carboxamide20 (20 mg, 0.12 mmol) was added


to a solution of 20-amino-20-deoxyuridine 57 (20 mg, 0.08 mmol)
in DMF (4 mL). The reaction mixture was stirred at rt for 6 h. After
removal of the solvent, the residue was purified by preparative
thin-layer chromatography (CH2Cl2-MeOH, 8:2) to obtain 46
(21 mg, 89%) as a white solid. 1H NMR (CD3OD) d 7.99 (d,
J = 8.3 Hz, 1H), 5.98 (d, J = 8.1 Hz, 1H), 5.71 (d, J = 8.3 Hz, 1H),
4.41 (m, 1H), 4.20 (m, 1H), 4.03 (m, 1H), 3.75 (m, 2H); HRMS-EI
found 285.0859 (M�H)+. C10H13N4O6 requires 285.0835.


3.1.36. 20,30,50-Tri-O-acetyl-2-thiouridine (59)
A suspension of 2-thiouracil (2 g, 15.6 mmol) and trimethylsilyl


chloride (1.8 mL) in hexamethyldisilazane (80 mL) was treated
with a few crystals of ammonium sulfate and refluxed overnight.
The clear greenish solution was evaporated and a solution of b-D-
ribofuranose 1,2,3,5-tetraacetate (5.5 g, 17.3 mmol) in 20 mL dry
dichloroethane was added. After a few minutes, stannic chloride
(2.4 mL, 20.8 mmol) was added and after 1 h, the mixture was
poured into a saturated aq NaHCO3 solution under vigorous stir-
ring and then allowed to stand for 1 h. The suspension was filtered
over a silica gel pad, which was washed with CH2Cl2. The organic
layer was separated, dried over MgSO4, and evaporated to dryness.
Silica gel chromatography (CH2Cl2:MeOH 99:1) yielded 4.75 g
(79%) of compound 59. 1H NMR (DMSO-d6) d 10.64 (br s, 1H),
7.49 (d, J = 7.9 Hz, 1H), 6.68 (d, J = 3.8 Hz, 1H), 6.62 (dd, J = 2.3,
7.9 Hz, 1H), 5.45 (dd, J = 3.8, 5.6 Hz, 1H), 5.20 (app t, J = 5.7 Hz,
1H), 4.41–4.47 (m, 2H), 4.31–4.37 (dd, J = 3.2, 13.5 Hz, 1H), 2.09
(s, 6H), 2.06 (s, 3H); HRMS-EI found 387.08604 (M+H)+�C15H19N2O8


S1 requires 387.08620.


3.1.37. 20,30,50-Tri-O-acetyl-2,4- dithiouridine (60)
To a solution of 59 (290 mg, 0.75 mmol) in dry toluene (10 mL),


Lawesson’s reagent (304 mg, 0.75 mmol) was added. After heating
the reaction mixture at 80 �C overnight, insoluble materials were
filtered off and the filtrate was purified by silica gel chromatogra-
phy (Hex:EtOAc 65:35), yielding compound 60 as a yellow foam
(250 mg, 83%). 1H NMR (DMSO-d6) d 9.97, (br s, 1H), 7.65 (d,
J = 8.2 Hz, 1H), 6.76 (d, J = 4.1 Hz, 1H), 5.98 (d, J = 8.2 Hz, 1H),
5.37 (dd, J = 4.1, 5.6 Hz, 1H), 5.16 (app t, J = 5.7 Hz, 1H), 4.34–4.40
(m, 2H), 4.25–4.30 (dd, J = 3.5,13.5 Hz, 1H), 2.09 (s, 3H), 2.07 (s,
3H), 2.06 (s, 3H); HRMS-EI found 403.06338 (M+H)+� C15H19N2O7


S2. requires 403.06335.


3.1.38. 2,4-Dithiouridine (47)
Compound 60 (240 mg, 0.60 mmol) was dissolved in dry meth-


anol (15 mL) and the warmed solution was treated with 130 lL of
a solution of NaOMe (30% w/w) in methanol. The reaction was re-
fluxed for 4 h and then treated with diluted acetic acid to pH 5,
evaporated to dryness, and purified on a silica gel column
(CH2Cl2:MeOH 93:7) to obtain compound 47 as a yellow foam
(150 mg, 91%).1H NMR (DMSO-d6) d 13.80 (br s, 1H), 8.07 (d,
J = 7.7 Hz, 1H), 6.63 (d, J = 7.7 Hz, 1H), 6.40 (d, J = 2.7 Hz, 1H),
5.53 (d, J = 5.3 Hz, 1H), 5.29 (t, J = 5.0 Hz, 1H), 5.11 (d, J = 5.9 Hz,
1H), 4.08 (m, 1H), 3.93 (m, 2H), 3.72–3.78 (m, 1H), 3.58–3.64 (m,
1H); HRMS-EI found 275.01637 [M�H]�. C9H11N2O4 S2 requires
275.01602.


3.1.39. 1-b-D-Arabinofuranosyl)-2-thio(1H)pyrimidin-4-one
(48)


In a parr apparatus 2,20-O-anhydrouridine (61, 2 g, 8.8 mmol)
was dissolved in dry DMF (40 mL) and triethylamine (6 mL). The
solution was saturated with H2S at �40 �C and allowed to warm
to rt resulting in a pressure of 200 psi. After stirring for two days,
the remaining H2S was released and the solvent evaporated to dry-
ness. The brown residue was purified on a silica gel column

(CH2Cl2/MeOH 96:4), yielding compound 48 (1.6 g, 70%). 1H NMR
(DMSO-d6)d 12.59 (br s, 1H), 7.72 (d, J = 8.4 Hz, 1H), 6.73 (d,
J = 3.9 Hz, 1H), 5.94 (d, J = 8.4 Hz, 1H), 5.59 (d, J = 5.4 Hz, 1H),
5.48 (d, J = 3.9 Hz, 1H), 5.04 (t, J = 5.4 Hz, 1H), 4.18 (m, 1H,), 3.91
(m, 1H), 3.84 (m, 1H), 3.62 (app t, J = 5.1 Hz, 2H); HRMS-EI found
261.0540 (M+H)+. C9H13N2O5 S1 requires 261.0545.


3.1.40. General procedure for synthesis of 20-C-methyl-uridine
(49) and 30-C-methyl-uridine (50)


To dry uracil (0.45 g, 4 mmol) in dry 1,2-dichloroethane (20 mL)
were added HMDS (0.68 mL, 0.8 equiv) and trimethylsilyl chloride
(TMSCl, 0.3 mL, 0.8 equiv). The reaction mixture was heated at
80 �C for 4 h in the absence of moisture. After cooling to rt, 1,2,
3,5-tetra-O-benzoyl-2-C-methyl-b-D-ribofuranose (62)24 or 1,2,
3-tri-O-acetyl-5-O-benzoyl-3-C-methyl-b-D-ribofuranose (63)25b


(1 equiv) in 1,2-dichloroethane (20 mL) was added followed by
SnCl4 (0.93 mL, 2 equiv) dropwise. The mixture was stirred at rt for
4 h and quenched by NaHCO3 saturated water solution and extracted
with CHCl3 (3� 10 mL). The organic layers were dried (MgSO4), fil-
tered, and concentrated under reduced pressure to give compounds
64 or 65, which were purified by chromatography on a silica gel col-
umn eluting with CHCl3. Compounds 64 and 65 (1 mmol) were trea-
ted with methanol (20 mL) saturated with ammonia at 0 �C stirring
at rt overnight. Evaporation of the solvent gave the desired com-
pounds 49 and 50, which were purified by chromatography on a sil-
ica gel column.


3.1.41. 1-(2,3,5-Tri-O-benzoyl-2-C-methyl-b-D-ribofuranosyl)
uracil (64)


The title compound was obtained as a white foam (67% yield).
1H NMR (CDCl3) d 9.35 (br s, 1H), 8.06 (d, J = 7.7 Hz, 4H), 7.86 (d,
J = 7.7 Hz, 2H), 7.4–7.6 (m, 10H), 6.48 (s, 1H), 5.76 (d, J = 5.7 Hz,
1H), 5.66 (d, J = 7.7 Hz, 1H), 4.82 (dd, J = 4.7, 6.2 Hz, 2H), 4.62 (m,
1H), 1.72 (s, 3H).


3.1.42. 1-(2-C-methyl-b-D-ribofuranosyl)uracil (49)
The title compound was obtained as a white foam after chroma-


tography on a silica gel column eluting with CHCl3/MeOH (86:14)
(80% yield). 1H NMR (DMSO-d6) d 11.35 (br s, 1H), 8.05 (d,
J = 8.1 Hz, 1H), 5.78 (s, 1H), 5.58 (d, J = 8.1 Hz, 1H), 5.15 (br s,
2H), 5.10 (s, 1H), 3.40–3.80 (m, 4H), 1.0 (s, 3H).


3.1.43. 1-(2,3-Di-O-acetyl-5-O-benzoyl-3-C-methyl-b-D-
ribofuranosyl)uracil (65)


The title compound was obtained as a white foam (68% yield).
1H NMR (CDCl3): d 8.70 (br s, 1H), 8.05 (d, J = 7.3 Hz, 2H), 7.62 (t,
J = 7.7 Hz, 1H), 7.48 (t, J = 7.9 Hz, 2H), 7.42 (d, J = 8.1 Hz, 1H) 6.22
(d, J = 7.7 Hz, 1H), 5.45 (d, J = 8.1 Hz, 1H), 5.40 (d, J = 7.7 Hz, 1H),
4.90 (t, J = 3.4 Hz, 1H), 4.72 (dd, J = 3.3, 12.6 Hz, 1H), 4.52 (dd,
J = 3.8, 12.8, 1H), 2.16 (s, 6H), 1.70 (s, 3H).


3.1.44. 1-(3-C-methyl-b-D-ribofuranosyl)uracil (50)
The title compound was obtained as a white foam after chroma-


tography eluting with CHCl3/MeOH (88:12) (82% yield). 1H NMR
(DMSO-d6) d 11.3 (br s, 1H), 8.0 (d, J = 8.1 Hz, 1H), 5.85 (d,
J = 8.1 Hz, 1H), 5.65 (d, J = 7.7 Hz, 1H), 5.33 (d, J = 6.6 Hz, 1H),
5.10 (t, J = 4.9 Hz, 1H), 4.72 (s, 1H), 3.85 (dd, J = 6.6, 7.7 Hz, 1H),
3.75 (pseudo t, 1H), 3.55 (m, 2H), 1.20 (s, 3H).


3.1.45. Assay of PLC activity stimulated by P2Y2, P2Y4, and P2Y6


receptors
Stable cell lines expressing the human P2Y2, P2Y4, or P2Y6 recep-


tor in 1321N1 human astrocytoma cells were generated as de-
scribed.3 Agonist-induced [3H]inositol phosphate production was
measured in 1321N1 cells plated to 20,000 cells/well on 96-well
plates two days prior to assay. Sixteen h before the assay, the inositol
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lipid pool of the cells was radiolabeled by incubation in 100 lL of ser-
um-free inositol-free Dulbecco’s modified Eagle’s medium, contain-
ing 1.0 lCi of myo-[3H]inositol. No changes of medium were made
subsequent to the addition of [3H]inositol. On the day of the assay,
cells were challenged with 25 lL of the five-fold concentrated solu-
tion of receptor agonists in 200 mM Hepes (N-(2-hydroxyethyl)-
piperazine-N0-2-ethanesulfonic acid), pH 7.3 in HBSS, containing
50 mM LiCl for 30 min at 37 �C. Incubations were terminated by
aspiration of the drug-containing medium and addition of 30 lL of
ice-cold 50 mM formic acid. [3H]Inositol phosphate accumulation
was quantified using scintillation proximity assay methodology as
previously described in detail.26


3.2. Data analysis


Agonist potencies (EC50 values) were determined from concen-
tration–response curves by non-linear regression analysis using
the GraphPad software package Prism (GraphPad, San Diego, CA).
All experiments examining the activity of newly synthesized mol-
ecules also included full concentration–effect curves for the cog-
nate agonist of the target receptor: UTP for the P2Y2 receptor,
UTP for the P2Y4 receptor, and UDP for the P2Y6 receptor. Each con-
centration of drug was tested in triplicate assays, and concentra-
tion–effect curves for each test drug were repeated in at least
three separate experiments with freshly diluted molecule. The re-
sults are presented as means ± SEM from multiple experiments or
in the case of concentration–effect curves from a single experiment
carried out with triplicate assays that were representative of re-
sults from multiple experiments.
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Hybrids of 1-deoxynojirimycin (DNJ) and aryl-1,2,3-triazole have been synthesized with a view to iden-
tifying an inhibitor of both a-glucosidase and methionine aminopeptidase 2 (MetAP2). One compound
was a potent inhibitor of a-glucosidase at both the enzyme and cellular level, and this agent also inhibited
bovine aortic endothelial cell (BAEC) growth and tube formation. The anti-proliferative activity of this
hybrid is due to its ability to induce cell-cycle arrest in the G1phase. The novel agent caused a reduction
in the expression of cyclin D1 but did not promote apoptosis or inhibit the phosphorylation of ERK1/2.
These observations indicate that its mechanism of action is distinct from fumagillin and its analogues,
which inhibit MetAP2. Stress-fibre assembly in BAECs was abolished by the novel agent indicating that
the inhibition of BAEC tube formation observed is partially a result of a reduction in cell motility.


� 2008 Elsevier Ltd. All rights reserved.

N


HO


OH
H
N


N
N


O


H
N


N
N


R
N


HO OH


OH


OHR


( )


2a R = H
2b R = Me
2c R = Bu1


n
3 (n = 2)


H
N


N
N


OMe


1a

1. Introduction


Angiogenesis1 provides new blood vessels to growing and
developing tissue including tumours. Pathological angiogenesis oc-
curs in tumour formation and metastasis and in a range of other
‘angiogenesis-dependent diseases’ that includes rheumatoid
arthritis and diabetic retinopathy.2 Accordingly, the design and
synthesis of angiogenesis inhibitors is of interest and progress in
this area has been recently reviewed.3 It is emerging that angio-
genesis inhibitors that target a range of angiogenic proteins and/
or pathways may be less susceptible to drug resistance than those
agents that target a single protein or pathway. One strategy to
counteract this mode of resistance to angiogenesis inhibitors is to
produce new molecules that inhibit two or more biological targets
relevant to angiogenesis.


There are a number of cellular targets of interest in angiogenesis
therapy, and herein we focused on two of these: methionine ami-
nopeptidase II (MetAP2) and a-glucosidase. MetAP2 has been iden-
tified as a cellular target for angiostatic agents4 such as fumagillin
and TNP-470 as well as aryl-1,2,3-triazoles 1.5 Inhibitors of a-glu-
cosidases such as N-methyl-1-deoxynojirimycin 2b, castanosper-
mine or 1-deoxymannojirimycin alter the biosynthesis of glycans
on endothelial cell surfaces that are required for angiogenesis,

ll rights reserved.
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and these glycosidase inhibitors inhibit angiogenesis.6 With a goal
to obtain novel anti-angiogenic agents that can target more than
one biological process, we have designed and synthesized the hy-
brids 3–5 (Fig. 1) that can block both a-glucosidase and MetAP2.
The design and synthesis of 3–5 and some biological properties
have been outlined in a previous communication,7 and one of these
agents, 5, has been shown to inhibit angiogenesis in vitro.7 Cell bio-
logical studies show that 5 reduced the expression of cyclin D1, a
key modulator of cell proliferation. The hybrid 5 also abolished
stress-fibre assembly in BAECs that may lead to reduced cell
motility.

OH


OH4 (n = 4)
5 (n = 6)


Figure 1. Structures of 1–5.
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2. Results and discussion


The design of 3–5 was based on combining the properties of
both a-glucosidase8 and MetAP2 in a single molecule. The ability
of N-butyl-DNJ 2c and other N-alkyl-DNJ derivatives to inhibit a-
glucosidases indicated that an alkyl chain linker between the DNJ
nitrogen atom and the aromatic residue would not lead to a loss
of glycosidase inhibitory activity. Molecular modelling7 indicated
that the compunds could also inhibit MetAP2.


2.1. Inhibition of glycosidases


Compounds 1a, 2a, and 3–5 were evaluated for their ability to
inhibit a-glucosidase from Bacillus stearothermophilus as de-
scribed by Hakamata et al.9 in order to test their enzyme inhibitory
activity, and the results are shown in Table 1. The IC50 value for 2a
was 1.67 lM. The hybrid compound 5 (IC50 = 1.15 lM) was a more
potent glycosidase inhibitor than 2a, whereas the other com-
pounds tested were less potent than 2a and 5. The modest
enhancement of inhibitory properties observed for 5 indicated that
the N-substituent may have favourable interactions with the glu-
cosidase. The aryl-1,2,3-triazole 1a did not inhibit the a-glucosi-
dase, as was expected.


2.2. Inhibition of BAEC growth


The inhibition of BAEC growth by compounds was next deter-
mined using the MTT assay10 and the results are shown in Table
1.11 The iminosugar 2a was inactive with no significant inhibition
of proliferation being observed at concentrations up to 1 mM.
However, the aromatic triazole 1a (IC50 = 0.347 mM) inhibited
the growth of BAECs. The inhibition of human (HUVEC) and mouse
(MS-1) endothelial cell proliferation by aryl-1,2,3-triazoles is con-
sistent5 with an ability to inhibit MetAP2, and it can be inferred
that inhibition of MetAP2 in BAECs would account for the activity
observed for 1a. It is worth noting that aryl-1,2,3-triazole deriva-
tives had IC50 values of 2–30 lM as inhibitors of HUVEC and MS-
1 cell growth.5 Compounds 3–5 all inhibited BAEC growth with 5
being the more potent inhibitor (IC50 = 105 lM).


2.3. Effects on cell surface oligosaccharide structure


As hybrids 3–5 can inhibit a-glucosidase at the enzyme level,
their effect on the bioprocessing of cell surface oligosaccharides
was also investigated. Thus, BAECs were treated with compounds
(50 lM) for 24 h and the binding of specific fluorescein (FITC)-la-
belled lectins, concanavalin A (Con A) and phytohemagglutinin-L


(L-PHA), to the cells was monitored by fluorescence activated cell
sorting (FACS) analysis in a flow cytometer. Con A recognizes man-
nose and glucose residues, whereas L-PHA recognizes complex
branched chain oligosaccharides containing N-acetyl-lactos-
amine.6a BAECs that had been treated with 2a for 24 h showed
greater binding of Con A (Figure S1 in supporting information) than
untreated control cells, indicating increased levels of glucose or
mannose structures at the cell surface; this is due to inhibition
by 2a of a-glucosidases involved in glycoprotein processing in

Table 1
Inhibition of a-glucosidase and BAEC growth by compounds


Compound a-Glucosidase inhibition
IC50 (lM)


BAEC growth inhibition
IC50 (mM)


1a Not active 0.347
2a 1.67 Not active
3 6.07 0.797
4 2.41 0.610
5 1.15 0.105

the endoplasmic reticulum (ER).12 The treatment of BAECs with
3–5 led to increased binding of Con A to cell surfaces when com-
pared to the control. As expected treatments that increased Con
A binding decreased L-PHA binding; thus L-PHA binding to BAECs
was reduced in cells treated with 2a and 3–5. Thus, all novel DNJ
derivatives inhibited a-glucosidase at the cellular level.


2.4. Effects of compounds on angiogenesis in vitro


Hybrids 3–5 were evaluated for their ability to inhibit angio-
genesis in vitro using the endothelial cell tube formation assay13


given that they could inhibit BAEC growth and alter the biosyn-
thesis of cell surface oligosaccharides important for angiogenesis.
Endothelial cells which are induced to undergo tube formation
change their architecture and form cell–cell contacts that lead
to branched networks similar to capillary-like blood vessels.
When BAECs were cultured on polymerized matrigel they orga-
nized into such tube-like structures (Figure S2 in supporting
information). However, when BAECs were cultured on polymer-
ized matrigel in the presence of 5 (0.2 mM, the cells failed to
organize into the capillary-like structures. At these concentra-
tions no other compounds tested inhibited tube formation and
5 was inactive at 0.1 mM.


2.5. Cell-cycle analysis


Inhibitors of MetAP2, fumagillin and TNP-470, have previously
been shown to inhibit the proliferation of endothelial cells by
arresting these cells at the G1 phase of the cell cycle.14 It can
be hypothesized that the aryl-1,2,3-triazole residue of 5 inhibits
MetAP2 at the cellular level, which leads to the inhibition of
BAEC proliferation observed for 5 (Table 1). To gain further in-
sights into the mechanism of the anti-proliferative activity of 5
and to investigate if 5 induces G1 arrest similar to other inhibi-
tors of MetAP2 its effect on cell-cycle distribution was analyzed
and the result of a typical experiment is shown in Figure 2. As
determined by flow cytometry, exposure of BAECs to 5
(200 lM) after 24 h, resulted in an increase of the percentage
of cells in the G0/G1 phase and a decrease in the percentage of
cells in the S phase compared with control cells, consistent with
an induction of G1 arrest by 5.


2.6. Effect of 5 on apoptosis


The inhibitor of MetAP2, TNP-470, has been reported to induce
apoptosis in both tumour15 and vascular endothelial cells.16 The
ability of 5 to promote apoptosis in BAECs was thus evaluated by
treatment of cells with 5 (100 and 200 lM doses) for 24, 48, and
72 h, subsequent staining with annexin V–propidium iodide and
flow cytometry analysis, in which only annexin V-stained cells
were considered as apoptotic cells (data not shown). These exper-
iments did not show any considerable promotion of apoptosis
when compared to the control whereas cell growth inhibition
was observed at the concentrations evaluated.


2.7. Effect of 5 on expression of cyclinD1 and the
phosphorylation level of extracellular signal-regulated kinases
(ERK) in BAECs


The effect of 5 on the expression of protein molecules important
for cell-cycle regulation was evaluated in order to elucidate the
molecular mechanisms involved in the observed cell-cycle altera-
tions. Underlying mechanisms for other MetAP2 inhibitors have
been studied previously. The inhibitor of MetAP2 and angiogenesis,
TNP-470, is reported to decrease levels of cyclin D1 in tumours.17


Increased levels of cyclin D1 are linked with the promotion of







Figure 2. Effect of 5 on cell-cycle progression of BAECs. BAEC cells were treated
with DMSO (control) or 5 for 24 h, respectively. Cells were then stained with pro-
pidium iodide, and nuclei were analyzed for DNA content by flow cytometry. A total
of 10,000 nuclei were analyzed from each sample, and the percentages of cells
within G0/G1, S, and G2/M were determined. Representative profiles are shown and
the numbers given in the upper right corner of the profiles.


Figure 3. Western blot analyses for levels of cyclin D1 and activated Erk(phos-
phorylation of Erk) in BAECs. BAECs were incubated in the absence or presence of 5
at 100 and 200 lM or control for 24 h. Cell lysates were prepared from the treated
cells, and Western blot analyses were performed.
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cell-cycle progression.18 Compounds that reduce the expression of
cyclin D1 would be expected to reduce endothelial cell growth and
angiogenesis in vitro. The levels of expression of cyclin D1 in BAECs
treated with 5 were established using Western blot analysis with
antibodies specific for cyclin D1. The expression of cyclin D1 was
found to be reduced in the presence of 5 at 100 and 200 lM doses
(Fig. 3).


The phosphorylation of ERK1/2 also occurs during cell prolifer-
ation.19 Reduction in the phosphorylation of ERK1/2 is associated
with reduced proliferation, and it has been reported that fumagillin
increases affinity of MetAP2 to ERK1/2 and causes the inhibition of
the phosphorylation of ERK1/2.20 There was the possibility that 5
could display similar behaviour to fumagillin. BAECs were there-
fore treated with 5 and the levels of both phosphorylated and
non-phosphorylated ERK1/2 were established using antibodies
and Western blot analysis under conditions where b-actin was
used as a loading control. The hybrid compound 5 (at 100 and
200 lM doses) was found not to alter either ERK1/2 phosphoryla-
tion or the total ERK1/2 level. Thus, 5 inhibited the expression of
cyclin D1 in endothelial cells but not a signalling pathway that in-
volves ERK1/2 phosphorylation.

2.8. Effect of 5 on stress-fibre assembly in BAECs


It is well established that actin polymerization that leads to
stress-fibre assembly and depolymerization plays a crucial function
in cell motility. In the presence of some angiogenesis inhibitors such
as fumagillin and its analogues actin stress-fibre densities are in-
creased, indicating that these angiogenesis inhibitors induce endo-
thelial cells to assume an adhesive state that is not conducive to
motility.21 Other inhibitors of cell motility such as fausidil lead to
a loss of stress-fibre formation.22 It is possible that 5 also inhibited
BAEC motility, given that it inhibited tube formation in vitro. The for-
mation of the actin cytoskeleton in BAECs was assessed by staining
with FITC-phalloidin, in order to specifically detect F-actin, in an at-
tempt to identify morphological traits in response to treatment with
5. The results (Fig. 4) show that stress-fibre assembly in BAECs was
abolished by 5, indicating that 5 inhibited BAEC tube formation, at
least partially through its ability to alter the behaviour of actin.


3. Conclusions


The synthesis of novel hybrids of DNJ and aryl-1,2,3-triazoles has
led 5 being identified as an inhibitor of angiogenesis in vitro. The hy-
brid 5 had a number of interesting biological effects. It inhibited
a-glucosidase at both the enzyme and cellular level, altering the bio-
synthesis of oligosaccharides on endothelial cell surfaces important
to angiogenesis. It inhibited the proliferation of BAECs by inducing
cell-cycle arrest. The novel hybrid 5 caused a reduction in the
expression of cyclin D1 but did not promote apoptosis or inhibit
the phosphorylation of ERK1/2. The hybrid 5 thus displayed mecha-
nistic differences to other classes of inhibitors of MetAP2, such as
fumagillin and its analogues, which have been reported to inhibit
the phosphorylation of ERK1/2 and induce apoptosis. Stress fibre
assembly in BAECs was abolished by the hybrid compound indicat-
ing the inhibition of BAEC tube formation by 5 is a result of a reduc-
tion in cell motility. Hybrid 5 displays biological properties of
interest in the development of multifunctional inhibitors of angio-
genesis and the research provides a basis for efforts to development
hybrid angiogenesis inhibitors with increased potency.


4. Experimental


4.1. Cell culture


BAE cells were cultured in RPMI 1640 medium supplemented
with 10% heat inactivated FBS, 2 mM glutamine, 100 U/mL penicil-







Figure 4. The effect of 5 on actin stress-fibre polymerization in BAEC was assessed
by fluorescence staining with FITC phalloidin, a substance which specifically detects
F-actin. In the control, stress fibres are present (red arrow). Incubation of BAECs
with 5 (200 lM) leads to marked disruption of stress-fibre assembly.
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lin, and 100 lg/mL streptomycin and maintained at 37 �C in a
humidified atmosphere of 5% CO2. Subcultures were created by
passaging using a trypsin/EDTA mixture in phosphate buffered
saline.


4.2. Flow cytometry analysis of cell surface oligosaccharides


Cells were stained with fluorescin-labelled plant lectins and
analyzed by flow cytometry. Cultured cells were treated with com-
pounds (50 lM) for 24 h in 6-well plate. Cells were then harvested
and washed with DPBS. Approximately 5 � 105 cells were resus-
pended in test tubes and incubated in DPBS/1% BSA with 200 ll
2 lg/mL of Con A-FITC or L-PHA-FITC for 1 h at 4 �C. Cells were
washed twice with DPBS, and fluorescence histogram profiles were
determined using flow cytometric FACS analysis. Each experiment
was carried out at least twice with each compound.


4.3. Inhibition of proliferation of BAECs


BAECs (3 � 103 cells) were seeded on 96-well microtiter plates
in 1640 medium with 10% FBS and incubated overnight. The com-
pounds (10�6–10�3 M) were then added to the cells and cultured
for another 48 h. The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyl-tetrazolium bromide] reagent was added directly to the
cell supernatant so as to give a final concentration of 0.5 mg/mL
of MTT. After 3 h at 37 �C the cell culture medium was removed.
Formazan crystals in adherent cells were dissolved in 200 ll DMSO,
and the absorbance of the formazan solution was measured at
570 nm.10 Each compound was tested in quadruplicate and the
experiments were repeated at least twice.

4.4. Tube-formation assay


Tube-structure formation on Matrigel was conducted and mod-
ified as described previously.13 Briefly, 70 ll growth factor-reduced
Matrigel was added to 96-well plates at 4 �C and then allowed to
polymerize at 37 �C for 1 h. Cultured cells were treated with com-
pounds (0.2 mM) for 24 h in 6-well plate. BAE cells were then har-
vested and suspended at a concentration of 3 � 104cells/0.1 ml in
RPMI 1640 containing 10 ng/ml bFGF and 0.2 mM compounds.
Control cells were re-suspended with 10 ng/mL bFGF alone. Cells
were carefully layered on top of the polymerized gel and incubated
for 8 h at 37 �C in 5% CO2. Tube formation was observed and pho-
tographed under a microscope. At least five visual fields were
counted and the average number of tubes per field was calculated
using light microscope. The experiments were repeated at least
twice for each compound.


4.5. Cell-cycle analysis


Cells were seeded on 6-well plates in 1640 medium with 10%
FBS overnight. Then the compounds were added to the cells and
cultured for another 24 h. Cells were collected with trypsin–EDTA
and then washed three times with DPBS. The cells were resus-
pended and fixed for at least 2 h at �20 �C with 70% Ethanol. After
washing twice with DPBS, cells were incubated at 25 �C with
200 lg/ml RNase A for 30 min. The resulting cells were incubated
with 50 lg/ml propidium iodide for 30 min at 4 �C. The treated
cells were subjected to flow cytometry and the percentage of cells
at each phase of the cell cycle was analyzed. Each experiment was
repeated at least twice.


4.6. Quantitative apoptosis assay


The ability of 5 to induce apoptotic death of BAEC was quantified
by annexin V and PI staining and flow cytometry, as described re-
cently.23 Briefly, after treatment with 5 (0, 100, and 200 lM for 24,
48, and 72 h), cells were collected and washed with PBS twice, and
subjected to annexin V and propinium iodide staining using annexin
V FITC apoptosis kit following the step-by-step protocol provided by
the manufacturer. After staining, flow cytometry was performed for
the quantification of apoptotic cells. Each group was tested in tripli-
cate and the experiments were repeated at least twice in each case.


4.7. Immunoblot analysis


BAEC cells were treated with 5 (0, 100, and 200 lM) for 24 h in
6-well plate for the western blot studies. Cells were washed twice
with ice-cold PBS and lysed with RIPA buffer with protease inhib-
itors. After centrifuged at 13,000 rpm for 15 min, protein concen-
trations of the lysates were determined by micro-BCA protein
assay kit. The total cellular protein extracts were boiled with 2�
Laemmli sample buffer and separated by SDS–PAGE and trans-
ferred to PVDF membrane. Membranes were blocked with 5%
non-fat dry milk in TBS containing 0.1% Tween 20 for 1 h at room
temperature and incubated with antibodies against cyclin D1, Erk,
phosphor-Erk, and b-actin overnight at 4 �C. Blots were washed
three times in TBS-T buffer, followed by incubation with the appro-
priate HRP-linked secondary antibodies for 1 h at room tempera-
ture. The specific proteins in the blots were visualized using the
enhanced chemiluminescence reagent. The experiments were re-
peated at least twice in each case.


4.8. Immunofluorescence


Stress fibre of BAEC cells were detected using fluorescent phal-
loidin and analyzed by confocal microscopy. Cells were seeded to
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the glass coverslips in cell culture dish plate (3.5 cm) overnight.
Then compound 5 ws added and cultured for 24 h. After fixing with
4% paraformaldehyde, cells were treated with 0.1% Triton X-100
and blocked with 1% BSA. Then, cells were incubated with FITC-
conjugated phalloidin (2 lg/ml) for 30 min and examined under
Zeiss confocal laser scanning microscope (40�, oil). The experi-
ments were repeated at least twice in each case.


4.9. Statistical analysis


The statistical analysis was done using Student’s t test. P < 0.05
was accepted as significant. The number of replicates and statisti-
cal significance are indicated in methods and in the figure legends.
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Antagonists of VEGF-mediated angiogenesis are of great interest clinically for the treatment of solid
tumors and certain forms of macular degeneration. We recently described a novel peptoid antagonist
of VEGF Receptor 2 (VEGFR2) that binds to the extracellular domain of the receptor and inhibits VEGF-
mediated autophosphorylation and subsequent downstream signaling. Given the structural similarities
between peptides and peptoids, an obvious model for the mode of action of the peptoid is that it com-
petes with VEGF for binding to VEGFR2. However, we present evidence here that this is not the case
and that VEGF and the peptoid antagonist recognize non-overlapping surfaces located within the first
three immunoglobulin-like subdomains of the receptor. These data argue that the peptoid inhibits recep-
tor-mediated autophosphorylation by a novel allosteric mechanism that may prevent the receptor from
acquiring the conformation necessary to propagate downstream signals.


� 2008 Elsevier Ltd. All rights reserved.

1. Introduction


Vascular endothelial growth factor receptor-1 and -2 (VEGFR1
and VEGFR2) are members of the Type III receptor tyrosine kinase
family of proteins and both have seven Ig-like domains in the
extracellular domain (ECD) with 32% sequence identity in the
ECD.1 VEGFR1 and VEGFR2 are required for embryonic develop-
ment and both bind VEGF with high-affinity. The association of
VEGF with VEGFR2 is a critical event in angiogenesis2 while the
function of VEGFR1 is less clear.3 Antagonists of hormone-medi-
ated receptor activation are of keen interest in the treatment of so-
lid tumors since they require the formation of new vasculature to
survive and grow.4 These include monoclonal antibodies,5–8 other
protein-based molecules9 or peptides10 targeting VEGF or the
ECD of VEGFR2, as well as low molecular-weight tyrosine kinase
inhibitors.11 Almost all the molecules target the hormone or the
ECD of the receptor function by binding to the VEGFR2 � VEGF
interaction region of either the hormone or receptor. One well-
studied exception is the monoclonal antibody Bevacizumab (Ava-
stin), which binds to a site on VEGF neighboring the hormone-
binding site.12 Even in this case, however, the antibody functions
by blocking hormone binding to the receptor, presumably via steric
interference. To the best of our knowledge, none of the known
inhibitors targeted to VEGF or the VEGFR2 ECD operates via a
non-competitive mechanism.

ll rights reserved.
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We have recently reported a relatively potent anti-angiogenic
peptoid agent GU40C4 (Fig. 1A), which disrupts VEGF-induced
receptor autophosphorylation and, therefore, downstream events
leading to angiogenesis.13 This compound has also been shown
to be effective in inhibiting tumor growth in an animal model.
GU40C4 is a derivative of a compound isolated from a screening
experiment that registered binding of VEGFR2-expressing cells to
peptoids immobilized on TentaGel beads. As expected, the pep-
toids were found to bind to the ECD of the receptor.13


In this report, we probe the mechanism of action of this novel
inhibitor. Somewhat surprisingly, we find that GU40C4 and VEGF
can bind simultaneously to the receptor. Moreover, we demon-
strate that all of the peptoids isolated in the initial screen bind to
the same or closely overlapping sites on the receptor. These and
other data described below argue that the screen has identified a
previously unrecognized ‘hotspot’ for ligand binding on the recep-
tor surface and that interaction of the peptoid with this receptor
surface apparently antagonizes VEGF-triggered receptor activation
via a novel allosteric mechanism.

2. Results


2.1. The five VEGF receptor ligands have similar binding
properties


The screen mentioned above identified five VEGFR2-binding
peptoids (Fig. 1B) from a library of approximately 300,000 com-
pounds with three fixed C-terminal residues and six randomized



mailto:thomas.kodadek@utsouthwestern.edu

http://www.sciencedirect.com/science/journal/09680896

http://www.elsevier.com/locate/bmc





Figure 1. Chemical structures of the peptoids employed in this study. (A) The high-affinity, VEGFR2-binding dimeric peptoid GU40C4, and its fluorescently labeled derivative.
(B) Peptoids GU40A–E, which were initially identified from the on-bead cell-based screen for VEGFR2 ligands13 and the control peptoid used in all assays.
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residues. Two of these peptoids (GU40C and GU40E) were shown
to bind to the ECD of VEGFR2 with dissociation constants (KD) in
the range of 1–3 micromolar. We further demonstrated that these
peptoids bound to the ECD of VEGFR1 with similar affinities.13 We
initiated this study by first asking if any of the other three peptoids
exhibited significant specificity for VEGFR1 or VEGFR2. This was
done using an ELISA-like-binding assay in which increasing con-
centrations of fluoresceinated peptoid was introduced into 96-well
plates coated with the receptor ECD. The amount of fluorescence
retained after washing was measured. All of the peptoids bound
the ECDs of both VEGFR1 and VEGR2 with KD values in the low
to submicromolar range (Fig. 2A).


We next evaluated whether these five peptoids recognize differ-
ent surfaces of the receptor. Fluoresceinated GU40C (GU40C-FITC)
binding to the immobilized receptor was challenged with increas-
ing concentrations of unlabeled GU40A–E. All five peptoids com-
peted with labeled GU40C for limiting receptor (Fig. 2B).
Furthermore, all of the peptoids evinced similar IC50s in this com-

petition experiment. These data suggest that all five peptoids bind
to the same, or closely overlapping, sites on the protein.


The ECDs of VEGFR1 and VEGFR2 contain seven IgG-like subdo-
mains. In order to begin to map the particular region recognized by
the peptoids, we conducted the same ELISA-like-binding assay
using a construct containing only the first three N-terminal subdo-
mains of VEGFR1 (VEGFR1(1–3)), which includes the region of the
receptor to which VEGF itself binds.12,15,16 The KD values obtained
from these data again fall within the low to submicromolar range
for all of the peptoids, showing that they all bind to a surface lo-
cated within these three subdomains (Fig. 2C).


2.2. The GU40C4 peptoid and VEGF do not compete for binding
to the VEGFR2 ECD


The three N-terminal domains of VEGFR1 also encompass the
VEGF-binding region of the receptor, consistent with the idea that
the peptoid antagonists function by competing with the hormone







Figure 2. Binding of the peptoids to the extracellular domains (ECDs) of VEGFR1 and VEGFR2 in an ELISA-like assay. (A) KD values of the complexes between GU40A–E and the
VEGFR1 or VEGFR2 ECD as measured by the titration of immobilized ECD with fluorescein-labeled peptoid and monitoring the amount of fluorescence retained. All of the
peptoids bound both the VEGFR1 and VEGFR2 ECDs with KDs in the low lM range. (B) Competitive-binding experiments that monitor the retention of fluorescein-labeled
GU40C by immobilized VEGFR2 ECD in the presence of the indicated amounts of other unlabeled GU40A–E or an unlabeled control peptoid not selected to bind VEGFR2. All of
the VEGFR2-binding peptoids competed with labeled GU40C. (C) Bar graph showing the KD values of peptoids GU40A–D binding to a recombinant protein representing the
first three IgG-like domains of VEGFR1 (called VEGFR1(1–3)) (black bars) compared to the corresponding binding to the complete ECD of VEGFR1 (gray bars). (D) Binding
isotherms of fluorescein-labeled GU40C4 dimer interaction with the VEGFR1 ECD, VEGFR2 ECD, and VEGFR1(1–3). GU40C4-FITC denotes the conjugation product obtained by
treating the thiol-containing GU40C4 derivative with maleimide-fluorescein isothiocyanate (FITC).


Figure 3. Competitive-binding experiments that monitor the retention of fluores-
cein-labeled GU40C4 by immobilized VEGFR2 ECD in the presence of the indicated
concentrations of unlabeled competitor (VEGF, unlabeled GU40C4 or a control pe-
ptoid not selected to bind VEGFR2). Only unlabeled GU40C4 competed the GU40C4-
FITC � VEGFR2 ECD complex.
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for binding to the receptor. To probe more directly for peptoid–
hormone competition, we examined the binding of fluorescein-la-
beled GU40C4 dimer which displayed improved binding proper-
ties, compared to the GU40C monomer, to the receptor
constructs in the presence of VEGF. First, we demonstrated that,
as expected, the dimeric GU40C4 behaved similarly to the mono-
meric GU40C in that it bound to the ECDs of VEGFR1, VEGFR2,
and VEGFR1(1–3) with similar affinities (Fig. 2D). For the compet-
itive-binding assay, fluoresceinated-GU40C4 was kept constant
(100 nM) and unlabeled VEGF, GU40C4 or a control peptoid that
do not bind to the VEGFRs were introduced at the concentrations
indicated in Figure 3. As expected, unlabeled GU40C4 displaced
the fluorescein-conjugated GU40C4, but VEGF did not, even at hor-
mone concentrations well above that necessary to saturate the
receptor, indicating that these two ligands have separate binding
sites. The control peptoid had no effect on GU40C4 receptor
interaction.


If it is indeed the case that GU40C4 and VEGF have different
binding sites on VEGFR2, then it should be possible to observe
simultaneous binding of both the peptoid and the hormone on
the receptor. To address this point, GU40C4 was fluoresceinated
and VEGF was biotinylated, allowing both to be visualized inde-
pendently. The fluorescence emission of GU404-FITC can be de-
tected at 520 nm (green channel) and, by using a streptavidin-
coated quantum dot (Qdot655), the hormone can be detected at
655 nm (red channel). Eight wells of 96-well clear-bottom-plates
were coated with the ECD of VEGFR2 and four different binding

experiments were carried out in duplicate. In the first two, either
GU40C4-FITC (100 nM) or biotin-VEGF (100 nM) was incubated
with the immobilized receptor. In the third, equimolar amounts
(100 nM each) of GU40C-FITC and biotin-VEGF were added. Finally,
the fourth experiment was the same as third, except 100-fold ex-
cess of unlabeled GU40C was also included in the solution. After
allowing the solutions to equilibrate for one hour and thorough







D. G. Udugamasooriya et al. / Bioorg. Med. Chem. 16 (2008) 6338–6343 6341

washing, streptavidin-Qdot655 was introduced to each well fol-
lowed by another thorough wash. The amount of fluorescence
remaining in each well was measured at 520 nm and 655 nm sep-
arately (Fig. 4). The level of fluorescence in each of the first two
experiments served as a measure of the unimpeded binding of
the peptoid and VEGF, respectively, to the immobilized receptor.
As seen in Figure 4, when both the peptoid and VEGF were present
at 100 nM, strong signals in both the red and green channels were
observed that were similar in intensity to those observed in the
wells containing only one of the ligands. Addition of a large excess
of unlabeled GU40C4 to both of the labeled ligands and the immo-
bilized receptor competed binding of FITC-GU40C4, but not biotin-
VEGF, to the immobilized receptor. Taken together, these data ar-
gue strongly that VEGF and the GU40C4 peptoid can simulta-
neously co-occupy the receptor.


To confirm that this surprising result was not some artifact of
the particular assay employed, we conducted similar experiments,
but immobilized biotin-VEGF on streptavidin-coated plates. As
shown in Fig. 5A, a low level of FITC-GU40C4 is retained by the
streptavidin-coated plates, presumably representing non-specific
binding of the labeled peptoid to the avidin or the plate. This is
supported by the fact that other labeled control peptoids provided

Figure 4. Retention of GU40C4-FITC and biotin-VEGF by immobilized VEGFR2 ECD.
Retention of GU40C4-FITC was monitored at 520 nM (fluorescein emission) while
retention of biotin-VEGF was monitored at 655 nm after treatment with red-emi-
tting streptavidin-Qdot655. The top graph shows the retained fluorescence in the
520 nm channel (green-FITC detection) and the bottom graph shows the retained
fluorescence at 655 nm (red-Qdot655 detection). The first and second bars in each
graph represent the intensity of the retained fluorescence when the immobilized
VEGFR2 ECD was treated with GU40C4-FITC alone or biotin-VEGF alone, respec-
tively. The third bar represents the intensity of the retained fluorescence when both
GU40C4-FITC and biotin-VEGF were added to the immobilized receptor. Note that
the amounts of hormone and peptoid were in large excess over that of the immo-
bilized receptor ECD. The fourth bar represents the same experiment as the third,
except that 100-fold excess of unlabeled GU40C4 was also included. In all cases,
streptavidin-Qdot655 was added to each well, followed by washing, prior to rea-
ding the fluorescence intensity in each channel.


Figure 5. Formation of a peptoid � VEGFR2 ECD � VEGF complex. (A) The reagents
indicated in the figure were incubated in the wells of biotin-VEGF captured avidin-
coated plates. After washing, the intensity of the retained fluorescence at 520 nm
was monitored to score retention of GU40C4-FITC. A significant increase in GU40-
C4-FITC retention above background (first bar) was observed only in the presence of
VEGFR2 ECD (third bar). This retention was abolished by excess soluble VEGF. (B)
Fluorescence anisotropy experiment monitoring the change in anisotropy evinced
by GU40C4-FITC in the presence of the indicated reagents.

essentially the same result in this assay (not shown). A similar le-
vel of non-specific binding was observed when the labeled peptoid
was incubated with the biotin-VEGF-coated plates, showing that
the peptoid does not bind directly to the hormone. When the solu-
ble ECD of VEGFR2 was also added, however, significant additional
retention of labeled GU40C4 was observed. These results are con-
sistent with the binding of the GU40C4 � VEGFR2 ECD complex to
the immobilized VEGF. This interpretation is supported by the fact
that this VEGFR2-dependent retention of the labeled peptoid could
be competed by excess unlabeled VEGF, showing that it represents
specific binding of the peptoid–receptor complex to the VEGF-
coated plate.


We also wished to validate this surprising result using a solu-
tion assay to ensure that the results observed when one of the li-
gands is immobilized on a surface reflects the behavior of the
molecules accurately when they are free in solution. Therefore,
we examined the effect of VEGF and the ECD of VEGFR2 on the
anisotropy of FITC-GU40C4. The level of fluorescence anisotropy
observed when 300 nM FITC-GU40C4 was incubated with
750 nM BSA as a control protein was set to one (Fig. 5B). Incubation
of the labeled peptoid with 750 nM VEGF did not alter the anisot-
ropy, again showing that GU40C4 does not bind to the hormone di-
rectly. However, addition of 75 nM VEGFR2 ECD resulted in a
pronounced increase in the anisotropy value, consistent with bind-
ing of the peptoid to the receptor. Interestingly, when both the
VEGFR2 ECD and the hormone were incubated with FITC-
GU40C4, a further increase in anisotropy was observed, consistent
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with the formation of a FITC-GU40C4 � VEGFR2 � VEGF co-complex
that tumbles even more slowly than the peptoid–receptor
complex.


Finally, to probe the issue of how VEGF might affect VEGFR2
ECD � GU40C4 binding in a more quantitative fashion, a titration
experiment was conducted in which the quantitative affinity for
the fluorescein-labeled GU40C4 peptoid for immobilized VEGFR2
ECD was measured in the presence or absence of saturating
amounts of VEGF. As shown in Figure 6, virtually identical results
were obtained in each titration demonstrating that the KD of the
GU40C4 � VEGFR2 ECD complex is essentially unaffected by bind-
ing of VEGF to the VEGFR2 ECD.


3. Discussion


In a recent report we identified five peptoids in a library of
�300,000 molecules that were capable of binding to cells express-
ing human VEGFR2 but not to cells lacking VEGFR2.13 Biochemical
experiments confirmed that two of these five peptoids recognized
the ECD of VEGFR2 with KDs in the low lM range. Since VEGFR2
operates as a homodimer, we hypothesized that joining together
two molecules of one of the VEGFR2-binding peptoids with a suit-
able linker would result in a much higher-affinity compound. In-
deed, GU40C4 was shown to bind to the ECD of VEGFR2 with a
KD of 20–40 nM. This compound was an antagonist of VEGF-depen-
dent VEGFR2 autophosphorylation in cultured cells and also exhib-
ited anti-angiogenic activity in vivo.13


Given precedents from previous studies of VEGF- or VEGFR2-
targeted anti-angiogenic agents, we anticipated that the mecha-
nism of action of the peptoid would be to interfere with hor-
mone–receptor binding. Surprisingly, several different assays that
monitored binding of the hormone and/or the peptoid to the ECD
of VEGFR2 or VEGFR1 (Figs. 3–6) failed to show evidence of this
anticipated competition. Indeed, the data shown in Figure 5 pro-
vide direct evidence for a VEGF � VEGFR2 � GU40C4 ternary com-
plex. Specifically, we demonstrated that immobilized VEGF is
able to retain GU40C4 in the presence, but not in the absence, of
the ECD of VEGFR2 (Fig. 5A). Furthermore, the addition of VEGF
to a FITC-GU40C4 � VEGFR2 ECD complex resulted in a marked in-
crease in fluorescence anisotropy, consistent with formation of a
ternary complex, whereas mixing VEGF and FITC-GU40C4 in the
absence of the receptor did not result in a change in anisotropy
(Fig. 5B).


Thus, we conclude that GU40C (one ‘arm’ of the dimeric peptoid
(Fig. 1)) binds to a site on the VEGFR2 that is distinct from that of
the hormone-binding site and that, furthermore, binding of the
peptoid does not sterically inhibit subsequent receptor association.

Figure 6. Quantitative determination of the affinity of GU40C4-FITC for immobi-
lized VEGFR2 ECD in the presence or absence of saturating amounts of VEGF, which
was added to the immobilized receptor prior to introduction of the peptoid. VEGF
did not alter the affinity of the peptoid for the receptor.

Moreover, the data shown in Figure 2 demonstrate that all five of
the peptoids isolated in the original screen compete with one an-
other for binding to the VEGFR2 ECD, strongly suggesting that they
recognize the same surface, although allosteric effects cannot be
completely ruled out. Therefore, we suggest that the original
screen and this study have revealed a previously unrecognized
‘hotspot’17,18 for ligand binding on the VEGFR2 ECD that is distinct
from the hormone-binding site. Interestingly, binding assays using
a construct containing only the first three immunoglobulin-like
domains of the ECD (Fig. 2) reveal that this hotspot is in the same
general region of the protein as the VEGF-binding site.12 Finally,
this hotspot must exist on both VEGFR2 and VEGFR1 since the pep-
toids fail to discriminate between these two closely related
receptors.


The finding that the peptoids do not recognize the hormone-
binding site is somewhat surprising in that many VEGFR1- and
VEGFR2-binding peptides have been identified through phage
display or other means and all of these molecules compete with
VEGF for binding to the receptor.19–24 Peptoids are peptide-like
molecules and we initiated this project anticipating that we
would isolate peptoid mimics of VEGF, at least with regard to
binding to the receptor. Indeed, the first three C-terminal resi-
dues of all of the peptoids in the library were held constant in
hopes of mimicking key residues in VEGF that contact the recep-
tor.12 Clearly, this design did not achieve its intended goal.
Moreover, as will be reported elsewhere, studies of the struc-
ture/activity relationships evinced by various derivatives of
GU40C show clearly that these three C-terminal side chains are
dispensable for binding to the receptor (Udugamasooriya et al.,
unpublished results).


While the data clearly rule out direct competition of the peptoid
and the hormone for receptor binding, they do not clearly define
what the mechanism of antagonism might be. In general, one is
driven to the conclusion that the peptoid must interfere with some
event downstream of formation of the hormone–receptor complex.
While the structural details are unknown, binding of VEGF to VEG-
FR2 must drive a conformational change in the receptor that is
transmitted across the membrane,25 resulting in the activation of
the intracellular tyrosine kinase activity. Therefore, one model is
that the peptoid interferes with this conformational transition
through binding to the receptor. Unfortunately, it is very difficult
to probe such events directly in the context of the intact receptor
and thus a mechanism based on peptoid-antagonized conforma-
tional changes must be treated as speculative.

4. Experimental


4.1. Synthesis of peptoids


Syntheses of peptoids GU40A–E were performed on Knorr
Amide MBHA resin (substitution: 0.78 mmol/g resin; Novabio-
chem). First, Fmoc-Cys(Trt)-OH was loaded onto the bead (HOBt,
HBTU, DIPEA, overnight) in order to facilitate subsequent fluores-
cein coupling to the thiol via maleimide chemistry. After removal
of Fmoc group (20% piperidine in DMF), 2.0 M bromoacetic acid
and 3.2 M diisopropylcarbodiimide (DIC) were added, and the reac-
tion was completed using a microwave-assisted protocol (1000 W
microwave oven, and 10% power was delivered for 2 � 15 s).14


After washing with DMF, the beads were treated with 2 M primary
amine and microwaved as described above. These two steps were
repeated until the 9-mer peptoid was complete. After the final
washing with 10� DMF and 3� dichloromethane (DCM), peptoids
were cleaved off the resin by treatment with 95% TFA, 2.5% TIS, and
H2O. TFA was evaporated and the product was purified by HPLC
and confirmed by MALDI-TOF analysis.
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To attach fluorescein, pure peptoid was dissolved in 1� PBS,
5 mM EDTA, pH 6.9, buffer and mixed with fluorescein-maleimide
at a 1:1 ratio. The solution was incubated overnight and the prod-
uct was purified by HPLC.


Dimeric peptoid GU40C4 and its fluoresceinated derivative
were synthesized as described in our previous report.13


4.2. ELISA-like-binding assay


White, clear-bottom 96-well plates (Corning Inc.) were coated
with 1 lg/mL recombinant human VEGFR protein (R&D Systems)
in sensitizing buffer (0.621 g NaHCO3 and 0.275 g Na2CO3 dis-
solved in 100 mL of ddH2O, pH 9.5) overnight at 4 �C. Each well
was washed with 3 � 200 lL of phosphate-buffered saline (PBS)
and blocked with Startingblock buffer (Pierce) or AquaBlockTM/
EIA/WB buffer (EastCoast Bio). Fifty microliters of serial dilutions
of FITC-labeled peptoids dissolved in Startingblock buffer or TBST
were added to each well and allowed to incubate for 1 h at room
temperature. Wells were washed with 5 � 200 lL of PBS and the
remaining fluorescence was measured at 520 nm using a plate
reader (Fluostar Optima, BMG Laboratories, Durham, NC). For com-
petition assays, serial dilutions of unlabeled peptoids were mixed
with constant amounts of FITC-labeled peptoids. In the direct-
binding assay (Fig. 6), a set of VEGFR2-coated wells were saturated
with 50 nM VEGF for 1 h at room temperature and washed before
introducing the serial dilutions of GU40C4-FITC.


4.3. GU40C4-FITC and biotin-VEGF simultaneous visualization
assay (Fig. 4)


Eight wells of a white, clear-bottom 96-well plate (Corning Inc.)
were coated with 1 lg/mL recombinant human VEGFR2 protein
(R&D Systems) in sensitizing buffer (0.621 g NaHCO3 and 0.275 g
Na2CO3 dissolved in 100 mL of ddH2O, pH 9.5) overnight at 4 �C.
The wells were washed with 3 � 200 lL of PBS and blocked with
Startingblock buffer (Pierce). Four different experimental sets were
designed each in duplicate. The first two wells were treated
2 � 50 lL with 100 nM GU40C4-FITC and the next two wells
2 � 50 lL with 100 nM biotin-VEGF, dissolved in Startingblock buf-
fer. The fifth and sixth wells were treated 2 � 50 lL of a mixture of
100 nM each of GU40C4-FITC and biotin-VEGF. The last two wells
were treated exactly as the fifth and sixth, except the mixture also
contained 10 mM unlabeled GU40C4. All wells were allowed to
equilibrate in the dark at room temperature for 1 h. Wells were
washed thoroughly with PBS three times. Ten nanomolars strepta-
vidin-Qdot655 was introduced in Startingblock buffer for 30 min in
the dark to each well. The wells were washed thoroughly four
times with PBS. The entire procedure was conducted with addi-
tional four wells that lacked immobilized receptor (two for
GU40C4-FITC treatment and two for biotin-VEGF) as controls.
The remaining fluorescence was probed through two sets of excita-
tion and emissions. First, excitation at 485 nm and emission at
520 nm (to probe FITC signal—green channel) and the second exci-
tation at 355 nm and emission at 655 nm (to probe Qdot655—red
channel). The values of control wells were subtracted from each
original value to obtain the final data.


4.4. GU40C4-FITC and VEGF simultaneous detection assay
(Fig. 5)


The assay was composed of two parts: (1) confirmation of
GU40C4-FITC binding to VEGFR2 by fluorescence anisotropy and,
(2) subsequent capture of GU40C4-FITC � VEGFR2 complex on

VEGF-coated ELISA plates. First, in four different vials GU40C4-FITC
(300 nM) was incubated; (1) without VEGFR2 (2) with VEGF
(750 nM) only (3) with VEGFR2 (75 nM) (4) VEGFR2 (75 nM) with
10-fold excess of VEGF (750 nM). For the vials 1 and 3, BSA
(750 nM) was introduced to equalize the amount of VEGF added
to vials 2 and 4. After incubation for 6 h at 4 �C, fluorescence polar-
ization change (mP) was measured using Panvera Beacon 2000
instrument (Invitrogen). Separately, eight wells of 96-well clear-
bottom plates were coated with 2 lg/mL avidin using the sensitiz-
ing buffer as described earlier. These wells were treated with bio-
tinylated-VEGF (50 nM) for 1 h at 4 �C. After washing with PBS
above (1), (3) and (4) mixtures were introduced onto the biotinyl-
ated-VEGF captured avidin-coated wells and equilibrated over-
night at 4 �C. After thorough wash with PBS, fluorescein signal
was measured at 520 nm using the plate reader.
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A series of pyrazolo[1,5-a]pyrimidine, triazolo[1,5-a]pyrimidine, and pyrimido[1,2-a]benzimidazole ring
systems incorporating phenylsulfonyl moiety were synthesized via the reaction of 3-(N,N-dimethyl-
amino)-1-aryl-2-(phenylsulfonyl)prop-2-en-1-one derivatives 2a,b with appropriate nitrogen nucleo-
philes. The analgesic and anti-inflammatory activities of the newly synthesized compound were
investigated in vivo. 3-Bromo-2-phenyl-6-(phenylsulfonyl)-7-(4-methylphenyl)pyrazolo[1,5-a]pyrimi-
dine (5e) was found to have an excellent analgesic activity in comparison with indomethacin as a refer-
ence drug, while the highest anti-inflammatory effect was observed in the case of 2-(4-bromophenyl)-6-
(phenylsulfonyl)-5-(4-methylphenyl)pyrazolo[1,5-a]pyrimidine (5d). From the structure–activity rela-
tionship (SAR) point of view, the analgesic/anti-inflammatory activity of pyrazolo[1,5-a]pyrimidine
derivatives was found to be much higher than triazolo[1,5-a]pyrimidine and pyrimido[1,2-a]benzimid-
azole derivatives.


� 2008 Elsevier Ltd. All rights reserved.

1. Introduction


Inflammation is a natural and beneficial reaction in response to
infections and trauma. The inflammation process begins when un-
known antigen gains access to the patient’s tissue and combines
with an antibody in the joint. This activates an antigen comple-
ment–antibody immune complex which precipitates in the syno-
vium and joint fluid. This in turn leads to release of chemical
mediators that cause migration of polymorphonuclear leukocytes,
phagotizing the immune complex. Lysosomal membrane dis-
charges protease and collagenase causing continued inflammation,
tissue destruction, and loss of physical properties of the connective
tissue and joints.1


Management of inflammatory disorders involves a stepwise ap-
proach to the use of therapeutic agents. Relieving of pain and
reduction of inflammation are urgent goals to reduce the severity
of symptoms.1 A generally accepted stepwise approach to treat
the inflammation disorders includes physical therapy, non-steroi-
dal anti-inflammatory drugs (NSAIDs), disease modifying
anti-rheumatic drugs (DMARDs), corticosteroids and finally,
immunosuppressive agents.

ll rights reserved.


+20 235727556.
.


Among different types of NSAIDs, pyrazoles,2–12 and fused pyr-
azole with six-membered rings13–19 occupy central position among
those compounds that are used as analgesic and anti-inflammatory
agents. On the other hand, sulfone moiety is usually incorporated
as an active part in many analgesic anti-inflammatory molecules
available as drugs in market such as celecoxib,2,20 valdecoxib,21


rofecoxib,22 parecoxib,23 etoricoxib,24 tenoxicam,25 piroxicam,26


meloxicam,27 lornoxicam,28 ampiroxicam,29 and nimesulide.30


In continuation of our recent work aiming at the synthesis of
heterocyclic systems with remarkable biological importances,31–41


we report here on the utility of b-keto-b-sulfonylenamines as
building blocks for the synthesis of phenylsulfonylpyrazoles, 1H-
pyrazolo[1,5-a]pyrimidines, 1,2,4-triazolo[1,5-a]pyrimidines, and
pyrimido[1,2-a]benzimidazole and study their analgesic and anti-
inflammatory activities in order to get a new compounds that could
be optimized for potent analgesic anti-inflammatory agents.


2. Results and discussion


2.1. Chemistry


Heating of the 1-aryl-2-(phenylsulfonyl)ethanones 1a,b with
N,N-dimethylformamide–dimethylacetal (DMF–DMA) under
moisture free conditions, afforded a single product identified as
the corresponding 3-(N,N-dimethylamino)-1-aryl-2-(phenylsulfo-
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nyl)prop-2-en-1-one derivatives 2a,b, respectively, in high yields
(Scheme 1). The structures of isolated products were established
on the bases of their elemental and spectral data. For example,
the 1H NMR spectrum of compound 2a displayed a singlet signal
at d 2.42 due to 4-methyl protons, a singlet signal at d 2.98 due
to N,N-dimethyl protons, a singlet signal at d 7.75 due to ethylenic
proton, in addition to an aromatic multiplets in the region d 7.25–
7.62.


When compound 2a was treated with phenylhydrazine, in reflux-
ing ethanol, it afforded a single product that was analyzed correctly
for C22H18N2O2S. The structure of the isolated product was identified
as 1,5-diphenyl-4-(phenylsulfonyl)-1H-pyrazoles (3), based on its
spectral data (Scheme 1). For example, its 1H NMR spectrum re-
vealed a singlet signal at d 8.20 characteristic for a pyrazole CH pro-
ton. Moreover, the mass spectrum of the same product showed a
peak at m/z 374 corresponding to its molecular ion.


The behavior of compounds 2 toward some heterocyclic amines
is also investigated. Thus, when compounds 2a,b were treated with
substituted 5-aminopyrazole derivatives 4a–g in the presence of a
catalytic amount of piperidine, they afforded the corresponding
1H-pyrazolo[1,5-a]pyrimidines derivatives 5a–g (Scheme 2). The
other possible structure 6 was ruled out on the basis of the 1H
NMR spectra of the isolated products. For example, the 1H NMR spec-
trum of compound 5a, taken as atypical example, which revealed a
singlet signal d 9.11 which was assigned for the pyrimidine CH-2
in structure 5 and not CH-4 in structure 6. Although spectral data
seemed of no help in distinguishing between structures 5 and 6.42


However, structure 5 was firmly established for the reaction prod-
ucts by an alternate synthesis. For example, the reaction of 5-amino-
pyrazole 4a with DMF–DMA and subsequent condensation of the
formed amidine, 5-N-(N,N-dimethylaminomethylene)amino-3-
methyl-1H-pyrazole43 (7) with 1-(4-methylphenyl)-2-(phenylsul-
fonyl)ethanone (1a) afforded a product identical in all respects
(mp, mixed mp, and spectra) with those of compound 2-methyl-6-
(phenylsulfonyl)-5-p-tolylpyrazolo[1,5-a]pyrimidine (5a) (Scheme
2).


Treatment of the enaminone derivatives 2a,b with 2-amino-
benzimidazole (8) in pyridine under reflux gave, in each case, only
one isolable product. The isolated products were identified as 2-
aryl-3-(phenylsulfonyl)pyrimido[1,2-a]benzimidazole derivatives
11a,b (Scheme 3). The IR spectrum of the reaction products re-
vealed, in each case, no bands due to amino or carbonyl functions.
Moreover, the 1H NMR spectrum of compound 11a, taken as an
example, revealed two singlet signals at d 2.42 and 9.24 due to
methyl and pyrimidine protons, respectively. The formation of
products 11a,b is assumed to take place via the addition of the exo-
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cyclic amino group in 2-aminobenzimidazole to the activated dou-
ble bond in the enaminone 2 to give the acyclic non-isolable
intermediates 10a,b, which undergo intramolecular cyclization
and subsequent aromatization via the loss of dimethylamine and
water molecules under the reaction conditions to afford the final
products 11a,b as depicted in Scheme 3.


The structures of the pyrimido[1,2-a]benzimidazole derivatives
11a,b were further confirmed by their alternate synthesis via the
reactions of 1-aryl-2-(phenylsulfonyl)ethanones 1a,b with N0-
(1H-benzimidazol-2-yl)-N,N-dimethylformamidine (9) which
afforded products identical in all respects (mp, mixed mp, TLC,
IR, and mass spectra) with those obtained from the reaction of
the enaminone derivatives 2a,b with 2-aminobenzimidazole (8)
as shown in Scheme 3.


The enaminone derivatives 2a,b react also with 3-amino-1,2,4-
triazole (12) and afforded a high yield of a 7-aryl-6-(phenylsulfo-
nyl)[1,2,4]triazolo[1,5-a]pyrimidine 13a,b. The structures of the
reaction products were assigned based on their elemental analyses
and spectral data (cf. experimental part). The latter products are
assumed to be formed via an initial addition of the amino group
of 3-amino-1,2,4-triazole to the activated double bond in the
enaminones 2a,b followed by elimination of dimethylamine and
water to afford the final products 13a,b.


2.2. Pharmacology


2.2.1. Anti-inflammatory activity
The effect of the tested compounds and indomethacin, as a ref-


erence, was measured before and 1, 2, 3, 4, 5, and 6 h after carra-
geenan injection. Percent edema inhibition was calculated as a
regard to saline control group, as depicted in Table 1 and Figure
1. Most of the tested compounds showed a reasonable inhibition
of edema size in comparison with indomethacin. As shown in Table
1, 2-(4-bromophenyl)-6-(phenylsulfonyl)7-(4-methylphenyl)pyr-
azolo [1,5-a]pyrimidine (5d) was found to be the most potent
anti-inflammatory compound, whereas compounds 11a, 13a, and
13b showed the least inhibitory effect.


From the structure–activity relationship (SAR) viewpoint, the
anti-inflammatory activity of pyrazolo[1,5-a]pyrimidine deriva-
tives 5b–d showed higher activity than the pyrimido[1,2-a]benz-
imidazole 11a and triazolo[1,5-a]pyrimidine 13a,b (Table 1 and
Fig. 1).


The electronic effect of bromine atom on pyrazole ring de-
creases the anti-inflammatory effect as in the case of compound
5e. On the other hand, the electronic effect of bromine atom on
phenyl moiety attached to pyrazole ring increases the anti-inflam-
matory effect as in the case of compound 5d. Replacement of bro-
mine atom with methyl group also decreases the anti-
inflammatory effect as in the case of compound 5c (Table 1 and
Fig. 1).


2.2.2. Analgesic activity
The analgesic activity of the synthesized compounds was also


investigated. It was assessed by two different models: the acetic
acid-induced writhing test and hot-plate test. Some of the pyrazol-
o[1,5-a]pyrimidine derivatives exhibited analgesic effects as
shown in Tables 2, 3 and Figures 2–4.


Compared with the control, the analgesic potency of compound
5e was found to be the highest. According to the structure–activity
relationship (SAR), it is clear that the pyrazolo[1,5-a]pyrimidine
ring system is more active than both pyrimido[1,2-a]benzimid-
azole and triazolo[1,5-a]pyrimidine ring systems. Among the same
ring system (i.e., pyrazolo[1,5-a]pyrimidine), it was noticed that
attachment of bromine atom to pyrazole moiety enhances the
analgesic effect as in the case of compound 5e (cf. anti-inflamma-
tory effect in Table 2 and Figs. 2 and 3).
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3. Conclusion


From Tables 1–3, it is clear that the highest anti-inflammatory
and analgesic activities were observed in the case of compounds

5d,e, respectively. Therefore, it can be concluded that such com-
pounds exert their pharmacological effects by more than one
mechanism, either via inhibition of certain enzyme or intermediate
incorporated in inflammatory reaction, and/or direct action on pain
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regulating receptors. To confirm this suggestion, further studies are
now in progress based on molecular modeling.

4. Experimental


4.1. Chemistry


4.1.1. General
All melting points were measured on a Gallenkamp melting


point apparatus. The infrared spectra were recorded in potas-
sium bromide disks on a pye Unicam SP 3300 and Shimadzu
FT IR 8101 PC infrared spectrophotometers. The NMR spectra
were recorded on a Varian Mercury VX-300 NMR spectrometer.
1H spectra were run at 300 MHz and 13C spectra were run at
75.46 MHz in deuterated chloroform (CDCl3) or dimethyl sulfox-
ide (DMSO-d6). Chemical shifts were related to that of the sol-
vent. Mass spectra were recorded on a Shimadzu GCMS-QP
1000 EX mass spectrometer at 70 eV. Elemental analyses were
carried out at the Microanalytical Center of Cairo University,
Giza, Egypt.


Aminopyrazoles 6a–c,44–46 7,43 and phenylsulfones 1a,b47 were
prepared according to procedures in the literature.


4.1.2. 3-(Dimethylamino)-2-(phenylsulfonyl)-1-p-tolylprop-2-
en-1-one and 1-(4-bromophenyl)-3-(dimethylamino)-2-(phenyl-
sulfonyl)prop-2-en-1-one (2a,b)


A mixture of 1-aryl-2-(phenylsulfonyl)ethanone 1a,b
(20 mmol) and dimethylformamide–dimethylacetal (DMF–DMA)
(20 mmol) in dry xylene (20 mL) was refluxed for 8 h, then left to
cool to room temperature. The reddish-brown precipitated product
was filtered off, washed with light petroleum (40–60 �C), and
dried. Recrystallization from benzene afforded 2a,b. The physical
and spectral data of compounds 2a–c are listed below.


4.1.2.1. 3-(Dimethylamino)-2-(phenylsulfonyl)-1-p-tolylprop-
2-en-1-one (2a ). Yield (78%); mp 135 �C; IR (KBr) tmax/cm�1:
1644 (conjugated C@O), 1551 (C@C); 1H NMR (CDCl3): d 2.42 (s,
3H), 2.98 (s, 6H), 7.25–7.62 (m, 9H, ArH’s), 7.75 (s, 1H); 13C NMR
(CDCl3): d 21.20, 62.55, 106.56, 122.26, 125.25, 128.16, 129.33,
133.80, 138.90, 140.71, 142.23, 153.48, 187.29; MS (m/z, %): 329
(M+, 23.7). Anal. Calcd for C18H19NO3S (329.41): C, 65.63; H,
5.81; N, 4.25; S, 9.73%. Found: C, 65.61; H, 5.82; N, 4.28; S, 9.70%.


4.1.2.2. 1-(4-Bromophenyl)-3-(dimethylamino)-2-(phenylsulfonyl)-
prop-2-en-1-one (2b). Yield (70%); mp 161–162 �C; IR (KBr) tmax/
cm�1: 1644 (conjugated C@O), 1551 (C@C); 1H NMR (CDCl3): d 2.88
(s, 6H), 7.25–7.45 (m, 9H, ArH’s), 7.81 (s, 1H); 13C NMR (CDCl3): d
62.54, 106.73, 126.26, 127.25, 127.93, 128.16, 128.81, 129.38,
130.90, 133.5, 143.71, 153.23, 152.48, 188.01; MS (m/z, %): 395
(M+2, 30.2), 393 (M+, 31.1). Anal. Calcd for C17H16BrNO3S
(394.28): C, 51.79; H, 4.09; Br, 20.27; N, 3.55; S, 8.13%. Found: C,
51.76; H, 4.11; Br, 20.30; N, 3.56; S, 8.10%.


4.1.3. 1-Phenyl-4-(phenylsulfonyl)-5-p-tolyl-1H-pyrazole (3)
Phenylhydrazine (1.5 mL) was added to a stirred solution of the


enaminone 2a (10 mmol) dissolved in AcOH (30 mL). Stirring was
lasted for 12 h at room temperature. The solid product obtained
was filtered off dried, and recrystallized from DMF. Yield (69%);
mp 175 �C; IR (KBr) tmax/cm�1: 1597 (C@N); 1H NMR (DMSO-d6):
d 2.35 (s, 3H, CH3), 7.00–7.55 (m, 14H, ArH’s), 8.20 (s, 1H, pyra-
zole-3-CH); 13C NMR (DMSO-d6): d 21.30, 123.57, 123.79, 124.91,
127.04, 128.12, 128.53, 128.75, 128.88, 130.23, 132.67, 138.57,
139.84, 140.44, 142.05, 143.61; MS (m/z, %): 374 (M+, 42.6). Anal.
Calcd for C22H18N2O2S (374.46): C, 70.57; H, 4.85; N, 7.48; S,
8.56%. Found: C, 70.54; H, 4.86; N, 7.51; S, 8.53%.
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Figure 1. Anti-inflammatory potency of the tested compounds (50 mg/kg) and indomethacin (50 mg/kg).


Table 2
Analgesic activity of oral administration of tested compounds (50 mg/kg) and indomethacin (50 mg/kg)


Compound Reaction time (S)


0 (X ± SE) 30 min
(X ± SE)


Change
(%)


Pot. 1 h
(X ± SE)


Change
(%)


Pot. 2 h
(X ± SE)


Change
(%)


Pot.


Control 5.3 ± 0.3 5.4 ± 0.3 1.8 — 5.4 ± 0.3 1.8 — 5.4 ±0.3 1.8 —
5a 5.6 ± 0.2* 6.5 ± 0.4* 16.0 0.37 6.5 ± 0.3* 16.0 0.21 5.9 ± 0.3* 5.3 0.07
5b 5.9 ± 0.4* 6.8 ± 0.5* 15.2 0.35 7.0 ± 0.5* 18.6 0.24 6.8 ± 0.4* 15.2 0.19
5c 7.3 ± 0.8* 9.1 ± 0.7* 25 0.58 12.2 ± 1.0* 67.1 0.87 11.5 ± 0.9* 57.5 0.71
5d 6.2 ± 0.6* 8.0 ± 0.4* 29 0.67 9.7 ± 0.4* 56.4 0.73 9.7 ± 0.4* 56.4 0.70
5e 7.3 ± 0.4* 10.5 ± 0.7* 43.8 1.02 13.0 ± 0.3* 78.0 1.02 12.3 ± 1.0* 68.4 0.84
5f 5.4 ± 0.3* 7.2 ± 0.5* 33 0.77 9.3 ± 0.4* 72.2 0.93 8.2 ± 0.6* 51.8 0.63
5g 6.8 ± 0.4 8.7 ± 0.4* 27 0.63 9.8 ± 0.8 44.1 0.57 9.5 ± 0.5 39.7 0.49
11a 6.5 ± 0.3* 7.1 ± 0.2* 9.2 0.21 8.0 ± 0.4* 23.0 0.30 7.9 ± 0.3* 21.5 0.26
13a 5.6 ± 0.2* 6.0 ± 0.9* 7.1 0.16 5.9 ± 0.8* 5.3 0.06 5.6 ± 0.8* 0 0
13b 7.3 ± 0.3 7.7 ± 0.6* 5.4 0.12 7.8 ± 0.7 6.8 0.08 7.7 ± 0.6* 5.4 0.06
Ind. 7.9 ± 0.4* 11.3 ± 0.4* 43.0 1 14 ± 0.3 77.2 1 14.3 ± 0.4 81.0 1


Data represent mean values ± SE of six mice per group, shown at the basal (zero time) and three values for each group (saline, indomethacin, and tested compounds) after 0.5,
1, and 2 h. Statistical comparisons between basal (pre-drug values) and post-drug values.
Data were analyzed using one-way ANOVA and Duncan’s multiple comparison test *P < 0.05.
Percentage change was calculated from basal (pre-drug) values and post-drug values.
Potency was calculated as regards the percentage change of the indomethacin.
Values between parentheses represent on increase of reaction time compared to zero time.
Pot., potency; SE, standard error; Ind., indomethacin.
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4.1.4. Pyrazolo[1,5-a]pyrimidine derivatives (5a–g)
Method A: To a mixture of the enaminone 2a,b (10 mmol) and


appropriate aminopyrazole derivatives 3 (10 mmol) in absolute
EtOH (25 mL) was added few drops of piperidine and the reaction
mixture was refluxed for 3 h, then left to cool. The formed solid
product was filtered off and recrystallized from EtOH/DMF to af-
ford the pyrazol[1,5-a]pyrimidine derivatives 5a–g in 75–87%
yield. The physical and spectral data of compounds 5a–g are listed
below.


Method B: A solution of 1-(4-methylphenyl)-2-(phenylsulfo-
nyl)ethanone (1a) (10 mmol) and an equivalent molar ratio of 5-
N-(N,N-dimethylaminomethylene)amino-3-methyl-1H-pyrazol (7)
in ethanol (20 mL), in the presence of 0.3 mL piperidine, was
heated under reflux for 6 h. The solvent was removed by distilla-
tion under reduced pressure and the remainder was left to cool.
The precipitated solid product was collected by filtration. Recrys-
tallization from DMF afforded product identical in all respects
(mp, mixed mp, TLC, IR, and mass spectra with 5a).

4.1.4.1. 2-Methyl-6-(phenylsulfonyl)7-p-tolylpyrazolo[1,5-
a]pyrimidine (5a). Yield (85%); mp 160 �C; IR (KBr) tmax/cm�1:
1596 (C@N); 1H NMR (DMSO-d6): d 2.37 (s, 3H, CH3), 2.42 (s, 3H,
CH3), 6.77 (s, 1H, pyrazole-4-CH), 7.14–7.42 (m, 9H, ArH’s), 9.11
(s, 1H, pyrimidine-6-CH); 13C NMR (DMSO-d6): d 12.69, 22.28,
95.38, 120.69, 121.01, 121.86, 123.32, 126.26, 128.57, 131.55,
133.60, 135.32, 140.48, 146.25, 150.28, 158.61; MS (m/z, %): 363
(M+, 7.7), 222 (100). Anal. Calcd for C20H17N3O2S (363.43): C,
66.10; H, 4.71; N, 11.56; S, 8.82%. Found: C, 66.18; H, 4.70; N,
11.53; S, 8.85%.


4.1.4.2. 2-Phenyl-6-(phenylsulfonyl)7-(4-methylphenyl) pyrazolo
[1,5-a]pyrimidine (5b). Yield (76%); mp 214 �C; IR (KBr) tmax/
cm�1: 1594 (C@N); 1H NMR (DMSO-d6): d 2.43 (s, 3H, CH3), 6.78
(s, 1H, pyrazole-4-CH), 7.14–7.84 (m, 14H, ArH’s), 9.17 (s, 1H,
pyrimidine-6-CH); 13C NMR (DMSO-d6): d 21.12, 95.14, 120.99,
121.04, 121.91, 124.36, 126.48, 127.26, 128.73, 128.97, 129.66,
131.58, 133.54, 140.36, 140.62, 147.47, 148.96, 150.37, 158.18;







Table 3
Analgesic effect of oral administration of tested compounds (50 mg/kg), and
indomethacin (50 mg/kg) on visceral pain by using writhing test in race


Compound Number of writhing


30 min (X ± SE) Change (%) Potency


Control 85 ± 4.4* — —
5a 59.5 ± 2.2* 30.0 0.35
5b 61.2 ± 2.0* 28.0 0.32
5c 21.7 ± 0.9* 74.4 0.86
5d 29.5 ± 1.4* 65.2 0.76
5e 12.2 ± 1.1* 85.6 0.99
5f 28.3 ± 1.6* 66.7 0.77
5g 37 ± 1.5* 56.4 0.65
11a 77.2 ± 4.5* 9.1 0.10
13a 85.5 ± 4.8* — 0.0
13b 75.8 ± 3.9* 10.8 0.12
Ind. 12 ± 1.0* 85.8 1


Data represent mean values ± SE of six mice per group and percentage inhibition of
number of writhing/30 min. Statistical comparison of the difference between saline
control group and treated groups was done by one-way ANOVA and Duncan’s
multiple comparison test *P < 0.05.
Potency was calculated as regards the percentage change of the indomethacine.
SE, Standard error; Ind, indomethacin.
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MS (m/z, %): 425 (M+, 3.8), 248 (100). Anal. Calcd for C25H19N3O2S
(425.50): C, 70.57; H, 4.50; N, 9.88; S, 7.54%. Found: C, 70.81; H,
4.51; N, 9.85; S, 7.50%.


4.1.4.3. 6-(Phenylsulfonyl)-2,7-di(4-methylphenyl)pyrazolo-
[1,5-a]pyrimidine (5c ). Yield (82%); mp 240 �C; IR (KBr) tmax/
cm�1: 1596 (C@N); 1H NMR (DMSO-d6): d 2.42 (s, 3H, CH3), 2.43
(s, 3H, CH3), 6.78 (s, 1H, pyrazole-4-CH), 7.15-7.85 (m, 13H, ArH’s),
9.17 (s, 1H, pyrimidine-6-CH); 13C NMR (DMSO-d6): d 21.12, 21.13,
95.58, 120.99, 121.05, 121.96, 124.32, 126.76, 127.36, 128.99,
129.67, 131.64, 133.72, 135.52, 141.68, 147.25, 150.38, 156.42,
158.22, 159.32; MS (m/z, %): 439 (M+, 4.1), 298 (100). Anal. Calcd
for C26H21N3O2S (439.53): C, 71.05; H, 4.82; N, 9.56; S, 7.30%.
Found: C, 71.09; H, 4.85; N, 9.53; S, 7.26%.


4.1.4.4. 2-(4-Bromophenyl)-6-(phenylsulfonyl)-7-(4-methylphenyl)-
pyrazolo[1,5-a]pyrimidine (5d). Yield (87%); mp 242 �C; IR (KBr)
tmax/cm�1: 1596 (C@N); 1H NMR (DMSO-d6): d 2.32 (s, 3H, CH3),
6.95 (s, 1H, pyrazole-4-CH), 7.33–7.77 (m, 13H, ArH’s), 9.12 (s,
1H, pyrimidine-6-CH); 13C NMR (DMSO-d6): d 21.12, 55.58,
95.58, 120.99, 121.03, 121.96, 124.32, 127.26, 128.99, 129.57,
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131.64, 133.70, 135.52, 140.68, 147.25, 150.38, 159.32, 162.61; MS
(m/z, %): 505 (M+2, 3.0), 503 (M+, 2.9), 264 (100). Anal. Calcd for
C25H18BrN3O2S (504.40): C, 59.53; H, 3.60; N, 8.33; S, 6.36%. Found:
C, 59.47; H, 3.59; N, 8.35; S, 6.35%.


4.1.4.5. 3-Bromo-2-phenyl-6-(phenylsulfonyl)7-(4-methylphenyl)
pyrazolo[1,5-a]pyrimidine (5e). Yield (78%); mp 268 �C; IR (KBr)
tmax/cm�1: 1596 (C@N); 1H NMR (DMSO-d6): d 2.41 (s, 3H, CH3),
7.13–7.80 (m, 14H, ArH’s), 9.27 (s, 1H, pyrimidine-6-CH); 13C
NMR (DMSO-d6): d 21.12, 95.14, 95.58, 120.99, 121.03, 121.96,
124.32, 127.26, 128.99, 129.57, 131.64, 133.70, 135.52, 140.68,
147.25, 150.38, 159.32, 162.61; MS (mz, %): 505 (M+2, 5.1), 503
(M+, 5.3), 262 (100). Anal. Calcd for C25H18BrN3O2S (504.40): C,
59.53; H, 3.60; N, 8.33; S, 6.36%. Found: C, 59.54; H, 3.62; N,
8.30; S, 6.32%.


4.1.4.6. 7-(4-Bromophenyl)-2-(4-chlorophenyl)-6-(phenylsulfonyl)-
pyrazolo[1,5-a]pyrimidine (5f). Yield (78%); mp 250 �C; IR (KBr)
tmax/cm�1: 1596 (C@N); 1H NMR (DMSO-d6): d 6.75 (s, 1H, pyra-
zole-4-CH), 7.44–7.78 (m, 13H, ArH’s), 9.13 (s, 1H, pyrimidine-6-
CH); 13C NMR (DMSO-d6): d 94.58, 114.28, 121.32, 123.96,
126.32, 127.22, 127.99, 129.13, 131.64, 133.70, 135.52, 140.68,
141.85, 147.25, 150.38, 158.32, 158.76, 160.61; MS (m/z, %): 526
(M+4,3.3), 524 (M+2, 4.0), 522 (M+, 1.2), 284 (100). Anal. Calcd for
C24H15BrClN3O2S (524.82): C, 54.93; H, 2.88; N, 8.01; S, 6.11%.
Found: C, 54.99; H, 2.88; N, 8.00; S, 6.15%.


4.1.4.7. 7-(4-Bromophenyl)-2-methyl-6-(phenylsulfonyl)pyrazolo-
[1,5-a ]pyrimidine (5g ). Yield (85%); mp 200 �C; IR (KBr) tmax/
cm�1: 1596 (C@N); 1H NMR (DMSO-d6): d 2.31 (s, 3H, CH3), 6.80
(s, 1H, pyrazole-4-CH), 7.24–7.32 (m, 9H, ArH’s), 9.12 (s, 1H, pyrim-
idine-6-CH); 13C NMR (DMSO-d6): d 12.88, 95.58, 120.99, 121.03,
121.96, 124.32, 127.26, 129.57, 133.70, 135.52, 140.68, 147.25,
150.38, 159.32, 162.61; MS (m/z, %): 429 (M+, 13.7); 427 (M+,
13.5), 286 (100). Anal. Calcd for C19H14BrN3O2S (428.30): C,
53.28; H, 3.29; N, 9.81; S, 7.49%. Found: C, 53.24; H, 3.28; N,
9.80; S, 7.46%.


4.1.5. N0-(1H-Benzimidazol-2-yl)-N,N-dimethylformamidine (9)
A mixture of 2-aminobenzimidazole (8) (20 mmol) and dimeth-


ylformamide–dimethylacetal (DMF–DMA) (20 mmol) in dry xylene
(20 mL) was refluxed for 1/2 h, then left to cool to room tempera-
ture. The white precipitated product was filtered off, washed with

light petroleum (40–60 �C), and dried. Recrystallization from ben-
zene afforded 9; mp 248–250 �C; IR (KBr) tmax/cm�1: 3460 (NH)
1631 (C@N), 1551 (C@C); 1H NMR (CDCl3): d 3.13 (s, 6H), 6.98–
7.34 (m, 4H, ArH’s), 8.78 (s, 1H), 11.51 (br, NH); MS (m/z, %):
188.11 (M+, 25.7). Anal. Calcd for C10H12N4 (188.23): C, 63.81; H,
6.43; N, 29.77%. Found: C, 63.95; H, 6.32; N, 29.88; S, 9.70%.


4.1.6. Synthesis of pyrimido[1,2-a]benzimidazole derivatives
(11a,b)


Method A. A mixture of 3-(dimethylamino)-2-(phenylsulfonyl)-
1-(4-methylphenyl)prop-2-en-1-one (2a) or 1-(4-bromophenyl)-
3-(dimethylamino)-2-(phenylsulfonyl)prop-2-en-1-one (2b)
(10 mmol) and 2-aminobenzimidazole (8) (1.33 g, 10 mmol) in
pyridine (25 mL) was refluxed for 12 h, then left to cool. The sol-
vent was evaporated in vacuo and the residual solid was taken in
EtOH, then collected by filtration, washed with water, dried, and fi-
nally recrystallized from DMF/H2O to afford the corresponding
pyrimido[1,2-a]benzimidazole derivatives 11a,b, respectively.


Method B. A solution of the appropriate compound 1 (10 mmol)
and N0-(1H-benzimidazol-2-yl)-N,N-dimethylformamidine (9) (1.88 g,
10 mmol) in ethanol (20 mL) and piperidine (0.3 mL) was heated
under reflux for 10 h, then left to cool. The precipitated solid prod-
uct was collected by filtration, washed with ethanol, and finally
recrystallized from DMF/H2O to afford products identical in all re-
spects (mp, mixed mp, TLC, IR, and mass spectra) with compounds
11a,b prepared by Method A above.


4.1.6.1. 2-(4-Methylphenyl)-3-(phenylsulfonyl)pyrimido[1,2-
a]benzimidazole (11a ). Yield (88%); mp 270 �C; IR (KBr) tmax/
cm�1: 1611 (C@N) cm�1; 1H NMR (DMSO-d6): d 2.42 (s, 3H, CH3),
7.15–7.95 (m, 13H, ArH’s), 9.24 (s, 1H, pyrimidine-4-CH); 13C
NMR (DMSO-d6): d 21.12, 114.03, 119.50, 120.66, 120.96,
122.917, 127.33, 127.42, 127.62, 127.92, 128.92, 130.64,
133.65, 134.35, 135.47, 139.98, 141.32, 144.84, 160.17; MS
(m/z %): 399 (M+, 31.8), 258 (100). Anal. Calcd for C23H17N3O2S
(399.46): C, 69.15; H, 4.29; N, 10.52; S, 8.03%. Found: C, 69.12;
H, 4.28; N, 10.50; S, 8.01%.


4.1.6.2. 2-(4-Bromophenyl)-3-(phenylsulfonyl)pyrimido[1,2-a]-
benzimidazole (11b ). Yield (86%); mp > 300 �C; IR (KBr) tmax/
cm�1: 1611 (C@N); 1H NMR (DMSO-d6): d7.15–8.65 (m, 13H, ArH’s),
10.34 (s, 1H, pyrimidine-4-CH); 13C NMR (DMSO-d6): d 114.06,
119.60, 120.66, 120.96, 122.917, 127.33, 127.42, 127.62, 127.92,
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128.92, 130.64, 133.65, 134.45, 135.47, 139.98, 141.32, 144.94,
160.27; MS (m/z, %): 465 (M+, 28.9); 463 (M+, 29.2), 322 (100). Anal.
Calcd for C22H14BrN3O2S (464.33): C, 56.91; H, 3.04; N, 9.05; S,
6.91%. Found: C, 56.86; H, 3.03; N, 9.05; S, 6.93%.


4.1.7. Synthesis of triazolo[1,5-a]pyrimidine derivatives (13a,b)
General procedure. To a mixture of 3-(dimethylamino)-2-(phen-


ylsulfonyl)-1-(4-methylphenyl)prop-2-en-1-one (2a) and 1-(4-
bromophenyl)-3-(dimethylamino)-2-(phenylsulfonyl)prop-2-en-
1-one (2b) (10 mmol) and the appropriate 3-amino-l,2,4-triazole
(12) (0.84 g, 10 mmol) in pyridine (25 mL) was refluxed for 12 h,
then left to cool. The solvent was evaporated in vacuo and the
residual solid was taken in EtOH, then collected by filtration,
washed with water, dried, and finally recrystallized from DMF/
H2O to afford the corresponding triazolo[1,5-a]pyrimidine deriva-
tives 13a,b, respectively. The physical and spectral data of com-
pounds 13a,b are listed below.


4.1.7.1. 7-(4-Methylphenyl)-6-(phenylsulfonyl)-[1,2,4]triazolo-
[1,5-a]pyrimidine (13a ). Yield (81%); mp 266 �C; IR (KBr) tmax/
cm�1: 1621 (C@N); 1H NMR (DMSO-d6): d 2.41 (s, 3H, CH3),
7.36–7.73 (m, 9H, ArH’s), 8.62 (s, 1H, triazole-3-CH), 9.16 (s, 1H,
pyrimidine-4-CH); 13C NMR (DMSO-d6): d 21.12, 124.36, 125.77,
127.49, 127.97, 129.20, 131.44, 134.08, 135.94, 139.94, 149.35,
153.37, 155.70, 157.74; MS (m/z, %): 350 (M+, 34.1), 209 (100).
Anal. Calcd for C18H14N4O2S (350.39): C, 61.70; H, 4.03; N, 15.99;
S, 9.15%. Found: C, 61.69; H, 4.03; N, 15.97; S, 9.11%.


4.1.7.2. 7-(4-Bromophenyl)-6-(phenylsulfonyl)-[1,2,4]-triazolo[1,5-
a]pyrimidine (13b). Yield (79%); mp 291 �C; IR (KBr) tmax/cm�1:
1620 (C@N); 1H NMR (DMSO-d6): d 7.26–8.60 (m, 9H, ArH’s), 8.69
(s, 1H, triazole-3-CH), 9.54 (s, 1H, pyrimidine-4-CH); 13C NMR
(DMSO-d6): d 124.28, 126.38, 126.77, 127.47, 127.77, 129.01,
130.80, 133.91, 139.92, 150.50, 153.37, 155.76, 157.73; MS (m/z,
%): 415 (M+, 22.5); 413 (M+, 22.5), 273 (100). Anal. Calcd for
C17H11BrN4O2S (415.26): C, 49.17; H, 2.67; N, 13.49; S, 7.72%.
Found: C, 49.16; H, 2.66; N, 13.51; S, 7.70%.


4.2. Pharmacology


4.2.1. Animals
Eighty adult albino rats of both sexes weighing 120–150 g and


80 mice weighing 20–25 g were obtained from animal house labo-
ratory Nile company, Cairo, Egypt and acclimatized for 1 week in
the animal facility that has 12 h light/dark cycles with the temper-
ature controlled at 21–23 �C. Normal rat chow and water were
made available.


4.2.2. Equipment
Dial micrometer model (120-1206 Baty, Sussex, England).


4.2.3. Chemical
Carrageenan sodium (1%) (Sigma, USA), Tween 80, saline, dis-


tilled water, indomethacin capsule, Batch No. 0.40604, MUB
(Egypt).


4.2.4. Preparation of samples
The test compounds and the reference standard were prepared


as suspensions in Tween 80 (2%). The administered oral dose of the
tested compounds was 50 mg/kg body weight with analogy of a re-
ported procedure.48 The negative control group received 1 mL of
water suspended in Tween 80.


4.2.5. Anti-inflammatory test
The anti-inflammatory testing was assessed according to the


method described by Winter et al.49 and Obukowic et al.50 Thus,

rats were divided into 13 groups, each of six animals. One group re-
ceived the reference standard; 11 groups received the tested com-
pound and one group left as a control group. The reference drug,
indomethacin, and the tested compounds were given by oral route
at doses of 5 and 50 mg/kg body weight, respectively. One hour la-
ter, 0.05 mL of carrageenan sodium (1%) was sublunary injected in
the right hind paw. The thickness of the paw was measured after
administration of the compounds at time intervals 1, 2, 3, 4, 5,
and 6 h by using micrometer. The results were expressed as the
percentage inhibition of edema thickness at each time interval ver-
sus that of the standard drug.


4.2.6. Anti-nociceptive activity
This activity was determined by measuring the responses of


animals to the thermal and chemical stimuli.


4.2.6.1. Thermal test. Hot-plate test was conducted according to
Eddy and Leimback51 using an electronically controlled hot-plate
(Ugo Basile, Italy) adjusted at 52 �C ±0.1 �C and the cut-off time
was 60 s. Nine groups of mice each of six were used. The mice were
divided and received the same doses of tested compounds and
indomethacin as mentioned before. The time taken from introduc-
ing the animal in the hot cylinder till it licked its feet or jumped out
of the glass jar was measured and recorded at time interval 0.5, 1,
and 2 h.


4.2.6.2. Chemical test. Acetic acid-induced writhing in mice was
performed according to the convenient published methods.52,53


The mice were divided and received the tested compounds at dose
of 50 mg/kg, and indomethacin at dose of 50 mg/kg. After 30 min
interval, the mice received 0.6% acetic acid ip (0.2 mL/mice). The
number of writhes in 30 min period was counted and compared.


4.2.7. Statistical analysis
Data are expressed as means ± SE. In anti-inflammatory study,


data are expressed as means ± SE. The results of carrageenan-in-
duced paw edema experiments are also expressed as percentage
of change from control (pre-drug) values. Differences between
vehicle control and treatment groups were tested using one-way
ANOVA followed by multiple comparisons by the Duncan’s multi-
ple rang test. A probability value less than 0.05 was considered sta-
tistically significant.
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The molecular duplication of non-nucleoside reverse transcriptase inhibitor (NNRTI) O-(2-phthalimido-
ethyl)–N-arylthiocarbamates (C-TCs) led to the identification of symmetric formimidoester disulfides
(DSs) as a novel class of potent NNRTIs. The lead compound 1 [dimer of the isothiocarbamic form of
TC O-(2-phthalimidoethyl)–N-phenylthiocarbamate] turned out to prevent the wild-type HIV-1 multipli-
cation in MT-4 cell culture with an EC50 value of 0.35 lM. In order to perform a structure–activity rela-
tionship (SAR) study, we prepared 40 analogues of 1 by an unprecedented one-pot method of solution-
phase parallel synthesis. The SAR strategy was focused on the variation of the N-aryl portion (mono-, di-
and trisubstitution of the phenyl ring and its replacement with a 1-naphthyl, cyclopropyl or benzyl
group) and of the 2-phthalimidoethyl moiety (introduction of a methyl on the phthalimide substructure,
replacement of the phthalimide moiety with a phenyl ring and elongation of the ethyl linker). Most DSs
proved to inhibit the wild-type HIV-1 replication in cell-based assays and 15 of them were active at nano-
molar concentrations. The most potent congeners (11, 15, 16, 17, 18, 19, 20 and 32, EC50: 10–70 nM)
shared the N-para-substituted phenyl moiety. Compound 17 tested in enzyme assay against recombinant
wild-type reverse transcriptase displayed an IC50 value of 0.74 lM. Compounds 19 and 33 were active at
micromolar concentrations against the clinically relevant Y181C and/or K103R resistant mutants.


� 2008 Elsevier Ltd. All rights reserved.

1. Introduction


Reverse transcriptase (RT) is a key enzyme in the HIV replica-
tion cycle and is one of the main targets in the development of
drugs for treating HIV infection and AIDS.1–5 Non-nucleoside RT
inhibitors (NNRTIs) bind to an allosteric hydrophobic pocket lo-
cated at about 10 Å far from the polymerase active site and lock
the enzyme into an inactive form by affecting the geometry of
the polymerase active site aspartyl residues.6 In the past 15 years
more than 50 structurally diverse NNRTIs have been described.6–12


Three NNRTIs, nevirapine (Viramune�), delavirdine (Rescriptor�)
and efavirenz (Sustiva�) have been approved by FDA for the treat-
ment of HIV infection. Other NNRTIs, like thiocarboxanilide UC-
781, capravirine, dapivirine, rilpivirine and etravirine, are currently
under clinical investigation.3 The fact that cross-resistance extends
to the whole NNRTI class calls for development of new agents

ll rights reserved.
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capable of inhibiting clinically relevant NNRTI-resistant
mutants.13,14


In our previous studies, we reported the discovery of the potent
NNRTI classes of O-(2-phthalimidoethyl)–N-arylthiocarbamates
(C-TCs)15 and structurally related compounds, such as ring-opened
analogues (O-TCs),15 N-acylated derivatives (ATCs)16 and non-
phthalimidic congeners (TCs)17,18 (Figure 1a shows the leads C-
TC 12, O-TC 51, ATC 25c, TC 1 and TC 29.) C-TCs and TCs are isos-
terically related to the NNRTI family of N-phenethyl-N0-thia-
zolylthiourea (PETT) derivatives,19,20 of which Trovirdine is one
of the most representative analogues (Fig. 1b).


During chemical studies on the N-sulfonylation of C-TCs, the
symmetric formimidoester disulfide21 (DS) 1 (Fig. 2) was isolated.
Compound 1 resulted from the molecular duplication of the isot-
hiocarbamic form of O-(2-phthalimidoethyl)–N-phenylthiocarba-
mate (C-TC 12, Fig. 1a). Since examples of anti-HIV symmetric
disulfides (e.g., disulfide benzamides,22,23 Fig. 3) and of symmetric
HIV-RT inhibitors (e.g., Suramine and naphthalenedisulfonic acid
derivatives,24 Fig. 3) have been reported in the literature, we
wanted to test 1 against wild-type HIV-1 in cell-based assay. The
compound showed an EC50 value of 0.35 lM, being 3.4-fold more
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Figure 2. Chemical structure of the lead compound DS 1 segmented in chemo-
functional portions a and b.
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potent than its monomer C-TC 12.15 This encouraged us to further
study the dimerization reaction in order to set-up a parallel syn-
thesis method for rapid analoguing of 1, aimed at the structure–
activity relationship (SAR) profiling.


Our SAR strategy was focused on structural modifications of the
lead 1 (Fig. 2) by keeping constant the O-(2-phthalimidoethyl) sub-
structure (portion a) and varying the N-phenyl moiety (portion b)
(1–38, Tables 1–3). In particular, we investigated the monosubsti-
tution with functional groups with various electronic (inductive
and/or mesomeric), steric and lipophilic properties at positions
ortho, meta and para (1–20); the di- and trisubstitution with equal
(21–29, 34) or different (30–33, 35) groups, and the replacement of
the phenyl ring with a 1-naphthyl (36), cyclopropyl (37) or benzyl
group (38). We also synthesized three disulfides in which the N-
phenyl ring was para-bromo-substituted or unsubstituted, and
portion a was modified by lengthening the ethyl linker (39), by
introducing a methyl at position 4 of the phthalimide substructure

(40) or by replacing the phthalimide moiety with a phenyl ring
(41) (Table 4).


2. Chemistry


In the modern drug discovery process,25 and particularly in lead
identification and optimization, parallel synthesis plays an impor-
tant role as it allows to produce a (large) number of compounds in
short times by using simple and rapid purification methods. Re-
cently, solution-phase chemistry has largely supplanted solid-
phase chemistry as the method of choice for parallel synthesis of
small organic molecules.26


DS 1–41 were prepared in parallel by an unprecedented solu-
tion-phase method (Scheme 1), by using ordered arrays of spatially
separated reaction vessels (Carousel-6TM reaction station). The
parallelization of the procedure was accomplished by varying
and optimizing the reaction conditions that had led to the synthe-
sis of DS 1 (data concerning the procedure set-up not shown). The
convergent one-pot procedure combined two building blocks:
alcohols and isothiocyanates (Fig. 4). Starting alcohols A1–4 (Fig.
4a) were first transformed into their corresponding salts (S1–4) in
the presence of sodium hydride in dry polar aprotic solvents
(DMF or THF) and then condensed in situ with the suitable isothi-
ocyanate (I1–38, Fig. 4b) to give the corresponding thiocarbamate
sodium salts (B1–41). The sequential addition of N,N,N0,N0-tetra-
methylethylenediamine (TMEDA) and tosyl chloride resulted in
the dimerization of the isothiocarbamic form of salts B by the for-
mation of a disulfide bridge. The reaction consisted in the oxidation
of B thiocarbonyl sulfur caused by tosyl chloride, acting as an atyp-
ical oxidizing reagent. The presence of TMEDA greatly increased
the yields. The work-up simply required addition of water, fol-
lowed by filtrations or extractions, and the final products were
purified by crystallization. The yields ranged from 8% to 94%.


The reaction sequence for DS preparation represents a new syn-
thetic methodology to afford symmetric formimidoester disulfides
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from thiocarbamates: in the literature this conversion is reported
to be accomplished by using common oxidizing reagents,27–32


which instead proved to be ineffective for DS synthesis. In fact,
when tosyl chloride was replaced by iodine, permanganate, sulfu-
ric anhydride–pyridine complex, pyridinium chlorochromate, ox-
one or N-chlorosuccinimide, the progenitor thiocarbamate or
unidentified products were recovered.


The formation of the disulfide bridge has been indirectly con-
firmed by 13C NMR and 1H NMR spectra (lack of the C@S carbon
and NH proton signals, respectively) and by IR spectra (absence
of the N–H stretching band and presence of the C@N stretching
band at 1625–1662 cm�1).


In principle four different DS geometric isomers are possible, but,
because of the symmetry of the molecule, their number diminishes
to three (Z,Z; E,Z; and E,E, Fig. 5). Computational analysis (see Section
5.3) performed on a simplified derivative of 1 (Fig. 5), selected as a
model compound, predicted the Z,Z-isomer to be, respectively,
1.62 and 1.00 kcal/mol lower in energy than the E,Z- and E,E-isomers,
and therefore potentially favoured. In the future, X-ray crystallogra-
phy will be employed to define the stereochemistry of DSs.


3. Biological results and discussion


The antiretroviral activity of DS 1–41 was evaluated in MT-4
cell-based assays by assessing the reduction of the HIV-1 induced
cytopathogenicity. The results are expressed as EC50 values. In par-
allel with antiretroviral activity, the DS-induced cytotoxicity was
evaluated in mock-infected MT-4 cells. The results are expressed
as CC50 values, which have been used to calculate the selectivity in-

dexes (SI). Trovirdine was employed as the reference molecule (Ta-
bles 1–4). To determine whether the title compounds targeted
HIV-1 RT, the most potent disulfide was tested also in enzyme as-
say against the HIV-1 virionic RT (vRT) (Table 5). The most active
DSs were screened in cell-based assays against the clinically rele-
vant K103R, Y181C and K103N/Y181C resistant mutants,33,34 using
Efavirenz as reference molecule (Table 6).


The results of Table 1 suggest that, as observed also for C-TCs,15


the substitution at the para position of the N-phenyl ring has signif-
icant impact on anti-HIV-1 activity: in fact, all the para-substituted
analogues (11–20), with the exception of the 4-acetyl 14, showed
nanomolar EC50 values (10–100 nM), with a 3.5- to 35-fold increase
in potency compared to the lead 1. The 4-fluoro (15), 4-chloro (16)
and 4-bromo (17) derivatives were more or as active as Trovirdine.
In particular DS 17, with an EC50 of 10 nM, was the most potent DS
of the series. The ortho and meta positional isomers resulted to be
less potent than the corresponding para congeners (15 vs 6 and 3;
16 vs 7 and 4; 11 vs 2; 12 vs 5; 17 vs 8; 19 vs 9; 20 vs 10). The intro-
duction of a chloro (7) or a nitro (9) group at position meta led to sub-
micromolar inhibitors, even if less potent than the lead 1, while the
other meta derivatives (5, 6, 8, 10) prevented the viral replication at
micromolar concentrations. The ortho substitution was detrimental
and only the introduction of a fluorine atom (3), less bulky than a
chlorine (4) or a methyl (2), was tolerated. The electronic properties
of the N-phenyl ring substituent did not seem to affect the activity; in
fact, the most potent of the para-substituted analogues bore either
electron-withdrawing groups, such as fluoro (15), chloro (16), bro-
mo (17), iodo (18), nitro (19), or electron-donating groups, such as
methyl (11) and methoxy (20), and, among the meta derivatives,







Table 1
Effects of the N-phenyl monosubstitution on cytotoxicity and anti-HIV-1 activity of
DS 1–20a


N


O


O


O N


S


2X


Compound X CC50
b EC50


c SId


1 H 80 0.35 229
2 2-CH3 11 >11 <1
3 2-F 43 1.2 36
4 2-Cl 9 >9 <1
5 3-CF3 22 2.3 9.6
6 3-F 38 5.0 7.6
7 3-Cl 36 0.4 90
8 3-Br 89 6.0 15
9 3-NO2 >100 0.7 143


10 3-OCH3 80 1.3 6.1
11 4-CH3 21 0.04 525
12 4-CF3 >100 0.1 >1000
13 4-CN >100 0.1 >1000
14 4-COCH3 >100 24 >4.2
15 4-F 29 0.02 1450
16 4-Cl 88 0.02 5500
17 4-Br 42 0.01 4200
18 4-I 48 0.03 1600
19 4-NO2 >100 0.07 >1429
20 4-OCH3 90 0.06 1500
Trovirdine 60 0.02 3000


a Data mean values for three separate experiments. Variation among triplicate
samples was less than 10%.


b Compound concentration (lM) required to reduce the viability of mock-infec-
ted cells by 50%, as determined by the MTT method.


c Compound concentration (lM) required to achieve 50% protection of MT-4 cell
from HIV-1 induced cytopathogenicity, as determined by the MTT method.


d Selectivity index: CC50/EC50 ratio.


Table 4
Effects of the modifications of portion a on cytotoxicity and anti-HIV-1 activity of DS
39–41a


G O N


S


n


X 2


Compound G n X CC50
b EC50


c SId


39 Phthalimido 2 Br >100 >100 —
40 4-Methylphthalimido 1 Br >100 1.3 >77
41 Phenyl 1 H 70 11 6.4
Trovirdine 60 0.02 3,000


a,b,c,d See legend to Table 1.


Table 3
Effects of the cycle variation in portion b on cytotoxicity and anti-HIV-1 activity of DS
36–38a


N


O


O


O N


S


R'
2


Compound R0 CC50
b EC50


c SId


36 1-Naphthyl >100 8.0 13
37 Cyclopropyl >100 >100 —
38 Benzyl >100 7.0 14
Trovirdine 60 0.02 3000


a,b,c,d See legend to Table 1.


Table 2
Effects of the N-phenyl di- and trisubstitution on cytotoxicity and anti-HIV-1 activity
of DS 21–35a


N


O


O


O N


S


2X,Y,(Z)


Compound X,Y,(Z) CC50
b EC50


c SId


21 3,5-(CH3)2 >100 3.0 >33
22 2,4-F2 27 0.5 541
23 2,5-F2 52 1.3 40
24 3,5-F2 37 >37 <1
25 2,3-Cl2 37 18 2.1
26 2,4-Cl2 >100 4.0 >25
27 2,5-Cl2 >100 >100 —
28 3,4-Cl2 >100 7.0 >14
29 3,5-Cl2 42 >42 <1
30 3-Cl-4-CH3 >100 0.2 >500
31 4-Cl-3-CF3 >100 28 3.6
32 4-Cl-3-NO2 18 0.07 257
33 4-Br-2-CH3 80 1.8 44
34 2,4,6-F3 39 1.2 33
35 2,6-(CH3)2-4-Br >100 >100 —
Trovirdine 60 0.02 3000


a,b,c,d See legend to Table 1.
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the activity trend was chloro (7) > nitro (9) > methoxy (10) > fluoro
(6) > bromo (8). At the para position, a hydrophobic substituent,
such as a methyl (11) or halogen atom (15–18), was preferred to a
relatively hydrophilic functionality, such as a nitro- (19), cyano-
(13) or acetyl- (14) group (in particular the acetyl group caused a
dramatic potency decrease).


The N-phenyl di- and trisubstitution led generally to active
compounds (Table 2). In particular DS 22 (2,4-difluoro), 30 (3-
chloro-4-methyl) and 32 (4-chloro-3-nitro) showed EC50 values
in the nanomolar concentration range. DS 30 and 32 were, respec-
tively, 1.8- and 5-fold more potent than the lead 1. The difluoro-
derivatives resulted to be more active than the corresponding di-
chloro-congeners (22 vs 26 and 23 vs 27), with the exception of
the 3,5-analogues, which in both cases exhibited no antiviral activ-
ity (24, 29). In this connection, the replacement of the chlorine
atoms with methyl groups (endowed with similar steric and lipo-
philic properties, but opposite electronic features) was beneficial
(21). The introduction of a substituent at position para confirmed
to be effective: the 2,4,6-trifluoro-DS (34) and the 2,4- and 3,4-
dihalosubstituted derivatives (22, 26, 33 and 28, 30–32, respec-
tively) were endowed with higher activity than the corresponding
analogues not bearing an halogen atom at the para position. Be-
sides, the most potent disubstituted derivatives had a substituent
at position 4 (22, 30 and 32). The steric hindrance of the ortho-sub-
stituent seemed to affect the activity, as the 2-fluoro- (22, 23) and
2,6-difluoro- (34) derivatives were more active than the analogues
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Figure 4. Building blocks used.
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bearing more encumbering groups at those positions (25–27, 33,
35). At the meta position of the 3,4-derivatives, a chlorine atom
or a nitro group were favoured in comparison with a trifluoro-
methyl (compare 28, 30 and 32 with 31).


Data of Table 3 show that the replacement of the N-phenyl ring
with a more sterically demanding 1-naphthyl (36) and the inser-
tion of a methylene between the phenyl and the thiocarbamic
function (38) caused, respectively, a 23- and 20-fold drop in activ-

Table 5
Activity of 17 in enzyme assay against HIV-1 virionic RT (vRT)a


Compound IC50
b (lM)


17 0.74
Trovirdine 1.06
Efavirenz 0.02


a See legend to Table 1.
b Compound concentration (lM) required to inhibit the HIV-1 virion-associated


RT (vRT) activity by 50%.







Table 6
Anti-HIV-1 activity of 19 and 33 against Y181C and K103R resistant mutantsa


Compound EC50
c (lM)


Y181C K103R


19 57 62
33 35 n.a.b


Efavirenz 0.01 0.04


a,cSee legend to Table 1.
b Not active.
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ity (36 and 38 vs 1), whereas the replacement of the phenyl with a
cyclopropyl (37) produced activity loss.


Regarding the modifications on portion a (Table 4), the intro-
duction of a methyl at position 4 of the phthalimide substructure
was not beneficial (40 vs 17), differently from TCs where this var-
iation caused potency enhancement.15 The elongation of the ethyl
linker to propyl led to an inactive compound (compare 39 with 17).
Also the omission of the benzofused five-membered ring (41) had a
negative impact on the inhibitory activity, which nevertheless re-
mained in the micromolar concentration range.


To determine whether the title compounds targeted HIV-1 RT,
the DS 17 was tested in enzyme assay against the HIV-1 virion-asso-
ciated RT (vRT) (Table 5). The disulfide resulted to be 1.4-fold more
potent than Trovirdine and 37-fold less potent than Efavirenz. The
considerable difference of potency in enzyme- and cell-based assays
(observed also for Trovirdine, C-TCs15 and ATCs16 could be ascribed
to two factors. The first one is that vRT is a p51–p66 dimer engaged
in complex interactions with the viral genome and core proteins that
may not become totally disrupted during virion lysis, thus affecting
the binding of the NNRTI to the non-nucleoside inhibitor binding site
(NNIBS). A second explanation is the possibility that DSs are slow
binding kinetics inhibitors.35


Interestingly, DS 1, 3, 5, 7, 10, 15–17 resulted to be more po-
tent than the corresponding C-TCs endowed with the same sub-
stitution pattern, while DS 2, 9, 11–14, 18–20, 36 and 41 turned
out to be less active.15,17 The X-ray analysis of C-TC/RT com-
plexes36 has demonstrated that the hydrogen bond between
the C-TC NH group and the Lys101 main chain carbonyl is one
of the interactions which contribute the most to stabilize the
complexes. Since DSs are unable to establish this hydrogen bond
(owing to the dimerization of the C-TC isothiocarbamic form),
the differences in activity between the dimers (DSs) and the
monomers (C-TCs) might correlate with a different mode of
binding to RT of the two classes of inhibitors. In order to eluci-
date the binding mode of the title compounds, crystallographic
studies on RT/DS complexes will be performed.


In cell-based assays, the Y181C, K103R and K103N + Y181C mu-
tated strains proved to be unsusceptible to the DSs, with the excep-
tion of 19 and 33 (Table 6), which turned out to be weakly active
against Y181C and/or K103R resistant mutants.


All compounds, except the N-ortho-substituted-phenyl deriva-
tives 2 and 4 and the N-3,5-dihalosubstituted-phenyl derivatives
24 and 29, showed values of CC50 higher than EC50 (CC50 in several
cases superior to 100 lM). DS 1, 11–13, 15–20, 22, 30 and 32 (Ta-
bles 1 and 2) displayed good selectivity indexes.


4. Conclusions


A novel class of potent NNRTIs was discovered and a SAR study
has been performed. The scaffold novelty came out from the
molecular duplication of the isothiocarbamic form of NNRTI C-
TCs. To the best of our knowledge, this is the first example of sym-
metric disulfides as NNRTIs, and the procedure by which they have
been obtained represents a new synthetic method to prepare sym-
metric formimidoester disulfides from thiocarbamates. The one-

pot procedure has been parallelized thus enabling a rapid analogu-
ing. Many DSs were micro- and nanomolar inhibitors and proved
to target RT. The N-phenyl para-substitution was found particu-
larly beneficial and the most potent DS so far synthesized (17:
para-bromo) displayed an EC50 value of 10 nM. Two disulfides re-
sulted moderately effective against Y181C and/or K103R mutant
strains. Overall, these results encourage us to further study DSs,
with the aim at determining their stereochemistry, mode of bind-
ing to RT and structural features to improve the resistance profile.

5. Experimental protocols


5.1. Chemistry


5.1.1. General
All chemicals were purchased by Chiminord and Aldrich


Chemical, Milan (Italy). Solvents were of reagent grade. THF
was distilled in the presence of sodium. DMF was dried on
molecular sieves (5 Å 1/1600 inch pellets). Unless otherwise sta-
ted, all commercial reagents were used without further purifica-
tion. Organic solutions were dried over anhydrous sodium
sulfate. Thin layer chromatography (TLC) system for routine
monitoring the course of reactions and confirming the purity
of analytical samples employed aluminium-backed silica gel
plates (Merck DC-Alufolien Kieselgel 60 F254): CHCl3 or diethyl
ether was used as developing solvents and detection of spots
was made by UV light and/or by iodine vapours.


The parallel solution-phase chemistry was performed by using a
Carousel-6TM reaction station (Radleys Discovery Technologies, Ital-
ian distributor: StepBio, Bologna). The evaporation of solutions in
parallel fashion was performed with an EvaposelTM apparatus (Rad-
leys Discovery Technologies, Italian distributor: StepBio, Bologna)
operating at reduced pressure of about 15–20 Torr. Yields were not
optimized.


Melting points were determined on a Fisher–Johns apparatus and
are uncorrected. IR spectra were recorded on a Perkin Elmer 398
spectrometer as KBr discs. 1H NMR and 13C NMR spectra were re-
corded in CDCl3, DMSO-d6 or CF3COOD on a Varian Gemini 200
instrument. Chemical shifts were reported in d (ppm) units relative
to the internal standard tetramethylsilane, and the splitting patterns
were described as follows: s (singlet), d (doublet), dd (doublet of
doublets), t (triplet), m (multiplet) and br s (broad singlet). The first
order values reported for coupling constants J were given in Hz. Ele-
mental analyses were performed by an EA1110 Elemental Analyser
(Fison-Instruments, Milan) and were within ±0.4% of the theoretical
values. The synthesis of Trovirdine and alcohol A2 was accomplished
according to published procedures.15,19


5.1.2. Parallel synthesis of disulfides 1–41
Sodium hydride dispersion (60%) in mineral oil (0.40 g,


10 mmol) was added at rt in a single portion into each numbered
round-bottomed flask of a Carousel-6TM reaction station, containing
a stirred solution of the suitable alcohol A1–4 (10 mmol) in 25 mL of
dry DMF (THF for 3, 23, 37, 38 and 41). After stirring for 30 min, the
proper isothiocyanate I1–38 (10 mmol) was added to each reaction
mixture, which was then stirred for 2 h at rt (for 38, the addition of
25 mL of dry DMF was required to allow the stirring of the thick
suspension formed). Then, TMEDA (2.44 g, 21 mmol) and tosyl
chloride (3.05 g, 16 mmol) were added sequentially, each one in
one portion. The resulting mixture was vigorously stirred at rt
for 5 h, and then in most cases diluted with 150 mL of water. For
3, 23, 37, 38 and 41, each reaction mixture was first transferred
into an EvaposelTM-tube and, after evaporation of THF in vacuo in
parallel fashion using an EvaposelTM apparatus, 40 mL of water
were added into each tube; the contents of the tubes were then
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transferred into a set of beakers and 110 mL of water were added
into each beaker.


Two different types of work-up were carried out depending
on whether a filterable precipitate was obtained (i) or not (ii).
Work-up (i) (9, 10, 14, 22, 24, 26, 29 and 36–38): the precipitates
obtained were filtered off in parallel by an in-house device and
dissolved in CH2Cl2 (120 mL). The solutions were washed with
water (2� 30 mL), dried over anhydrous Na2SO4 and filtered in
parallel through pads of Florisil (diameter 5 � 2 cm) by an in-
house device. Evaporation in parallel under reduced pressure
using an EvaposelTM apparatus gave residues, which were purified
by crystallization from the suitable solvents or solvent mixtures.
Work-up (ii) (1–8, 11–13, 15–21, 23, 25, 27, 28, 30–35, and 39–
41): the contents of the round-bottomed flasks/beakers were
transferred into a set of separating funnels. After parallel extrac-
tion with diethyl ether (CH2Cl2 for 1, 12, 13, 15, 19, 20, 30 and
32) (3� 50 mL), the combined extracts of each reaction were
washed with water (5� 30 mL), dried over anhydrous Na2SO4


and filtered in parallel through pads of Florisil (diameter
5 � 2 cm) by an in-house device. Evaporation in parallel under
reduced pressure using an EvaposelTM apparatus gave residues,
which were purified by crystallization from the suitable solvents
or solvent mixtures.


5.1.2.1. 2-(2-{[({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy](phenylimino)methyl}dithio)(phenylimino)methyl]oxy}-
ethyl)-1,3-dioxoisoindoline 1. Mp 152–154 �C; yield: 44% from
CH2Cl2/ethanol. IR (KBr) cm�1: 1782, 1719, 1643. 1H NMR (CDCl3)
d: 3.95 (t, J = 5.4 Hz, 4H, 2CH2N), 4.33 (t, J = 5.4 Hz, 4H, 2CH2O),
6.71–7.16 (m, 10H, arom. H), 7.57–7.83 (m, 8H, phthal. arom. H).
Anal. Calcd for C34H26N4O6S2: C, 62.76; H, 4.03; N, 8.61; S, 9.85.
Found: C, 62.72; H, 4.13; N, 8.68; S, 9.52.


5.1.2.2. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(2-methylphenyl)imino]methyl}dithio)[(2-methylphenyl)-
imino]methyl}oxy)ethyl]-1,3-dioxoisoindoline 2. Mp 150–
152 �C; yield: 57% from CH2Cl2/ethanol. IR (KBr) cm�1: 2950,
1778, 1717, 1642. 1H NMR (CDCl3) d: 2.03 (s, 6H, 2CH3), 3.91–
4.26 (m, 4H, 2CH2N), 4.35–4.68 (m, 4H, 2CH2O), 6.76–7.18 (m,
8H, arom. H), 7.58–7.95 (m, 8H, phthal. arom. H). Anal. Calcd
for C36H30N4O6S2: C, 63.70; H, 4.45; N, 8.25; S, 9.45. Found: C,
63.79; H, 4.62; N, 8.01; S, 9.21.


5.1.2.3. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(2-fluorophenyl)imino]methyl}dithio)[(2-fluorophenyl)-
imino]methyl}oxy)ethyl]-1,3-dioxoisoindoline 3. Mp 113–
115 �C; yield: 9% from acetone/ethanol. IR (KBr) cm�1: 1775, 1717,
1635. 1H NMR (CDCl3) d: 3.88–4.08 (m, 4H, 2CH2N), 4.32–4.53 (m,
4H, 2CH2O), 6.73–7.07 (m, 8H, arom. H), 7.57–7.88 (m, 8H, phthal.
arom. H). Anal. Calcd for C34H24F2N4O6S2: C, 59.47; H, 3.52; N,
8.16; S, 9.34. Found: C, 59.67; H, 3.79; N, 7.94; S, 9.25.


5.1.2.4. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(2-chlorophenyl)imino]methyl}dithio)[(2-chlorophen-
yl)imino]methyl}oxy)ethyl]-1,3-dioxoisoindoline 4. Mp 153–
155 �C; yield: 45% from DCM/ethanol. IR (KBr) cm�1: 1776, 1718,
1634. 1H NMR (CDCl3) d: 4.11 (t, J = 5.2 Hz, 4H, 2CH2N), 4.52 (t,
J = 5.2 Hz, 4H, 2CH2O), 6.93–7.24 (m, 8H, arom. H), 7.68–7.92 (m,
8H, phthal. arom. H). Anal. Calcd for C34H24Cl2N4O6S2: C, 56.75; H,
3.36; N, 7.79; S, 8.91. Found: C, 56.52; H, 3.32; N, 7.67; S, 8.89.


5.1.2.5. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(3-trifluoromethylphenyl)imino]methyl}dithio)[(3-
trifluoromethylphenyl)imino]methyl}oxy)ethyl]-1,3-dioxoiso-
indoline 5. Mp 125–126 �C; yield: 68% from diethyl ether/etha-
nol. IR (KBr) cm�1: 1781, 1717, 1662. 1H NMR (CDCl3) d: 3.93 (t,

J = 5.2 Hz, 4H, 2CH2N), 4.36 (t, J = 5.2 Hz, 4H, 2CH2O), 6.88–6.99
(m, 4H, arom. H), 7.14–7.29 (m, 4H, arom. H), 7.56–7.79 (m,
8H, phthal. arom. H). Anal. Calcd for C36H24F6N4O6S2: C, 54.96;
H, 3.07; N, 7.12; S, 8.15. Found: C, 55.22; H, 3.25; N, 7.01; S, 8.19.


5.1.2.6. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(3-fluorophenyl)imino]methyl}dithio)[(3-fluorophenyl)-
imino]methyl}oxy)ethyl]-1,3-dioxoisoindoline 6. Mp 159–161 �C;
yield: 18% from diethyl ether. IR (KBr) cm�1: 1781, 1718, 1647.
1H NMR (CDCl3) d: 3.86–3.98 (m, 4H, 2CH2N), 4.26–4.41 (m, 4H,
2CH2O), 6.44–6.75 (m, 6H, arom. H), 6.99–7.13 (m, 2H, arom. H),
7.58–7.83 (m, 8H, phthal. arom. H). Anal. Calcd for
C34H24F2N4O6S2: C, 59.47; H, 3.52; N, 8.16; S, 9.34. Found: C,
59.22; H, 3.79; N, 8.16; S, 9.27.


5.1.2.7. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(3-chlorophenyl)imino]methyl}dithio)[(3-chlorophenyl)-
imino]methyl}oxy)ethyl]-1,3-dioxoisoindoline 7. Mp 140–
141 �C; yield: 15% from DCM/ethanol. IR (KBr) cm�1: 1782,
1718, 1642. 1H NMR (CDCl3) d: 4.03 (t, J = 5.2 Hz, 4H, 2CH2N),
4.45 (t, J = 5.2 Hz, 4H, 2CH2O), 6.70–6.88 (m, 4H, arom. H), 6.96–
7.22 (m, 4H, arom. H), 7.67–7.96 (m, 8H, phthal. arom. H). Anal.
Calcd for C34H24Cl2N4 O6S2: C, 56.75; H, 3.36; N, 7.79; S, 8.91.
Found: C, 56.66; H, 3.39; N, 7.71; S, 8.88.


5.1.2.8. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)ethoxy]-
[(3-bromophenyl)imino]methyl}dithio)[(3-bromophenyl)imino]-
methyl}oxy)ethyl]-1,3-dioxoisoindoline 8. Mp 128–130 �C;
yield: 84% from DCM/diethyl ether. IR (KBr) cm�1: 1782, 1718,
1652. 1H NMR (CDCl3) d: 4.03 (t, J = 5.0 Hz, 4H, 2CH2N), 4.45 (t,
J = 5.0 Hz, 4H, 2CH2O), 6.75–6.84 (m, 2H, arom. H), 6.94–7.24 (m,
6H, arom. H), 7.67–7.94 (m, 8H, phthal. arom. H). Anal. Calcd for
C34H24Br2N4O6S2: C, 50.51; H, 2.99; N, 6.93; S, 7.93. Found: C,
50.43; H, 3.31; N, 6.63; S, 7.58.


5.1.2.9. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(3-nitrophenyl)imino]methyl}dithio)[(3-nitrophenyl)-
imino]methyl}oxy)ethyl]-1,3-dioxoisoindoline 9. Mp 187–
189 �C; yield: 44% from DCM/methanol. IR (KBr) cm�1:
1771, 1708, 1629, 1526, 1334. 1H NMR (DMSO-d6) d: 3.85–
3.96 (m, 4H, 2CH2N), 4.68–4.79 (m, 4H, 2CH2O), 7.37–7.99
(m, 16H, arom. H). Anal. Calcd for C34H24N6O10S2: C, 55.13;
H, 3.27; N, 11.35; S, 8.66. Found: C, 55.19; H, 3.48; N,
11.22; S, 8.46.


5.1.2.10. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(3-methoxyphenyl)imino]methyl}dithio)[(3-methoxy-
phenyl)imino]methyl}oxy)ethyl]-1,3-dioxoisoindoline 10. Mp
117–119 �C; yield: 17% from DCM/diethyl ether. IR (KBr)
cm�1: 1777, 1721, 1639. 1H NMR (CDCl3) d: 3.67 (s, 6H,
2CH3), 3.86–3.95 (m, 4H, 2CH2N), 4.25–4.33 (m, 4H, 2CH2O),
6.28–6.55 (m, 6H, arom. H), 6.94–7.01 (m, 2H, arom. H), 7.55–
7.77 (m, 8H, phthal. arom. H). Anal. Calcd for C36H30N4O8S2: C,
60.83; H, 4.25; N, 7.88; S, 9.02. Found: C, 60.81; H, 4.32; N,
7.87; S, 9.09.


5.1.2.11. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(4-methylphenyl)imino]methyl}dithio)[(4-methylphenyl)-
imino]methyl}oxy)ethyl]-1,3-dioxoisoindoline 11. Mp 139–
141 �C; yield: 47% from DCM/methanol. IR (KBr) cm�1: 2927,
1780, 1709, 1632. 1H NMR (CDCl3) d: 2.22 (s, 6H, 2CH3), 3.94
(t, J = 5.4 Hz, 4H, 2CH2N), 4.32 (t, J = 5.4 Hz, 4H, 2CH2O), 6.58–
6.70 (m, 4H, arom. H), 6.88–6.99 (m, 4H, arom. H), 7.59–7.83
(m, 8H, phthal. arom. H). Anal. Calcd for C36H30N4O6S2: C,
63.70; H, 4.45; N, 8.25; S, 9.45. Found: C, 63.61; H, 4.42; N,
8.17; S, 9.54.
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5.1.2.12. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(4-trifluoromethylphenyl)imino]methyl}dithio)[(4-tri-
fluoromethylphenyl)imino]methyl}oxy)ethyl]-1,3-dioxoisoin-
doline 12. Mp 189–191 �C; yield: 32% from DCM/ethanol. IR
(KBr) cm�1: 1781, 1722, 1641. 1H NMR (CDCl3) d: 3.98–4.09 (m,
4H, 2CH2N), 4.38–4.49 (m, 4H, 2CH2O), 6.89–6.99 (m, 4H, arom.
H), 7.42–7.51 (m, 4H, arom. H), 7.76–7.88 (m, 8H, phthal. arom.
H). Anal. Calcd for C36H24F6N4O6S2: C, 54.96; H, 3.07; N, 7.12; S,
8.15. Found: C, 54.84; H, 3.16; N, 7.05; S, 8.21.


5.1.2.13. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(4-cyanophenyl)imino]methyl}dithio)[(4-cyanophenyl)-
imino]methyl}oxy)ethyl]-1,3-dioxoisoindoline 13. Mp 222–
224 �C; yield: 20% from DCM/petroleum ether. IR (KBr) cm�1:
2224, 1776, 1709, 1634. 1H NMR (CDCl3) d:3.93 (t, J = 5.2 Hz,
4H, 2CH2N), 4.33 (t, J = 5.2 Hz, 4H, 2CH2O), 6.78–6.90 (m, 4H,
arom. H), 7.33–7.43 (m, 4H, arom. H), 7.64–7.78 (m, 8H, phthal.
arom. H). 13C NMR (CDCl3) d: 36.43 (2CH2N), 67.29 (2CH2O),
107.77 (2CN), 119.20 (2C), 122.43 (4CH), 123.57 (4 phthal. CH),
131.97 (4 phthal. C), 133.37 (4CH), 134.45 (4 phthal. CH),
149.85 (2C), 153.90 (2C@N), 167.94 (4C@O). Anal. Calcd for
C36H24N6O6S2: C, 61.71; H, 3.45; N, 11.99; S, 9.15. Found: C,
62.00; H, 3.45; N, 12.08; S, 9.09.


5.1.2.14. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(4-acetylphenyl)imino]methyl}dithio)[(4-acetylphenyl)-
imino]methyl}oxy)ethyl]-1,3-dioxoisoindoline 14. Mp 214–
216 �C; yield: 54% from DMF/ethanol. IR (KBr) cm�1: 1778, 1710,
1681, 1636. 1H NMR (CDCl3) d: 2,58 (s, 6H, 2CH3), 3.97–4.10
(m, 4H, 2CH2N), 4.37–4.50 (m, 4H, 2CH2O), 6.83–6.96 (m, 4H,
arom. H), 7.67–7.93 (m, 12H, arom. H). 13C NMR (CDCl3) d:
26.60 (2CH3), 36.51 (2CH2N), 66.97 (2CH2O), 121.59 (4CH),
123.55 (4 phthal. CH), 129.82 (4CH), 132.01 (4 phthal. C),
133.37 (2C), 134.33 (4 phthal. CH), 150.23 (2C), 153.58
(2C@N), 167.95 (4 phthal. C@O), 197.17 (2C@O). Anal. Calcd
for C38H30N4O8S2: C, 62.11; H, 4.12; N, 7.62; S, 8.73. Found: C,
62.05; H, 4.43; N, 7.55; S, 8.64.


5.1.2.15. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(4-fluorophenyl)imino]methyl}dithio)[(4-fluorophenyl)-
imino]methyl}oxy)ethyl]-1,3-dioxoisoindoline 15. Mp 153–
155 �C; yield: 26% from DCM/ethanol. IR (KBr) cm�1: 1778,
1711, 1630. 1H NMR (CDCl3) d: 3.85–3.96 (m, 4H, 2CH2N),
4.24–4.36 (m, 4H, 2CH2O), 6.57–6.93 (m, 8H, arom. H), 7.56–
7.78 (m, 8H, phthal. arom. H). Anal. Calcd for C34H24F2N4O6S2:
C, 59.47; H, 3.52; N, 8.16; S, 9.34. Found: C, 59.76; H, 3.60; N,
8.15; S, 9.30.


5.1.2.16. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(4-chlorophenyl)imino]methyl}dithio)[(4-chlorophenyl)-
imino]methyl}oxy)ethyl]-1,3-dioxoisoindoline 16. Mp 185–
187 �C; yield: 31% from diethyl ether. IR (KBr) cm�1: 1779,
1708, 1632. 1H NMR (CDCl3) d: 3.84–3.97 (m, 4H, 2CH2N),
4.20–4.35 (m, 4H, 2CH2O), 6.61–6.73 (m, 4H, arom. H), 6.97–
7.12 (m, 4H, arom. H), 7.56–7.80 (m, 8H, phthal. arom. H). 13C
NMR (CDCl3) d: 36.48 (2CH2N), 66.72 (2CH2O), 122.96 (4CH),
123.53 (4 phthal. CH), 129.23 (4CH), 129.66 (2C), 132.02 (4
phthal. C), 134.30 (4 phthal. CH), 144.32 (2C), 153.90 (2C@N),
167.96 (4C@O). Anal. Calcd for C34H24Cl2N4O6S2: C, 56.75;
H, 3.36; N, 7.79; S, 8.91. Found: C, 56.71; H, 3.35; N, 7.81; S,
8.51.


5.1.2.17. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(4-bromophenyl)imino]methyl}dithio)[(4-bromophenyl)-
imino]methyl}oxy)ethyl]-1,3-dioxoisoindoline 17. Mp 146–
148 �C; yield: 35% from acetone/diethyl ether. IR (KBr) cm�1:

1780, 1710, 1632. 1H NMR (CDCl3) d: 3.95–4.13 (m, 4H, 2CH2N),
4.28–4.49 (m, 4H, 2CH2O), 6.65–6.90 (m, 4H, arom. H), 7.25–
7.45 (m, 4H, arom. H), 7.67–7.91 (m, 8H, phthal. arom. H). Anal.
Calcd for C34H24Br2N4O6S2: C, 50.51; H, 2.99; N, 6.93; S, 7.93.
Found: C, 50.55; H, 3.13; N, 6.89; S, 7.86.


5.1.2.18. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(4-iodophenyl)imino]methyl}dithio)[(4-iodophenyl)-
imino]methyl}oxy)ethyl]-1,3-dioxoisoindoline 18. Mp 133–
135 �C; yield: 27% from DCM/petroleum ether. IR (KBr) cm�1:
1782, 1719, 1634. 1H NMR (CDCl3) d: 3.95–4.14 (m, 4H, 2CH2N),
4.29–4.50 (m, 4H, 2CH2O), 6.55–6.74 (m, 4H, arom. H), 7.44–7.63
(m, 4H, arom. H), 7.72–7.95 (m, 8H, phthal. arom. H). Anal. Calcd
for C34H24I2N4O6S2: C, 45.25; H, 2.68; N, 6.21; S, 7.11. Found: C,
45.55; H, 2.73; N, 5.95; S, 6.86.


5.1.2.19. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(4-nitrophenyl)imino] methyl}dithio)[(4-nitrophenyl)-
imino]methyl}oxy)ethyl]-1,3-dioxoisoindoline 19. Mp 239–241 �C;
yield: 44% from DCM/methanol. IR (KBr) cm�1: 1777, 1720, 1634,
1504, 1346. 1H NMR (CF3COOD) d: 4.25–4.46 (m, 4H, 2CH2N), 5.00–
5.19 (m, 4H, 2CH2O), 7.46–7.72 (m, 4H, arom. H), 7.86–8.05 (m, 8H,
phthal. arom. H), 8.18–8.35 (m, 4H, arom. H). Anal. Calcd for
C34H24N6O10S2: C, 55.13; H, 3.27; N, 11.35; S, 8.66. Found: C, 54.81; H,
3.47; N, 11.35; S, 8.72.


5.1.2.20. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(4-methoxyphenyl)imino]methyl}dithio)[(4-methoxyphenyl)-
imino]methyl}oxy)ethyl]-1,3-dioxoisoindoline 20. Mp 159–161 �C;
yield: 8% from DCM/MeOH. IR (KBr) cm�1: 1778, 1710, 1632. 1H
NMR (CDCl3) d: 3.79 (s, 6H, 2CH3), 3.99–4.19 (m, 4H, 2CH2N),
4.30–4.51 (m, 4H, 2CH2O), 6.70–6.93 (m, 8 H, arom. H), 7.75–
7.93 (m, 8H, phthal. arom. H). Anal. Calcd for C36H30N4O8S2: C,
60.83; H, 4.25; N, 7.88; S, 9.02. Found: C, 60.71; H, 4.48; N,
7.65; S, 8.63.


5.1.2.21. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(3,5-dimethylphenyl)imino]methyl}dithio)[(3,5-dimeth-
ylphenyl)imino]methyl}oxy)ethyl]-1,3-dioxoisoindoline 21. Mp
144–146 �C; yield: 39% from DCM/ethanol. IR (KBr) cm�1: 1779,
1722, 1643. 1H NMR (CDCl3) d: 2.14 (s, 12H, 4CH3), 3.90–4.01
(m, 4H, 2CH2N), 4.31–4.43 (m, 4H, 2CH2O), 6.30–6.36 (m, 4H,
arom. H-2 and H-6), 6.57–6.64 (m, 2H, arom. H-4), 7.58–7.83
(m, 8H, phthal. arom. H). Anal. Calcd for C38H34N4O6S2: C,
64.57; H, 4.85; N, 7.93; S, 9.07. Found: C, 64.69; H, 5.07; N,
7.75; S, 8.97.


5.1.2.22. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(2,4-difluorophenyl)imino]methyl}dithio)[(2,4-difluoro-
phenyl)imino]methyl}oxy)ethyl]-1,3-dioxoisoindoline 22. Mp
155–157 �C; yield: 39% from diethyl ether/methanol. IR (KBr)
cm�1: 1775, 1722, 1639. 1H NMR (CDCl3) d: 3.88–4.01 (m, 4H,
2CH2N), 4.33–4.43 (m, 4H, 2CH2O), 6.51–6.92 (m, 6H, arom. H),
7.58–7.83 (m, 8H, phthal. arom. H). Anal. Calcd for C34H22F4N4O6S2:
C, 56.51; H, 3.07; N, 7.75; S, 8.87. Found: C, 56.60; H, 3.08; N, 7.71;
S, 8.90.


5.1.2.23. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(2,5-difluorophenyl)imino]methyl}dithio)[(2,5-difluo-
rophenyl)imino]methyl}oxy)ethyl]-1,3-dioxoisoindoline 23. Mp
123–125 �C; yield: 26% from diethyl ether. IR (KBr) cm�1: 1780,
1721, 1644. 1H NMR (CDCl3) d: 3.97 (t, J = 5.0 Hz, 4H, 2CH2N),
4.42 (t, J = 5.0 Hz, 4H, 2CH2O), 6.53–6.88 (m, 6H, arom. H), 7.60–
7.83 (m, 8H, phthal. arom. H). Anal. Calcd for C34H22F4N4O6S2: C,
56.51; H, 3.07; N, 7.75; S, 8.87. Found: C, 56.45; H, 3.38; N, 7.64;
S, 8.69.
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5.1.2.24. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(3,5-difluorophenyl) imino]methyl}dithio)[(3,5-difluo-
rophenyl)imino]methyl}oxy)ethyl]-1,3-dioxoisoindoline 24. Mp
145–147 �C; yield: 36% from diethyl ether. IR (KBr) cm�1: 1781,
1717, 1647. 1H NMR (CDCl3) d: 3.87–3.97 (m, 4H, 2CH2N), 4.28–
4.39 (m, 4H, 2CH2O), 4.15–4.49 (m, 6H, arom. H), 7.58–7.82 (m,
8H, phthal. arom. H). Anal. Calcd for C34H22F4N4O6S2: C, 56.51; H,
3.07; N, 7.75; S, 8.87. Found: C, 56.76; H, 3.42; N, 7.36; S, 8.88.


5.1.2.25. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(2,3-dichlorophenyl)imino]methyl}dithio)[(2,3-dichloro-
phenyl)imino]methyl}oxy)ethyl]-1,3-dioxoisoindoline 25. Mp
134–135 �C; yield: 59% from diethyl ether/ethanol. IR (KBr)
cm�1: 1776, 1721, 1639. 1H NMR (CDCl3) d: 3.88–4.05 (m, 4H,
2CH2N), 4.33–4.51 (m, 4H, 2CH2O), 6.71–7.08 (m, 6H, arom. H),
7.53–7.88 (m, 8H, phthal. arom. H). Anal. Calcd for C34H22Cl4N4


O6S2: C, 51.79; H, 2.81; N, 7.11; S, 8.13. Found: C, 51.79; H,
3.18; N, 6.94; S, 8.27.


5.1.2.26. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(2,4-dichlorophenyl)imino]methyl}dithio)[(2,4-dichloro-
phenyl)imino]methyl}oxy)ethyl]-1,3-dioxoisoindoline 26. Mp
130–132 �C; yield: 55% from diethyl ether. IR (KBr) cm�1: 1775,
1718, 1643. 1H NMR (CDCl3) d: 3.92–4.08 (m, 4H, 2CH2N),
4.36–4.47 (m, 4H, 2CH2O), 6.78–7.11 (m, 6H, arom. H), 7.60–
7.82 (m, 8H, phthal. arom. H). Anal. Calcd for C34H22Cl4N4O6S2:
C, 51.79; H, 2.81; N, 7.11; S, 8.13. Found: C, 51.66; H, 3.14; N,
7.00; S, 8.10.


5.1.2.27. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(2,5-dichlorophenyl)imino]methyl}dithio)[(2,5-dichloro-
phenyl)imino]methyl}oxy)ethyl]-1,3-dioxoisoindoline 27. Mp
173–175 �C; yield: 49% from DCM/ethanol. IR (KBr) cm�1: 1776,
1715, 1639. 1H NMR (CDCl3) d: 4.01–4.25 (m, 4H, 2CH2N), 4.47–
4.67 (m, 4H, 2CH2O), 6.91–7.28 (m, 6H, arom. H), 7.70–7.91
(m, 8H, phthal. arom. H). Anal. Calcd for C34H22Cl4N4O6S2: C,
51.79; H, 2.81; N, 7.11; S, 8.13. Found: C, 51.85; H, 3.15; N,
6.80; S, 8.11.


5.1.2.28. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(3,4-dichlorophenyl)imino]methyl}dithio)[(3,4-dichlo-
rophenyl)imino]methyl}oxy)ethyl]-1,3-dioxoisoindoline 28. Mp
195–197 �C; yield: 57% from DCM/ethanol. IR (KBr) cm�1: 1781,
1721, 1634. 1H NMR (CDCl3) d: 3.96–4.08 (m, 4H, 2CH2N), 4.38–
4.50 (m, 4H, 2CH2O), 6.73 (dd, J = 8.6 Hz, J = 2.4 Hz, 2H, arom. H-
6), 6.97 (d, J = 2.4 Hz, 2H, arom. H-2), 7.26 (d, J = 8.4 Hz, 2H, arom.
H-5), 7.70–7.93 (m, 8H, phthal. arom. H). Anal. Calcd for
C34H22Cl4N4O6S2: C, 51.79; H, 2.81; N, 7.11; S, 8.13. Found: C,
51.57; H, 2.99; N, 7.15; S, 8.12.


5.1.2.29. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(3,5-dichlorophenyl)imino]methyl}dithio)[(3,5-dichloro-
phenyl)imino]methyl}oxy)ethyl]-1,3-dioxoisoindoline 29. Mp
184–186 �C; yield: 72% from diethyl ether. IR (KBr) cm�1: 1783,
1719, 1650. 1H NMR (CDCl3) d: 3.90–3.98 (m, 4H, 2CH2N), 4.35–
4.44 (m, 4H, 2CH2O), 6.64–6.70 (m, 4H, arom. H-2 and H-6),
6.94–6.98 (m, 2H, arom. H-4), 7.61–7.83 (m, 8H, phthal. arom.
H). Anal. Calcd for C34H22Cl4N4O6S2: C, 51.79; H, 2.81; N, 7.11;
S, 8.13. Found: C, 51.51; H, 3.18; N, 7.05; S, 8.09.


5.1.2.30. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(3-chloro-4-methylphenyl)imino]methyl}dithio)[(4-
methyl-3-chlorophenyl)imino]methyl}oxy)ethyl]-1,3-dioxo-
isoindoline 30. Mp 123–125 �C; yield: 15% from petroleum
ether/methanol. IR (KBr) cm�1: 1777, 1710, 1635. 1H NMR
(CDCl3) d: 2.32 (s, 6H, 2CH3), 3.99–4.18 (m, 4H, 2CH2N), 4.35–

4.58 (m, 4H, 2CH2O), 6.68–7.22 (m, 6H, arom. H), 7.73–7.96
(m, 8H, phthal. arom. H). Anal. Calcd for C36H28Cl2N4O6S2: C,
57.83; H, 3.77; N, 7.49; S, 8.58. Found: C, 58.02; H, 4.02; N,
7.32; S, 8.57.


5.1.2.31. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(4-chloro-3-trifluoromethylphenyl)imino]methyl}dithio)-
[(4-chloro-3-trifluoromethylphenyl)imino]methyl}oxy)ethyl]-1,3-
dioxoisoindoline 31. Mp 163–164 �C; yield: 54% from diethyl
ether/ethanol. IR (KBr) cm�1: 1777, 1711, 1640. 1H NMR (CDCl3)
d: 3.91 (t, J = 5.0 Hz, 4H, 2CH2N), 4.33 (t, J = 5.0 Hz, 4H, 2CH2O),
6.87 (dd, J = 8.4 Hz, J = 2.4 Hz, 2H, arom. H-6), 7.09 (d, J = 2.4 Hz,
2H, arom. H-2), 7.21 (d, J = 8.4 Hz, 2H, arom. H-5), 7.55–7.77
(m, 8H, phthal. arom. H). Anal. Calcd for C36H22F6Cl2N4O6S2: C,
50.54; H, 2.59; N, 6.55; S, 7.49. Found: C, 50.43; H, 2.69; N,
6.54; S, 7.30.


5.1.2.32. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(4-chloro-3-nitrophenyl)imino]methyl}dithio)[(4-chloro-
3-nitrophenyl)imino]methyl}oxy)ethyl]-1,3-dioxoisoindoline
32. Mp 169–170 �C; yield: 57% from DCM. IR (KBr) cm�1: 1771,
1724, 1634. 1H NMR (CDCl3) d: 3.87–3.98 (m, 4H, 2CH2N),
4.33–4.43 (m, 4H, 2CH2O), 6.97 (dd, J = 8.6 Hz, J = 2.4 Hz, 2H,
arom. H-6), 7.24–7.37 (m, 4H, arom. H-2 and H-5), 7.62–7.79
(m, 8H, phthal. arom. H). Anal. Calcd for C34H22Cl2N6O10S2: C,
50.54; H, 2.74; N, 10.38; S, 7.92. Found: C, 50.41; H, 2.90; N,
10.20; S, 8.20.


5.1.2.33. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(4-bromo-2-methylphenyl)imino]methyl}dithio)[(4-
bromo-2-methylphenyl)imino]methyl}oxy)ethyl]-1,3-dioxo-
isoindoline 33. Mp 125–127 �C; yield: 57% from diethyl ether. IR
(KBr) cm�1: 1771, 1708, 1634. 1H NMR (CDCl3) d: 1.91 (s, 6H,
2CH3), 3.91–4.02 (m, 4H, 2CH2N), 4.33–4.43 (m, 4H, 2CH2O), 6.50–
6.58 (m, 2H, arom. H), 6.95–7.04 (m, 4H, arom. H), 7.61–7.78 (m,
8H, phthal. arom. H). Anal. Calcd for C36H28Br2N4O6S2: C, 51.69; H,
3.37; N, 6.70; S, 7.67. Found: C, 51.94; H, 3.40; N, 6.31; S, 7.60.


5.1.2.34. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(2,4,6-trifluorophenyl)imino]methyl}dithio)[(2,4,6-triflu-
orophenyl)imino]methyl}oxy)ethyl]-1,3-dioxoisoindoline 34. Mp
167–169 �C; yield: 30% from diethyl ether. IR (KBr) cm�1: 1772,
1714, 1639. 1H NMR (CDCl3) d: 3.97–4.08 (m, 4H, 2CH2N),
4.53–4.63 (m, 4H, 2CH2O), 6.65–6.77 (m, 4H, arom. H), 7.63–
7.84 (m, 8H, phthal. arom. H). Anal. Calcd for C34H20F6N4O6S2:
C, 53.83; H, 2.66; N, 7.38; S, 8.45. Found: C, 53.63; H, 3.01; N,
7.07; S, 8.80.


5.1.2.35. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(4-bromo-2,6-dimethylphenyl)imino]methyl}dithio)-
[(4-bromo-2,6-dimethylphenyl)imino]methyl}oxy)ethyl]-1,3-
dioxoisoindoline 35. Mp 185–187 �C; yield: 49% from ethyl ace-
tate. IR (KBr) cm�1: 1777, 1713, 1638. 1H NMR (CDCl3) d: 1.86 (s,
12H, 4CH3), 3.97–4.08 (m, 4H, 2CH2N), 4.55–4.65 (m, 4H, 2CH2O),
6.82 (br s, 4H, arom. H-3 and H-5), 7.69–7.84 (m, 8H, phthal. arom.
H). Anal. Calcd for C38H32Br2N4O6S2: C, 52.79; H, 3.73; N, 6.48; S,
7.42. Found: C, 52.49; H, 3.76; N, 6.55; S, 7.24.


5.1.2.36. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy][(1-naphthyl)imino]methyl}dithio)[(1-naphthyl)imino]-
methyl}oxy)ethyl]-1,3-dioxoisoindoline 36. Mp 179–180 �C;
yield: 49% from DCM/methanol. IR (KBr) cm�1: 1776, 1719,
1625. 1H NMR (CDCl3) d: 3.95–4.13 (m, 4H, 2CH2N), 4.46–4.63
(m, 4H, 2CH2O), 6.76–6.85 (m, 2H, arom. H), 7.09–7.90 (m, 20H,
arom. H). Anal. Calcd for C42H30N4O6S2: C, 67.19; H, 4.03; N,
7.46; S, 8.54. Found: C, 66.95; H, 4.12; N, 7.31; S, 8.94.
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5.1.2.37. 2-(2-{[({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy](cyclopropylimino)methyl}dithio)(cyclopropylimino)-
methyl]oxy}ethyl)-1,3-dioxoisoindoline 37. Mp 164–165 �C;
yield: 34% from diethyl ether/methanol. IR (KBr) cm�1: 1780,
1714, 1629. 1H NMR (CDCl3) d: 0.28–0.58 (m, 8H, 4 cycloprop.
CH2), 2.50–2.63 (m, 2H, 2 cycloprop. CH), 3.81 (t, J = 5.4 Hz, 4H,
2CH2N), 4.10 (t, J = 5.4 Hz, 4H, 2CH2O), 7.55–7.81 (m, 8H, phthal.
arom. H). 13C NMR (CDCl3) d: 7.82 (4 cycloprop. CH2), 30.74 (2
cycloprop. CH), 36.74 (2CH2N), 65.16 (2CH2O), 123.42 (4CH),
132.21 (4C), 134.00 (4CH), 153.09 (2C@N), 167.99 (4C@O). Anal.
Calcd for C28H26N4O6S2: C, 58.12; H, 4.53; N, 9.68; S, 11.08.
Found: C, 58.19; H, 4.63; N, 9.31; S, 10.96.


5.1.2.38. 2-(2-{[({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
ethoxy](benzylimino)methyl}dithio) (benzylimino)methyl]oxy}-
ethyl)-1,3-dioxoisoindoline 38. Mp 113–115 �C; yield: 41%
from diethyl ether. IR (KBr) cm�1: 1782, 1714, 1633. 1H NMR
(CDCl3) d: 3.89–4.03 (m, 4H, 2CH2N), 4.31–4.48 (m, 4H, 2CH2O),
4.60–4.71 (m, 4H, 2CH2Bn), 6.95–7.28 (m, 10H, arom. H), 7.57–
7.81 (m, 8H, phthal. arom. H). Anal. Calcd for C36H30N4O6S2: C,
63.70; H, 4.45; N, 8.25; S, 9.45. Found: C, 63.35; H, 4.53; N,
8.17; S, 9.21.


5.1.2.39. 2-[3-({({[3-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)-
propoxy][(4-bromophenyl)imino]methyl}dithio)[(4-bromophenyl)-
imino]methyl}oxy)propyl]-1,3-dioxoisoindoline 39. Mp 193–195 �C;
yield: 57% from diethyl ether/ethanol. IR (KBr) cm�1: 1780, 1727,
1637. 1H NMR (CDCl3) d: 2.13–2.33 (m, 4H, 2CH2), 3.81–3.99 (m,
4H, 2CH2N), 4.38–4.57 (m, 4H, 2CH2O), 6.73–6.92 (m, 4H, arom.
H), 7.36–7.55 (m, 4H, arom. H), 7.68–7.92 (m, 8H, phthal. arom.
H). Anal. Calcd for C36H28Br2N4O6S2: C, 51.69; H, 3.37; N, 6.70;
S, 7.66. Found: C, 51.63; H, 3.65; N, 6.62; S, 7.33.


5.1.2.40. 2-[2-({({[2-(1,3-Dioxo-1,3-dihydro-5-methyl-2H-isoin-
dol-2-yl)ethoxy][(4-bromophenyl)imino]methyl}dithio)[(4-bromo-
phenyl)imino]methyl}oxy)ethyl]-1,3-dioxo-5-methyl-isoindoline
40. Mp 193–195 �C; yield: 94% from DCM/ethanol. IR (KBr) cm�1:
1781, 1724, 1638. 1H NMR (CDCl3) d: 2.54 (s, 6H, 2CH3), 3.97–4.05
(m, 4H, 2CH2N), 4.37–4.45 (m, 4H, 2CH2O), 6.68–6.78 (m, 4H, arom.
H), 7.25–7.36 (m, 4H, arom. H), 7.51–7.77 (m, 6H, phthal. arom. H).
Anal. Calcd for C36H28Br2N4O6S2: C, 51.69; H, 3.37; N, 6.70; S, 7.66.
Found: C, 51.73; H, 3.52; N, 6.68; S, 7.65.


5.1.2.41. {[(2-Phenylethoxy){[(2-phenylethoxy)(phenylimino)-
methyl]dithio}methylene]amino}benzene 41. Mp 60–62 �C;
yield: 23% from acetone/methanol. IR (KBr) cm�1: 1629. 1H NMR
(CDCl3) d: 2.98 (t, J = 6.6 Hz,, 4H, 2CH2Ph), 4.44 (m, 4H, 2CH2O),
6.75–6.86 (m, 4H, arom. H), 7.02–7.12 (m, 4H, arom. H), 7.17–
7.34 (m, 12H, arom. H). 13C NMR (CDCl3) d: 35.28 (2CH2), 70.70
(2CH2O), 121.89 (4CH), 124.57 (2CH), 126.81 (2CH), 128.78
(4CH), 129.31 (4CH), 129.43 (4CH), 138.28 (2C), 146.27 (2C),
153.98 (2C@N). Anal. Calcd for C30H28N2O2S2: C, 70.28; H, 5.50;
N, 5.46; S, 12.51. Found: C, 70.34; H, 5.69; N, 5.42; S, 12.48.


5.2. Virology: materials and methods


The biological evaluation of DS 1–41 was performed according
to previously reported procedures.15,16


5.3. Computational analysis


[(Methoxy{[methoxy(phenylimino)methyl]dithio}methy-
lene)amino]benzene (i.e., the simplified derivative of 1, with the
two 2-phthalimidoethyl substituents replaced by two methyl
groups) has been selected as template molecule for the study of
formimidoester disulfides stereochemistry. The structure of the

reference molecule (Z,Z isomer) was generated and energy mini-
mized using the MM2 force field included in MacroModel.37 A
Drive analysis (Macromodel) was performed on the torsion angles
defined by atoms S–C@N–C(Ar). The following parameters were
set: starting angle: 0; angle increment: 30�; total rotation: 360�.
The E,E and Z,E isomers obtained by the Drive analysis were super-
imposed to the original Z,Z isomer to assess that the conformation
of the S–S bond was retained. For energy comparison, the three iso-
mers were energy minimized using the Hamiltonian AM1 as
implemented in MOPAC package version 6.0. All the calculations
were performed in vacuo on Silicon Graphic O2 workstation. Pre-
dicted isomer energies: Z,Z (77.29 kcal/mol); E,E (78.29 kcal/mol);
E,Z (79.91 kcal/mol).
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The synthesis and structure–activity relationship of a new class of indole derivatives with low-nanomolar
affinity for the SERT and high selectivity versus the 5-HT1A receptor were recently reported. Based on
their chemical structure, four new indolylpropylamine derivatives which contain atoms to afford future
labeling with PET isotopes, were synthesized and evaluated as SERT ligands. The chemistry of these novel
derivatives, their biological evaluation, the general method of preparing the precursor indole for labeling,
and the C-11 labeling of the most promising indole derivative, are described herein.
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1. Introduction


Serotonergic neurotransmission is known to modulate numer-
ous physiological and behavioral functions in the central nervous
system (CNS).1 It is involved in ‘integrating’ emotion, cognition,
motor function, and pain as well as circadian rhythm and neuroen-
docrine functions. The serotonin (5-hydroxytryptamine, 5-HT)
transporter (SERT; 5-HTT), located on presynaptic nerve endings,
terminates the synaptic actions of serotonin and recycles it into
the presynaptic neurotransmitter pool. Deficits in serotonergic
transmission have been implicated in several neurological and psy-
chiatric disorders such as depression, drug addiction, eating disor-
ders, schizophrenia and obsessive compulsive disorder (OCD).2,3


Depression affects about 100 million people worldwide, and has
been ranked by the World Health Organization (WHO) as the lead-
ing cause of disability and premature death, which results in high
utilization of health services and decreased work productivity.4


Based on the implication of SERT in the pathogenesis and therapy
of neuropsychiatric diseases and the possibility to use SERT as a
marker of the integrity of the serotonergic system, considerable ef-
forts have been invested in recent years in the design, synthesis,
radiolabeling, and biological and pharmacological characterization
of radiolabeled biomarkers (radiotracers) for non-invasive quanti-
tative molecular imaging of SERT using nuclear medicine modali-
ties such as Single Photon Emission Computed Tomography
(SPECT) and Positron Emission Tomography (PET).5,1 In vivo map-

ll rights reserved.


: +972 2 642 1203.
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ping of human brain SERT by PET could be very valuable for under-
standing alterations of the serotonergic system and might prove
useful for the monitoring of antidepressant therapy.6 Several puta-
tive SPECT and PET radiotracers for SERT have been suggested and
reported, but none proved to be the ultimate agent for the imaging
of the transporter. The first generation of SERT radiotracers, such as
C-11 labeled cyanoimipramine, citalopram, and sertraline was
characterized by various shortcomings, such as poor signal-to-
noise ratios,7–9 and lack of selectivity for the SERT over the dopa-
mine transporter (DAT)10 or the norepinephrine transporter
(NET).11 Until recently, the most widely used PET radiotracer for
the in vivo investigation of highly expressed midbrain and tha-
lamic SERT has been [11C]McN5652.12–14 It has been used for quan-
tification of SERT in the normal human brain,15–18 and in patients
intoxicated with methylenedioxymethamphetamine (MDMA),19,20


with social phobia,21 major depression and bipolar disorder.22


However, its rather high nonspecific binding in the brain and the
resulting weak signal-to-noise ratio precludes imaging of SERT in
regions of moderate or low densities such as the limbic and neo-
cortical regions. Introducing F-18 into McN5652 could only par-
tially improve its imaging properties.23–25 In the series of aryl-
nortropane compounds, radiolabeled b-CIT derivatives have been
developed and used in SPECT and PET.26–28 These SERT imaging
agents have been tested in normal subjects29–31 and in subjects
with neurologic32 and psychiatric disorders33–35 however, they
have not proven to be effective as expected in part because of their
considerable and undesirable affinity for the DAT. More recently, a
new series of PET radiotracers, based on the substituted diarylsul-
fide class of compounds, such as [11C]DASB, [11C]MADAM, and
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[11C]AFM have emerged.36–48 All of these compounds have been
shown to be selective SERT radiotracers with varying specific-to-
nonspecific binding ratios in vivo and diverse brain kinetics. The
path toward the development of a useful radiotracer for in vivo
imaging of SERT continues its course. The search for fluorine-18 la-
beled radiotracers in order to reliably determine to what extent the
serotonergic system is affected in neuropsychiatric disorders re-
mains a challenge.


Given the growing importance of the above-mentioned brain
diseases for public health and the closely connected socio-eco-
nomic impact of neuropsychiatric disorders, there is indeed a
pressing need to develop a more suitable PET radiotracer for SERT
in terms of low nonspecific binding, absence of radiolabeled
metabolites that cross the blood brain barrier (BBB), measurable
free fraction in plasma, and optimal affinity and selectivity. Based
on a new class of indole derivatives which hold low-nanomolar
affinity for the SERT and high selectivity versus the 5-HT1A recep-
tor,49 we synthesized four new indolylpropylamine derivatives
which contain atoms to afford future labeling with PET isotopes.
The chemistry of these novel derivatives, their biological evalua-
tion, the general method of preparing the precursor indole for
labeling, and the C-11 labeling of the most promising indole deriv-
ative are described herein.

2. Materials and methods


2.1. General methods


All chemicals were purchased from Sigma–Aldrich, Fisher Scien-
tific, Merck, or J.T. Baker. Chemicals were used as supplied, excluding
THF, which was refluxed over sodium and benzophenone and freshly
distilled prior to use. Mass spectra were obtained on a LCQ DUO,
Thermo Quest Finnigan spectrometer, equipped with ESI probe
and GC Mass spectroscopy was performed in EI mode on a Thermo
Quest, Finnigan Trace MS spectrometer at the Hadassah-Hebrew
University Mass Spectroscopy Facility. HRMS results were obtained
on MALDI-TOF and ESI mass spectrometers at the Schulich Faculty of
Chemistry, Technion - Israel Institute of Technology. 1H NMR spectra
were obtained on a Bruker AMX 300 MHz instrument. Radiosynthe-
ses were carried out with a [11C]-CH3I module (GE, Munster, Ger-
many). Specific radioactivity was determined by HPLC, using cold
mass calibration curves. [11C]-CO2 was produced by the 14N(p,
a)11C nuclear reaction on nitrogen containing 1% oxygen, using an
18/9 IBA-cyclotron. Bombardment was carried out for 15–30 min
with a 26 lA beam of 16 MeV protons. At the end of bombardment,
the target gas was delivered and trapped by a cryogenic trap in the
[11C]-CH3I module.


2.2. Chemistry


2.2.1. 3-(5-Fluoro-1H-indole-3-yl) propanol (1a)49


To a solution of 4-fluoro phenylhydrazine (6.92 mmol) in aque-
ous H2SO4 (4%, 10 mL), dihydropyran (630 lL) was added drop-
wise. The mixture was refluxed for 2 h. After cooling it was
extracted with ethyl acetate (2 � 100 mL). The organic phase was
washed with water and evaporated. Further purification on silica
gel (1% MeOH: 99% CH2Cl2) yielded 300 mg (43%) of 1a. 1H NMR
(DMSO-d6) d 10.843 (s, NH), 7.312 (m, 1H), 7.282 (d, J = 4.5 Hz,
1H), 7.205 (s, 2H), 4.474 (s, OH), 3.393 (t, J = 5.1 Hz, 2H), 2.67 (m,
2H), 1.765 (t, J = 1.2 Hz, 2H). GCMS, m/z 179.


2.2.2. 3-(5-Bromo-1H-indole-3-yl) propanol (1b)
1H NMR (DMSO-d6) d 10.962 (s, NH), 7.679 (s, 1H), 7.32 (d,


J = 3 Hz, 1H), 7.205 (s, 2H), 4.501 (s, OH), 3.497 (m, 2H), 2.7157
(m, 2H), 1.822 (t, J = 8.1 Hz, 2H). GCMS, m/z 239. 44% yield.

2.2.3. 3-(5-Iodo-1H-indole-3-yl) propanol (1c)
1H NMR (DMSO-d6) d 10.934 (s, NH), 7.822 (s, 1H), 7.191 (m,


1H), 7.162 (s, 2H), 4.427 (s, OH), 3.429 (m, 2H), 2.669 (m, 2H),
1.774 (t, J = 6.3 Hz, 2H). GCMS, m/z 287, 36% yield.

2.2.4. 3-(3-Bromo-propyl)-5-fluoro-1H-indole (2a)49


To a solution of triphenylphosphine (0.025 mol) in 80 mL of dry
acetonitrile, a solution of 1a (0.02 mol) in 75 mL acetonitrile was
added dropwise. Then a solution of carbon tetrabromide
(0.027 mol) in 25 mL acetonitrile was added dropwise. The reac-
tion mixture is allowed to stir at rt for 3 h. Evaporation and purifi-
cation on silica-gel column (50% hexanes:50% CH2Cl2) yielded 4.5 g
(80%) of 2a. 1H NMR (DMSO-d6) d 11.02 (s 1H), 7.55 (s,1H), 7.23 (d,
J = 1.2 Hz, 1H), 7.08 (m, 2H), 3.42 (t, J = 1.4 Hz, 2H), 2.89 (t,
J = 7.1 Hz, 2H), 2.112 (m, 2H). GCMS, m/z 241.

2.2.5. 3-(3-Bromo-propyl)-5-bromo-1H-indole (2b)
1H NMR (DMSO-d6) d 11.036 (s, NH), 7.684 (s, 1H), 7.309 (d,


J = 0.6 Hz, 1H), 7.197 (s, 1H), 7.158 (d, J = 6.6 Hz, 1H), 3.536 (t,
J = 0.9 Hz, 2H), 2.794 (t, J = 7.2 Hz, 2H), 2.125 (m, 2H). GCMS, m/z
203.


2.2.6. 3-(3-Iodo-propyl)-5-bromo-1H-indole (2c)
1H NMR (DMSO-d6) d 11.006 (s, NH), 7.856 (s,1H), 7.308 (d,


J = 8.1 Hz, 1H), 7.201 (m, 2H), 3.539 (t, J = 3.9 Hz, 2H), 2.783 (t,
J = 6.6 Hz, 2H), 2.119 (m, 2H). MS, m/z 349.


2.2.7. 6-Methoxy-1,2,3,4-tetrahydroisoquinoline (3a)50


3-2-(3-Methoxy-phenyl)-ethylamine(0.013 mol) was dissolved
in 1 N HCl to obtain pH = 0.4. Then, aqueous formaldehyde (39%,
1.88 mL, 25 mmol) was added. The mixture was stirred at room
temperature for 24 h. The solution was basified with sodium
hydrogen carbonate, extracted with ethyl acetate (3 � 50 mL) and
evaporated. Purification of the two isomers; 6-methoxy- and 8-
methoxy-1,2,3,4-tetrahydroisoquinoline with silica-gel column
yielded 0.7 g (35%) of 3a. 1H NMR (DMSO-d6) d 9.05 (s, NH), 7.11
(d, J = 2.7 Hz, 1H), 6.92 (s, 2H) 4.08 (s, 2H), 3.88 (s, 3H), 3.28 (s,
2H), 3.05 (t, J = 5.0 Hz, 2H). MS (m/z) 163 (MH+).


2.2.8. 5-Methoxy-1,2,3,4-tetrahydroisoquinoline (3b)50


2-(2-Methoxy-phenyl)-ethylamine (0.013 mmol) was dissolved
in 1N HCl to obtain pH = 0.4. Then, aqueous formaldehyde
(1.88 mL, 39%, 25 mmol) was added. The mixture was stirred at
room temperature for 24 h. The solution was basified with sodium
hydrogen carbonate, extracted with ethyl acetate (3 � 50 mL) and
evaporated. Purification with silica-gel column yielded 0.8 g
(38%) of 3b. lH NMR (DMSO-d6) d 9.12 (s, NH), 7.10 (d, J = 2.7 Hz,
1H), 6.81 (s, 2H) 4.2 (s, 2H), 3.85 (s, 3H), 3.35(s, 2H), 3.1 (t,
J = 5.0 Hz, 2H). MS (m/z) 163 (MH+).

2.2.9. 2-[3-(5-Fluoro-1H-indol-3-yl)-propyl]-6-methoxy-
1,2,3,4- tetrahydro-isoquinoline (4)50


A mixture of 3-(3-bromo-propyl)-5-fluoro-1H-indole (0.0039
mol) and 6-methoxy-1,2,3,4-tetrahydro-isoquinoline (0.0039 mol)
and triethylamine (0.8 mL, 0.0058 mol) in DMSO (10 mL) was stir-
red at 100 �C for 24 h. The reaction mixture was cooled and ex-
tracted with ethyl acetate (3� 50 mL). The organic phase was
washed with water (200 mL), dried with magnesium sulfate, and
evaporated. Purification on silica gel (2% MeOH: 98% CH2Cl2)
yielded 0.26 g (20%) of 4. 1H NMR (DMSO-d6) d 10.858 (s, NH),
7.315 (m, 3H), 6.949 (m, 2H), 6.679 (m, 2H), 3.677 (s, 3H), 3.439
(s, 2H), 2.762 (t, J = 5.1 Hz, 2H), 2.664 (t, J = 6.6 Hz, 2H), 2.598 (t,
J = 5.4 Hz, 2H) 2.476 (m, 2H), 1.859 (t, J = 7.2 Hz, 2H). MS (m/z)
338 (MH+), HRMS (C21H24N2OF): 339.1870.
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2.2.10. 2-[3-(5-Fluoro-1H-indol-3-yl)-propyl]-5-methoxy-
1,2,3,4-tetrahydro-isoquinoline (5)49


1H NMR (DMSO-d6) d 10.858 (s, NH), 7.315 (m, 3H), 6.949 (m,
2H), 6.679 (m, 2H), 3.677 (s, 3H), 3.439 (s, 2H), 2.762 (t,
J = 5.1 Hz, 2H), 2.664 (t, J = 6.6 Hz, 2H), 2.598 (t, J = 5.4 Hz, 2H)
2.476 (m, 2H), 1.859 (t, J = 7.2 Hz, 2H). MS (m/z) 338 (MH+). HRMS
(C21H24N2OF): 339.1873.


2.2.11. 2-[3-(5-Bromo-1H-indol-3-yl)-propyl]-6-methoxy-
1,2,3,4-tetrahydro-isoquinoline (6)


1H NMR (DMSO-d6) d 10.992 (s, NH), 7.666 (s, 1H), 7.298 (d,
J = 1.8 Hz, 1H), 7.184 (m, 2H), 6.952 (d, J = 8.4 Hz, 1H), 6.677 (m,
2H), 3.675 (s, 3H), 3.45(s, 2H), 3.350 (t, J = 5.1 Hz, 2H), 2.784 (t,
J = 5.3 Hz, 2H), 2.653 (t, J = 5.4 Hz, 2H) 2.581 (m, 2H), 1.851(t,
J = 7.2 Hz, 2H). MS (m/z) 398 (MH+). HRMS(C21H24N2OBr):
399.1070.


2.2.12. 2-[3-(5-Bromo-1H-indol-3-yl)-propyl]-5-methoxy-
1,2,3,4- tetrahydro-isoquinoline (7)


1H NMR (DMSO-d6) d 10.968 (s, NH), 7.663 (s, 1H), 7.293 (d,
J = 2.1 Hz, 1H), 7.180 (m, 2H), 6.949 (d, J = 8.4 Hz, 1H), 6.669 (m,
2H), 3.677 (s, 3H), 3.443 (s, 2H), 3.152 (t, J = 5.3 Hz, 2H), 2.774 (t,
J = 5.3 Hz, 2H), 2.703 (t, J = 5.4 Hz, 2H) 2.653 (m, 2H), 1.851 (t,
J = 7.1 Hz, 2H). MS (m/z) 398 (MH+), HRMS(C21H24N2OBr):
399.1072.


2.2.13. 2-[3-(5-Iodo-1H-indol-3-yl)-propyl]-6-methoxy-1,2,3,4-
tetrahydro isoquinoline (8)


1H NMR (DMSO-d6) d 10.969 (s, NH), 7.844 (s, 1H), 7.274 (m, 1H,
J = 1.8 Hz), 7.195(m, 2H, J = 2.7 Hz), 6.931 (d, 3H, J = 3.0 Hz), 3.650
(s, 3H), 3.45(s, 2H), 3.350 (t, J = 5.1 Hz, 2H), 2.794 (t, J = 7.5 Hz,
2H), 2.643 (t, J = 6.6 Hz, 2H) 2.584 (m, J = 6.3 Hz, 2H), 1.831(t,
J = 7.4 Hz, 2H). MS (m/z) 446 (MH+), HRMS(C21H24N2OI): 447.0933.


2.2.14. 2-[3-(5-Iodo-1H-indol-3-yl)-propyl]-5-methoxy-1,2,3,4-
tetrahydro-isoquinoline (9)


1H NMR (DMSO-d6) d 10.945 (s, NH), 7.834 (s, 1H), 7.294 (m,
1H), 7.187 (m, 2H), 6.739 (d, J = 8.1 Hz, 3H), 3.736 (s, 3H), 3.481
(s, 2H), 3.314 (t, J = 1.8 Hz, 2H), 2.691 (t, J = 7.5 Hz, 4H), 2.481 (t,
J = 6.5 Hz, 2H), 1.848 (t, J = 7.4 Hz, 2H). LCMS, m/z (relative inten-
sity) MS (m/z) 446 (MH+), HRMS(C21H24N2OI): 447.0928.


2.2.15. 6-Hydroxy-1,2,3,4-tetrahydroisoquinoline (10)
Compound 3a (0.003 mol) was dissolved in hydrobromic acid


(conc., 15 mL) and refluxed for 3 h. The reaction mixture was
cooled and basified with sodium bicarbonate, extracted with ethyl
acetate (2 � 50 mL), dried with MgSO4, and evaporated. Crystalli-
zation from MeOH gave 0.045 g (10%) of 10. lH NMR (DMSO-d6) d
6.812 (d, J = 7.5 Hz, 1H), 6.501 (d, J = 6.2 Hz,1H), 6.379 (d,
J = 3.6 Hz, 1H), 3.729 (s, 2H), 2.881 (t, J = 1.4 Hz, 2H), 2.419 (t,
J = 1.2 Hz, 2H). MS (m/z) 149 (MH+).


2.2.16. 2-[3-(5-Fluoro-1H-indol-3-yl)-propyl]-6-hydroxy-
1,2,3,4-tetrahydro-isoquinoline (11)


A mixture of 3-(3-bromo-propyl)-5-fluoro-1H-indole (0.0039 mol),
6-hydroxy-1,2,3,4-tetrahydro-isoquinoline (0.0039 mol), and
triethylamine (0.8 mL, 0.0058 mol) in DMSO (10 mL) was stirred at
100 �C for 24 h. The reaction mixture was cooled and extracted with
ethyl acetate (3 � 50 mL). The organic phase was washed with water
(200 mL), dried with magnesium sulfate, and evaporated.
Purification on silica gel (2% MeOH: 98% CH2Cl2) yielded 0.65 g
(48%) of 11. 1H NMR (DMSO-d6) d 10.858 (s, NH), 9.089 (s, OH),
7.323 (m, J = 4.8 Hz, 3H), 6.907 (m, J = 8.1 Hz, 2H), 6.521 (m,
J = 2.1 Hz, 2H), 3.160 (s, 2H), 2.711 (m, J = 4.5 Hz, 3H), 2.601 (t,
J = 5.1 Hz, 2H), 2.486 (t, J = 1.5 Hz, 2H), 1.977 (t, J = 1.8 Hz, 3H). MS
(m/z) 324 (MH+).

2.3. Biological assay


2.3.1. Cell culture
HEK293 cells stably expressing human monoamine reuptake


transporters were obtained from R. Blakely (hSERT-HEK293; Van-
derbilt University, Nashville, USA), H. Boenisch (hNET-HEK293;
University of Bonn, Germany), and A. Storch (hDAT-HEK293; Tech-
nical University Dresden, Germany). The transfected cells, main-
tained at 37 �C in a 5% CO2 humidified atmosphere, were grown
in complete medium (Dulbecco’s modified Eagle’s medium, 10% fe-
tal calf serum, 2 mM glutamine, 100 U/mL penicillin, and 100 lg/
mL streptomycin) supplemented with 250 lg/mL G418. The cells
were grown to 95% confluency in 175 cm2 cell culture flasks. Med-
ium was aspirated, and cells were washed with phosphate-buf-
fered saline and collected by scraping. The cells were sedimented
by low-speed centrifugation at 800 rpm, resuspended in ice-cold
buffer (50 mM Tris–HCl, pH 7.4) for cell disruption, and stored at
�25 �C. The protein concentrations of the membrane suspensions
were determined with the BCA assay.


2.3.2. Animals
Female SPRD rats (approximately 200 g., 10–12 weeks old;


Medizinisch-Experimentelles Zentrum, University Leipzig) were
anesthetized by carbon dioxide inhalation and killed by cervical
dislocation. Brains were immediately excised and dissected on
ice. The cortices were collected, homogenized in ice-cold 50 mM
Tris–HCl (pH 7.4 at 4 �C) with a Potter Elvehjem homogenizer,
and centrifuged (20.000g, 15 min, 4 �C). The membrane pellet
was washed two times by rehomogenization and centrifugation
as before. The final membrane pellet was dissolved with 50 mM
Tris–HCl (pH 7.4 at 4 �C) at 1 g original wet weight/10 mL buffer,
and stored in aliquots at �25 �C.


2.3.3. In vitro hSERT, hNET, hDAT, and rHT1A binding assays
For hSERT, hNET, and hDAT, the IC50 values of the test com-


pounds were determined on preparations of HEK293 cells express-
ing the respective transporter protein and [3H]paroxetine (SERT;
PerkinElmer Life Sciences; AS = 706 GBq/mmol), [3H]citalopram
(SERT; Amersham GE Healthcare; AS = 3121 GBq/mmol), [3H]nisox-
etine (NET; Perkin-Elmer Life Sciences; AS = 2960 GBq/mmol), and
[3H]WIN35,428 (DAT; PerkinElmer Life Sciences; AS = 3145 GBq/
mmol) as specific radioligands. The r5HT1A affinity was determined
on rat cortical membrane homogenate and [3H]-8-OH-DPAT
(Amersham GE Healthcare; AS = 8399 GBq/mmol) as specific
radioligand.


For competitive binding experiments, membrane suspensions
were thawed, diluted with the respective assay buffer (hSERT
and hNET: 50 mM Tris–HCl, pH 7.4, 120 mM NaCl, and 5 mM
KCl; hDAT: 50 mM Tris–HCl, pH 7.4, and 100 mM NaCl;
r5HT1A: 50 mM Tris–HCl, pH 7.4, 4 mM CaCl2, 0.1% ascorbic acid)
and homogenized by a 27-gauge needle. The particular mem-
brane preparation (50–80 lg protein/assay tube) was incubated
with the respective radioligand (�working concentrations:
1 nM [3H]paroxetine, 0.5 nM [3H]citalopram, 0.5 nM [3H]nisoxe-
tine, 0.5 nM [3H]WIN35,428, 0.3 nM [3H]-8-OH-DPAT) and 6–12
concentrations of the test compounds in glass tubes. The test
compounds (10 mM stock solutions in DMSO) were diluted with
the respective assay buffer. Nonspecific binding was determined
with 300 lM clomipramin (hSERT), 100 lM protriptyline (hNET),
10 lM GBR12909 (hDAT), or 10 lM serotonin hydrochloride
(r5HT1A). The tubes were gently mixed and incubated at 21 �C
for 60 min (hSERT, hNET, and r5HT1A), or on ice for 120 min
(hDAT), rapidly filtered through Whatman GF/B glass-fibre filters,
and washed four times with ice-cold 50 mM Tris–HCl, pH 7.4.
Filter-bound radioactivity was determined by scintillation
counting.
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Figure 1. Chemical structure of the SERT ligands used for PET radiotracer design.
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Saturation binding experiments of [3H]paroxetine, [3H]citalo-
pram, [3H]nisoxetine, and [3H]WIN35,428 were performed by
homologous competition according to the described protocols.


2.3.4. Data analysis
All test compounds were assayed in at least three independent


experiments, each conducted in triplicate. The binding parameters
IC50, KD, and Bmax were estimated using iterative nonlinear curve
fitting. The KD of [3H]-8-OH-DPAT was taken from literature
(KD = 3.1 nM on rat cortex; Newman-Tancredi et al., Int. J. Neuro-
psychopharmacol. 8, 2005, 1–16). The Cheng–Prusoff equation
was applied to calculate Ki values from estimated IC50 values.


2.4. Radiochemistry


Carbon-11 MeI was prepared according to well-documented
procedures. Briefly, [11C]CO2 (37 GBq, 1000 mCi) was trapped at
�160 �C. The temperature of the cooling trap was increased to
�50 �C, and the activity was transferred by a stream of argon
(40 mL/min) to a reactor containing 300 lL of 0.25 N LiAlH4 in
THF at �50 �C. After 90 s, the solvent was removed under reduced
pressure. In this manner, more than 80% of the activity was recov-
ered. The reactor temperature was increased to 160 �C, HI was
added, and [11C]MeI was distilled (argon flow of 15 mL/min)
through a NaOH column to a second reactor, containing the precur-
sor, 11, in 600 lL of dry DMF and 30 lL NaOH 5 N at �20 �C. After
1 min of distillation, an average of 550 ± 30 mCi (n = 4) was
trapped in the second reactor. The reactor was sealed and heated
to 80 �C for 5 min. The mixture was cooled to 40 �C, 600 lL
CH3CN/H2O (1:1) was added, and the crude product
(250 ± 20 mCi) was automatically injected to HPLC [Bischoff Nucle-
osil 100-7 C18 reverse phase preparative column (7 lm, 250�
16 mm, 55% ACN: 45% Acetate buffer, pH 3.8, flow rate of 10 ml/
min]. The labeled compound was collected in a flask containing
85 mL of water. The solution was passed through a C-18 cartridge
(Waters Sep-Pak Plus, pre-activated with 10 mL EtOH and 20 mL of
water). The product was eluted with 0.75 mL of EtOH, followed by
4.25 mL of saline, and collected into the product vial after a total
radiosynthesis time of 50 min, with total activity of 20 ± 6 mCi
and radiochemical yield of 15 ± 3% decay corrected EOB (n = 4).
Identification of the products and determination of chemical purity
were obtained by reversed-phase HPLC C-18 analytical column in
comparison with the standard and by co-injection.

3. Results and discussion


3.1. Chemistry


The chemical structure of indole derivatives and 5-HT serves as
a template for the development of new chemical entities that could
potentially target the 5-HT1A receptor and the SERT. In 2001, Mea-
gher et al.49 designed a new class of indole derivatives as a dual
antidepressant drug targeting the SERT and the 5-HT1A receptor.
The biological evaluation of these compounds indicated that some
of these derivatives had high affinity and selectivity toward the
SERT. Based on these results, we synthesized additional four new
indole derivatives and evaluated all six compounds as potential
selective SERT PET radiotracers. These compounds contain atoms
such as fluorine, bromine, and iodine on the indole moiety to afford
future labeling with PET isotopes (Fig. 1).


Scheme 1 shows the synthesis of the target molecules. The
hydroxypropyl indole intermediates 1a–c were obtained by reac-
tion of 4R phenylhydrazine and dihydropyran in 43, 44, and 37%
yields, respectively. The second step is bromination with carbon
tetrabromide and triphenylphosphine to obtain 2a–c in 80% yield.

The tetrahydroisoquinoline analogs, 3a–b, were prepared by Pic-
tet-Spengler cyclization of methoxy phenylethylamine with form-
aldehyde in acidic solution with a 10% yield. This procedure
simplifies the multi-step synthesis via the chloroformate interme-
diate as described by Meagher et al.49 In the case of 2-methoxy
phenylethylamine, the cyclization with formaldehyde yielded only
the 5-methoxy tetrahydroisoquinoline product, whereas, in the
case of 3-methoxy phenylethylamine, cyclization yielded a mix-
ture of 6- and 8-methoxy tetrahydroisoquinoline products. The
8-methoxy tetrahydroisoquinoline was obtained as the minor
product, probably due to steric hindrance. A coupling reaction of
methoxy-1,2,3,4-tetrahydroisoquinoline and 3-(3-bromo-propyl)-
5-R-1H-indole yields the six final compounds 4–9. The yield and
selectivity of the final step are rather low (20%).


The synthesis of the precursor 11 for the radiolabeling is de-
scribed in Scheme 2. The first step is demethylation with HBr conc.
at 120 �C to obtain 10 in 10% yield, followed by coupling reaction in
DMSO in the presence of triethylamine as base in 20% yield.


3.2. Affinity data


For [3H]paroxetine, [3H]citalopram, [3H]nisoxetine, and [3H]
WIN35,428 the following KD values were obtained on the human
monoamine transporters hSERT, hNET, and hDAT by homologous
competition experiments: 0.69 nM [3H]paroxetine, 4.46 nM
[3H]citalopram, 6.77 nM [3H]nisoxetine, and 24.1 [3H]WIN35,428.
The values correspond to previously published data on these
monoamine transporters.51,52


The specific Ki values of the two reference compounds 4, 5 and
the four newly developed compounds 6, 7, 8, 9 (Fig. 1) are given in
Table 1. While compounds 4, 5, and 6 possess high affinity in the
nanomolar range and 70- to 200-fold specificity for SERT over
DAT and NET, compounds 7, 8, and 9 are characterized by remark-
ably low SERT affinity and selectivity. Compounds 4 and 5 are par-
ticularly interesting in this series because they possess the highest
SERT selectivity versus the r5HT1A receptor. Furthermore, in con-
trast to the diphenyl-thioether MADAM, compounds 4 and 5 dis-
criminate significantly between the hSERT binding sites labeled
with either [3H]citalopram and [3H]paroxetine, respectively,
(p < 0.05, t test). This preliminary result may indicate the possibil-
ity to detect the integrity of SERT by investigating different parts of
the protein conformation.


Due to its affinity and specificity profile, compound 4 was cho-
sen as the most promising candidate for radiolabeling with the PET
isotope carbon-11.


3.3. Radiochemistry


Based on the biological assay, compound 4 was chosen for label-
ing with C-11 on the hydroxy position at the isoquinoline ring.


The radiosynthesis is outlined in Scheme 3. The radiolabeling
method was based on a C-11 methylation reaction on the phenolic
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Table 1
Binding affinities of reference and test compounds at hSERT, r5HT1A, hDAT, and hNET


Target/structure hSERT; Ki (nM) r5HT1A; Ki (nM) hNET; Ki (nM) hDAT; Ki (nM)


Radioligand [3H]citalopram [3H]paroxetine [3H]-8-OH-DPAT [3H]nisoxetine [3H]WIN35,428


4 4.11 ± 1.34 25.3 ± 14.2 54.0 ± 5.40 1680 (1810; 1560) 2490 (2620; 2360)
6 11.4 ± 3.50 13.3 ± 7.22 50.0 ± 5.46 2770 ± 1940 1030 (1290; 769)
8 374 ± 226 1110 ± 617 685 ± 184 712 ± 524 3650 (1800; 5500)
5 6.46 ± 3.94 44.7 ± 6.19 164 ± 176 2880 (1990; 3770) 1485 (1700; 1270)
7 1910 ± 468 2980 ± 1320 1990 ± 157 6600 ± 2300 3490 ± 1820
9 213 ± 51.1 2660 ± 1480 1120 ± 99.9 1810 (2490; 1120) 1155 (1140; 1170)
Paroxetine 0.42 ± 0.13 0.38 ± 0.12 – — —
R/S-Citalopram 4.38 ± 1.17 32.8 ± 8.69 — — —
MADAM 0.73 ± 0.37 2.03 ± 1.08 — — —


IC50 values were obtained from triplicates in each experiment, and the calculated Ki values are given as single values (n = 1), means and single values (n = 2), or means ± SD
(n > 2).
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hydroxy group. C-11 methyliodide was produced using a commer-
cial module (GE) and was prepared according to well documented
procedures.53 C-11 methyliodide was then reacted with 5 mg of
precursor 11. The optimal reaction temperature was found to be
80 �C. After 5 min reaction, HPLC solvent was added and the crude
mixture was purified by a built-in HPLC to yield the final product
[11C]-4. The product was collected into a flask containing 85 ml
of water in order to dilute the acetonitrile. Finally the product
was eluted through C-18 cartridge with ethanol/saline solution.
Total synthesis time was 50 min. HPLC analysis showed moderate
radiochemical yield (15 ± 3% decay corrected EOB) and high chem-
ical purity. The high specific activity (0.423 Ci/lmol) is an impor-
tant factor for the development of PET biomarkers that target
low capacity systems.


4. Conclusion


Six indolylpropylamine derivatives were synthesized and
evaluated as SERT antagonists. The most promising compound, 2-
[3-(5-fluoro-1H-indol-3-yl)-propyl]-6-methoxy-1,2,3,4-tetrahydro-
isoquinoline was identified and successfully labeled with C-11. This
compound will be further evaluated in vivo using PET in animal
models.
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New diaryl substituted 2-azabicyclo[3.2.2]nonane derivatives have been synthesized in order to investi-
gate the influence of the aromatic substitution and of N substitution on the antiprotozoal activities of
those compounds. Following a manual method for the Hansch approach, different 4-substituted aryl rings
were systematically inserted, and moieties with varying basicity and polarity were attached to the ring
nitrogen. All compounds were investigated for their activities against Trypanosoma brucei rhodesiense
(STIB 900) and the K1 strain of Plasmodium falciparum (resistant to chloroquine and pyrimethamine)
and for their cytotoxicity using microplate assays. Some of the new compounds are amongst the most
active antitrypanosomal agents in this series, and the selectivity index of a single derivative is superior
in the 2-azabicyclo-nonane series.


� 2008 Elsevier Ltd. All rights reserved.

1. Introduction


Malaria is estimated to cause the death of over one million peo-
ple annually, mainly children in Africa. Moreover, despite intensive
research, the overall burden arising from infections by the malaria
parasite Plasmodium falciparum is increasing.1 The emergence and
spread of antimalarial drug resistance is one of the most important
factors undermining malaria control programmes in most of the
malaria endemic world.2 As first line therapy artemisinine and its
derivatives were introduced by many countries but even for these
drugs stable resistance is reported from laboratory or field stud-
ies.3–5 Therefore, there is still need for new drugs which are active
against Plasmodium falciparum which causes the most fatal form of
the disease, Malaria tropica.


Sleeping sickness is caused by two different sub-species of the
protozoan Trypanosoma brucei: T. b. rhodesiense (in East and South-
ern Africa) and T. b. gambiense (mainly in West and Central Africa).
The African trypanosomiasis is causing 65,000 deaths per year, and
66,000 new cases appear every year.6 The disease is fatal if untreated
and proceeds from a peripheral to a CNS infection. Only four drugs
are in use for treatment of trypanosomiasis. Pentamidine and sur-
amine are not able to cross the blood–brain barrier and therefore,
will not cure CNS infections.7 Melarsoprol is active against all strains
of trypanosomes in all stages; however, encephalopathy, an unde-
sired effect of this drug is usually fatal for up to 5% of the patients.8

ll rights reserved.
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bacher).

D,L-a-Difluoromethylornithine (Eflornithine�) is used as an alterna-
tive to melarsoprol but it is ineffective against T. b. rhodesiense.9 Be-
cause of this, new agents with activity against Trypanosoma brucei
rhodesiense and less side effects are in great demand.


Recently, we reported about the antiprotozoal activities of bicy-
clic aza-nonanes 1a–c (Scheme 1), which show distinct antiplas-
modial activity (IC50 = 0.28–6.84 lM).10 Later we developed their
bis-chlorophenyl derivatives 2,11 which exhibit a more than 10-
fold antitrypanosomal activity (IC50 = 0.061–0.066 lM) than their
unsubstituted parent compounds (Table 1). From this starting
point we followed a 2-fold strategy. The bis-chlorophenyl deriva-
tives 2a–c were modified regarding their basicity and lipophilicity
to compounds 3a,c to 7a–c by attachment of different side chains
to the ring nitrogen. On the other hand, we tried to optimize the
substitution pattern of the phenyl substituents by the application
of the suggestions of Topliss12 giving compounds 8a–c to 14a.


All new compounds were characterized and tested for their
activity against T. b. rhodesiense and the K1 strain of P. falciparum
using in vitro assays and for their cytotoxicity against L-6 cells.
The results were compared to activities of formerly synthesized
5-dialkylamino-2-azabicyclo[2.2.2]nonanes and drugs in use.

2. Results


2.1. Chemistry


The preparation of 5-dialkylamino-2-azabicyclo[2.2.2]nonanes
starts from benzylidene acetone and dialkylammonium isothiocy-
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a: R1 = N(CH3)2


b: R1 = pyrrolidine-1-yl
c: R1 = piperidine-1-yl


1a-1c, 2a-2c, 8a-8c, 9a,
10a, 11a, 12a, 13a, 14a 


N


ArH


Ar H


R1
H


1


2


34


5
6
7


8


9


3a,c; 4c, 5c, 6a-6c
7a-7c


N


ArH


Ar H


R1


R2


1a-1c: Ar = Ph 8a-8c: Ar = 3,4-diCl-Ph 
2a-2c: Ar = 4-Cl-Ph 9a: Ar = 4-CH3-Ph
3a,c: Ar = 4-Cl-Ph, R2 = COOEt 10a: Ar = 4-OCH3-Ph
4c: Ar = 4-Cl-Ph, R2 = CH2OH 11a: Ar = 4-CF3-Ph
5c: Ar = 4-Cl-Ph, R2 = COOH 12a: Ar = 4-Br-Ph 
6a-6c: Ar = 4-Cl-Ph, R2 = CONH2 13a: Ar = 1-naphthyl 
7a-7c: Ar = 4-Cl-Ph, R2 = CH2NH2 14a: Ar = 4-F-Ph 


Scheme 1. Structures of 2-azabicyclo[3.2.2]nonane derivatives.


Table 1
In vitro activities of 1–14, expressed as IC50 (lM)a


Compound Trypanosoma brucei rhodesiense SI = IC50 (Cytotox.)/IC50 (T.b.r.) Plasmodium falciparum K1 SI = IC50 (Cytotox.)/IC50 (P.falc.) Cytotoxicity IC50 (lM)


1a 0.60 181.3 0.28 388.6 108.8
1b 1.16 103.8 0.56 215.0 120.4
1c 6.57 13.66 0.64 140.2 89.74
2a 0.061 143.3 0.41 21.32 8.74
2b 0.066 152.4 0.25 40.24 10.06
2c 0.065 124.6 0.46 17.61 8.10
3a 1.78 2.88 0.70 7.31 5.12
3c 2.19 5.97 1.01 12.94 13.07
4c 0.67 14.46 0.70 13.84 9.69
5cb n.t. — n.t. — n.t.
6a 0.91 28.07 1.11 23.01 25.54
6b 0.76 31.45 0.83 28.80 23.90
6c 0.99 24.00 1.57 15.13 23.76
7a 0.50 20.44 0.90 11.36 10.22
7b 0.21 22.14 0.32 14.53 4.65
7c 0.076 44.34 0.15 22.47 3.37
8a 0.09 71.56 0.40 16.10 6.44
8b 0.15 45.80 0.28 24.54 6.87
8c 0.16 55.44 0.54 16.43 8.87
9a 0.12 337.2 0.45 89.91 40.46
10a 0.67 174.7 2.69 43.52 117.1
11a 0.08 118.0 0.85 11.11 9.44
12a 0.087 103.9 0.34 26.56 9.03
13a 0.11 58.82 0.48 13.48 6.47
14a 0.44 422.7 0.89 209.0 186.0
mel 0.0039 1995 7.78
art 0.0064 70391 450.5
chl 0.15 1571 188.5
mef 11.37


n.t.: not tested. art = artemisinin, chl = chloroquine, mel = melarsoprol, mef = mefloquine.
a Values represent the average of four determinations (two determinations of two independent experiments).
b 5c was inactive in a preliminary screening against both parasites.
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anates giving dialkylaminobicyclo[2.2.2]octan-2-ones in a one pot
procedure.13 Beckmann rearrangement and a subsequent reduc-
tion yielded 5-dialkylamino-2-azabicyclo[2.2.2]nonanes 1a–c.10


In the same way, compounds 2a–c and 8a–c to 14a were pre-
pared by the use of differently substituted arylidene acetones.
The esters 3a,c were prepared by N-alkylation of 2a,c with ethyl
2-bromoacetate. Compound 4c was yielded by the reduction of 3c
with LiAlH4 and 5c by acidic hydrolysis of 3c. Compounds 6a–c
were obtained by treatment of 2a–c with chloro acetamide. The
triamines 7a–c were synthesized by the reduction of 6a–c with
LiAlH4.

2.2. Antiplasmodial and antitrypanosomal activity


The IC50 values for the antitrypanosomal and antiplasmodial
activities and the cytotoxicity of compounds 1a–c to 14a are
shown in Table 1.


3. Discussion


The antitrypanosomal activity of the 2-azabicyclo-nonanes 1a–
c has been markedly increased by 4-Cl substitution of their phenyl
rings (2a–c: IC50 = 0.061–0.066 lM).11
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The N-substituted derivatives 3a,c to 7a–c of compounds 2a–c
were less active. The most active of those compounds 7c
(IC50 = 0.076 lM) containing an additional basic centre in the side
chain reaches almost the potency of compounds 2a–c but is more
toxic and therefore less selective.


For the antiplasmodial activity of compounds 3a,c to 7a–c we
did not observe a distinct change due to N alkylation. The triamine
7c (IC50 = 0.15 lM) was more active than the unsubstituted parent
compounds 1a–c and 2a–c and was as active as chloroquine
against the chloroquine-resistant K1 strain of Plasmodium
falciparum.


Since the N-substituted 2-azabicyclo-nonanes 3a,c to 7a–c were
rather less active than their unsubstituted parent compounds 2a–c,
we decided to optimize the aromatic substitution of the latter. Fol-
lowing the suggestions of Topliss12 we prepared a set of 4-substi-
tuted derivatives 8a–c to 10a. The antiplasmodial activity is
affected by unfavourable steric effects from 4-substitution: The
most active compound is the unsubstituted 5-dimethylamino-
7,8-diphenyl-2-azabicyclo[2.2.2]nonane 1a (IC50 = 0.28 lM) but
the compound with the highest selectivity of this series is 14a
(IC50 = 0.89 lM, SI = 209).


The most active antitrypanosomal compound is the bis-(4-Cl-
Ph) derivative 2a (IC50 = 0.061 lM) followed by the bis-(3,4-Cl2-
Ph) compound 8a (IC50 = 0.09 lM), the bis-(4-CH3-Ph) derivative
9a (IC50 = 0.12 lM), the 7,8-diphenyl compound 1a and its bis-(4-
OCH3) derivative 10a, which implies a 2p–p2 dependency.


The most cytotoxic compound is the bis-(3,4-Cl2-Ph) deriva-
tive 8a (IC50 = 6.44 lM) followed by the bis-(4-Cl-Ph) analogue
2a (IC50 = 8.74 lM), bis-(4-CH3-Ph) derivative 9a (IC50 =
40.46 lM), 1a (IC50 = 108.8 lM) and the bis-(4-OCH3) derivative
10a (IC50 = 117.06 lM), which is most likely due to a 2p–p2


dependency, although p + r or p dependencies have to be
considered.


We synthesized the bis-(4-CF3-Ph)-analogue 11a and, according
to the recommendations of Topliss,12,14 the bis-(4-Br-Ph)-analogue
12a. Both compounds showed similar antitrypanosomal activity
(IC50 = 0.08, 0.087 lM) as their bis-(4-Cl-Ph) analogues 2a–c. In or-
der to verify the observed correlation between lipophilicity and
cytotoxicity we prepared the bis-naphthyl derivative 13a, which
displayed—as expected—similar antitrypanosomal and cytotoxic
properties as the bis-(3,4-Cl2-Ph) compounds 8a–c. To cover the
section ‘other’ in Table III of Topliss,12 we prepared the bis (4-F-
Ph) compound 14a, which is antitrypanosomal more active
(IC50 = 0.44 lM) than 10a (IC50 = 0.67 lM), but its selectivity
(SI = 422.7) is much higher.


The highest antitrypanosomal activity of the new N-unsubsti-
tuted compounds exhibited 11a (IC50 = 0.08 lM), but due to its
selectivity index (SI = 337.2) 9a (IC50 = 0.12 lM) is the most prom-
ising compound.


4. Conclusion


The synthesis of derivatives of antiprotozoal active diaryl
substituted 5-dialkylamino-2-azabicyclo[2.2.2]nonanes is re-
ported. On the one hand, N-alkylated compounds have been pre-
pared introducing side chains with varying lipophilicity and
basicity, on the other hand, the substitution pattern of the aryl
moieties was diversified applying a manual method for the Hansch
approach. The in vitro activity of the compounds against Plasmo-
dium falciparum K1 and Trypanosoma brucei rhodesiense as well as
their cytotoxicity against L-6 cells has been determined using
microplate assays. A single N-substituted compound shows im-
proved antiplasmodial activity, whereas several of the new 7,8-dia-
ryl derivatives possess good antitrypanosomal activity. Moreover,
the 7,8-bis-(4-F-Ph)-substituted compound exhibits the best selec-

tivity index of the so far prepared compounds of the 2-azabicyclo-
nonane series. Therefore, it will serve as a lead for further struc-
tural modifications.


5. Experimental


5.1. Instrumentation and chemicals


Melting points were measured on a digital melting point appa-
ratus Electrothermal IA 9200 and are uncorrected. IR spectra were
recorded on a Perkin-Elmer infrared spectrometer system 2000 FT
on KBr discs. UV–vis spectra were recorded on a Perkin-Elmer
Lambda 17 UV–vis-spectrometer. NMR spectra were recorded in
5 mm tubes at 25 �C on a Varian Unity Inova (400 MHz) using
TMS as an internal reference. 1H and 13C resonances were assigned
using 1H, 1H and 1H, 13C correlation spectra (gCOSY, gHSQC,
gHMBC, optimized on 8 Hz) and are numbered as given in the for-
mulas. Analyses were carried out at the Microanalytical Laboratory
at the Institute of Physical Chemistry in Vienna on a Carlo Erba EA
1108 CHNS-O apparatus. HRMS: Kratos profile spectrometer.
Materials: column chromatography (CC): aluminium oxide for
chromatography (pH:9.5, Fluka) or silica gel 60 (Merck) (70–230
mesh), pore-diameter 60 Å; thin-layer chromatography (TLC):
TLC plates (Merck, silica gel 60 F254 0.2 mm, 200 mm � 200 mm);
the substances were detected in UV light at 254 nm.


5.2. Syntheses


5.2.1. General procedure for the synthesis of (7RS,8RS)-(±)-ethyl
2-(7,8-bis-(4-chlorophenyl)-5-dialkylamino-2-azabicyclo[3.2.2]-
non-2- yl)acetate (3a,c)


Azanonanes 2a,c11 were dissolved in ethanol and cooled on an
ice bath. Ethyl bromoacetate was added dropwise under cooling
and stirring using a syringe. The solution was stirred over night
at room temperature, and water was added. Then it was alkalized
with aqueous 2 M NaOH until turbidity persits. The mixture was
extracted three times with ether, the combined organic layers were
washed twice with water and dried using Na2SO4. After filtration
the solvent was evaporated in vacuo and the residue purified using
CC.


5.2.1.1. (7RS,8RS)-(±)-Ethyl 2-(7,8-bis-(4-chlorophenyl)-5-dimeth-
ylamino-2-azabicyclo[3.2.2]non-2-yl)-acetate (3a). Compound 2a
(2.53 g, 6.5 mmol) in ethanol (60 mL) gave with ethyl bromoacetate
(1.085 g, 6.5 mmol) a residue which was purified by CC using CH2Cl2:
MeOH = 4:1 as eluent yielding 3a (2.1 g, 4.42 mmol, 68%). The
dihydrochloride was prepared by repeated treatment of a solution of
the base in CH2Cl2 with an excess of 2 M etheral HCl. Solvents were
evaporated, and the dihydrochloride was precipitated from ethyl
acetate. Mp(HCl): 147 �C. IR (KBr) 3433, 2931, 2866, 2825, 2780,
1736, 1491, 1461, 1190, 1090, 1025, 1013, 830 cm�1. UV (CH2Cl2, nm,
loge)): 234 (4.022). 1H NMR (CDCl3, 400 MHz) d (ppm) 1.20 (t,
J = 7.2 Hz, 3H, CH2CH3), 1.86–1.98 (m, 3H, 4-H, 6-H), 2.16 (br, t,
J = 8.9 Hz, 2H, 9-H), 2.28 (br, t, J = 12.6 Hz, 1H, 6-H), 2.34 (s, 6H,
N(CH3)2), 2.80–2.88 (m, 2H, 1-H, 3-H), 2.94 (ddd, J = 9.4, 8.2, 1.4 Hz,
1H, 8-H), 3.01, 3.30 (2d, J = 17.4 Hz, 2H, CH2COO), 3.33–3.40 (m, 1H,
3-H), 3.96 (br, t, J = 9.0 Hz, 1H, 7-H), 4.05–4.12 (m, 2H, CH2CH3), 7.17–
7.40 (m, 8 aromatic H). 13C NMR (CDCl3, 100 MHz) d (ppm) 14.08
(CH3), 32.02 (C-4), 33.64 (C-6), 37.23 (C-8), 37.79 (N(CH3)2), 38.98
(C-9), 39.64 (C-7), 46.03 (C-3), 58.15 (C-5), 60.17, 60.24 (CH2CH3,
CH2COO), 68.91 (C-1), 127.93, 128.43, 128.97, 129.72, 131.63, 131.66,
142.99, 143.75 (aromatic C), 171.75 (COO). Anal. Calcd for
C26H32Cl2N2O2: C, 65.68; H, 6.78; N, 5.89; Cl, 14.91. Found: C, 65.58;
H, 6.68; N, 5.74; Cl, 14.76. HRMS (MALDI): calcd. for C26H32Cl2N2O2Na
[MNa+]: 497.1739; found: 497.1695.
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5.2.1.2. (7RS,8RS)-(±)-Ethyl 2-(7,8-bis-(4-chlorophenyl)-5-piperi-
dino-2-azabicyclo[3.2.2]non-2-yl)-acetate (3c). Compound 2c
(3.85 g, 9.0 mmol) in ethanol (80 mL) reacted with ethyl bromo ace-
tate (1.54 g, 9.2 mmol) to a residue, which was purified by CC using
CH2Cl2: MeOH = 19:1 as eluent yielding 3c (2.18 g, 4.23 mmol, 47%).
A small amount was purified for analytical purposes by CC over basic
Al2O3 using CH2Cl2 as eluent. IR (KBr) 2932, 2852, 1739, 1492, 1189,
1093, 1013, 830, 701 cm�1. UV (CH2Cl2, nm, (loge)): 233 (4.073). 1H
NMR (CDCl3, 400 MHz) d (ppm) 1.20 (t, J = 7.0 Hz, 3H, CH3), 1.39–
1.48 (m, 2H, CH2), 1.54–1.64 (m, 4H, 2CH2), 1.78–1.95 (m, 3H, 4-H,
6-H), 2.07–2.16 (m, 2H, 9-H), 2.31 (br, t, J = 11.4 Hz, 1H, 6-H), 2.59
(br, s, 4H, N(CH2)2), 2.82–3.00 (m, 3H, 1-H, 3-H, 8-H), 3.05 (d,
J = 17.4 Hz, 1H, CHCOO), 3.25–3.34 (m, 2H, 3-H, CHCOO), 3.87 (t,
J = 8.9 Hz, 1H, 7-H), 4.04–4.11 (m, 2H, CH2CH3), 7.14–7.44 (m, 8 aro-
matic H). 13C NMR (CDCl3, 100 MHz) d (ppm) 14.19 (CH3), 25.05
(CH2), 26.92 (2CH2), 32.94 (C-4), 33.99 (C-6), 37.78 (C-8), 39.76 (C-
9), 40.18 (C-7), 46.23 (N(CH2)2), 46.71 (C-3), 58.15 (C-5), 60.19,
60.27 (CH2CH3, CH2COO), 68.88 (C-1), 128.08, 128.47, 129.05,
129.73, 131.66, 131.72, 143.38, 144.06 (aromatic C), 171.91 (COO).
HRMS (MALDI): calcd. C29H35Cl2N2O2 [M-H+]: 513.2121; found:
513.2076.


5.2.1.3. (7RS,8RS)-(±)-2-(7,8-Bis(4-chlorophenyl)-5-piperidino-
2-azabicyclo[3.2.2]non-2-yl)ethanol (4c). Compound 3c (724 mg,
1.40 mmol) was dissolved in dry ether (30 mL), and LiAlH4


(211 mg, 5.6 mmol) was added in portions under stirring and cool-
ing on an ice bath. The ice bath was removed after one hour and
the mixture refluxed over night at 50 �C. The reaction was
quenched cautiously by dropwise addition of aqueous 2 M NaOH
under cooling. The mixture was extracted 5 times with ether, the
combined organic layers were washed twice with water and dried
over Na2SO4 and filtered. The solvent was evaporated in vacuo giv-
ing pure 4c (458 mg, 0.97 mmol, 75%). IR (KBr) 3434, 2932, 1492,
1410, 1161, 1093, 1013, 912, 827, 698 cm�1. UV (CH2Cl2, nm,
(loge)): 231 (4.175). 1H NMR (CDCl3, 400 MHz) d (ppm) 1.42–
1.48 (m, 2H, CH2), 1.56–1.66 (m, 4H, 2CH2), 1.83–1.94 (m, 3H, 4-
H, 6-H), 2.09 (br, t, J = 12.0 Hz, 1H, 9-H), 2.26–2.31 (m, 2H, 6-H,
9-H), 2.46 (ddd, J = 12.8, 6.1, 4.1 Hz, 1H, NCH), 2.53–2.66 (m, 5H,
NCH, N(CH2)2), 2.72 (d, J = 3.1 Hz, 1H, 1-H), 2.79 (ddd, J = 12.5,
7.0, 5.0 Hz, 1H, 3-H), 2.97 (ddd, J = 12.8, 7.0, 5.1 Hz, 1H, 3-H),
3.13–3.18 (m, 2H, 8-H, CHOH), 3.28 (ddd, J = 10.8, 6.0, 4.3 Hz, 1H,
CHOH), 3.38 (br, t, J = 9.0 Hz, 1H, 7-H), 7.15–7.35 (m, 8 aromatic
H). 13C NMR (CDCl3, 100 MHz) d (ppm) 24.97 (CH2), 26.78 (2CH2),
31.85 (C-4), 34.86 (C-6), 35.75 (C-9), 38.06 (C-8), 41.04 (C-7),
46.21 (N(CH2)2), 48.04 (C-3), 57.91 (C-5), 58.67 (CH2OH), 58.95
(NCH2), 69.37 (C-1), 128.32, 128.66, 128.78, 129.53, 131.97,
142.45, 143.95 (aromatic C). Anal. Calcd for C27H34Cl2N2O: C,
68.49; H, 7.24; N, 5.92. Found: C, 68.71; H, 7.35; N, 5.77. HRMS
(MALDI): calcd. C27H33Cl2N2O [M�H+]: 471.1970; found: 471.1939.


5.2.1.4. (7RS,8RS)-(±)-2-(7,8-Bis-(4-chlorophenyl)-5-piperidino-
2-azabicyclo[3.2.2]non-2-yl)acetic acid (5c). Compound 3c
(512 mg, 0.99 mmol) was suspended in aqueous HClconc (100 mL)
and continuously, the third part of the solution was distilled off on
an oil bath at 160 �C, which took 4–5 h. Then the reaction mixture
was refluxed overnight and the solvent evaporated in vacuo. The
white precipitate was washed with ethanol and dried under reduced
pressure giving the pure dihydrochloride of 5c (380 mg, 0.68 mmol,
69%). Mp (HCl, decomp.) 228 �C. IR (KBr) 3407, 2865, 2491, 1746,
1642, 1495, 1417, 1376, 1200, 1091, 1013, 944, 865, 848, 829, 686,
647 cm�1. UV (CH3OH, nm, (log e)): 210 (4.366). 1H NMR (CD3OD,
400 MHz) d (ppm) 1.52–1.66 (m, 1H, CH2), 1.80–1.90 (m, 1H, CH2),
1.97–2.10 (m, 4H, (CH2)2), 2.50–2.75 (m, 5H, 4-H, 6-H, 9-H), 3.02–
3.10 (m, 3H, 9-H, CHCOO, NCH), 3.26 (ddd, J = 11.8, 11.1, 4.4 Hz,
1H, NCH), 3.62–3.80 (m, 3H, 3-H, NCH), 3.91–4.06 (m, 4H, 7-H, 8-
H, CHCOO, NCH), 4.13 (d, J = 2.4 Hz, 1H, 1-H), 7.47 (br, d, J = 8.9 Hz,

6 aromatic H), 7.68 (br, d, J = 8.5 Hz, 2 aromatic H). 13C (CD3OD,
100 MHz) d (ppm) 23.37 (CH2), 24.93, 25.13 (2CH2), 29.25 (C-9),
30.09 (C-4), 33.67 (C-6), 37.16 (C-8), 42.72 (C-7), 49.24, 49.72
(N(CH2)2), 50.73 (C-3), 57.11 (CH2COO), 66.94 (C-5), 71.18 (C-1),
130.62, 130.75, 131.22, 135.37, 135.64, 137.21, 140.29 (aromatic
C), 167.86 (COO). HRMS (MALDI): calcd. C27H33Cl2N2O2 [MH+]:
487.1919; found: 487.1945.


5.2.2. General procedure for the synthesis of (7RS,8RS)-(±)-2-
[7,8-Bis-(4-chlorophenyl)-5-dialkylamino-2-azabicyclo[3.2.2]-
non-2-yl]acetamides (6a–6c)


Compounds 2a–c were dissolved in ethanol and cooled on an
ice bath. Under cooling and stirring an ethanolic solution of 2-
chloro acetamide was added dropwise using a syringe. The solution
was refluxed for 48 h at 100 �C, and water was added. The mixture
was alkalized with aqueous 2 M NaOH and extracted three times
with ether, the organic phases were combined, washed twice with
water and dried using Na2SO4. After filtration the solvent was
evaporated yielding compounds 6 as yellowish resins.


5.2.2.1. (7RS,8RS)-(±)-2-[7,8-Bis-(4-chlorophenyl)-5-dimethyl-
amino-2-azabicyclo[3.2.2]non-2-yl]acetamide (6a). Compound
2a (1.25 g, 3.25 mmol) dissolved in ethanol (30 mL) was treated with
a solution of 2-chloro acetamide (310 mg, 3.32 mmol) in ethanol
(15 mL) giving 6a (773 mg, 1.73 mmol, 53%). For analytical purposes
purification was done by CC over silica gel using CH2Cl2:
CH3OH = 7:3 as eluent. IR (KBr) 3423, 2935, 2871, 2828, 2783,
1685, 1492, 1461, 1409, 1151, 1091, 1012, 829 cm�1. UV (CH2Cl2,
nm, (log e)): 232 (4.121). 1H NMR (CDCl3, 400 MHz) d (ppm) 1.83–
1.96 (m, 3H, 4-H, 6-H), 2.10 (br, t, J = 12.5 Hz, 1H, 9-H), 2.28–2.36
(m, 8H, N(CH3)2, 6-H, 9-H), 2.70 (d, J = 3.4 Hz, 1H, 1-H), 2.70–2.77
(m, 1H, 3-H), 3.00–3.11 (m, 3H, 3-H, CH2CO), 3.19–3.25 (m, 1H, 8-
H), 3.38 (br, t, J = 8.9 Hz, 1H, 7-H), 5.43, 6.15 (2d, J = 4.2 Hz, 2H,
NH2), 7.16–7.34 (m, 8 aromatic H). 13C NMR (CDCl3, 100 MHz) d
(ppm) 29.81 (C-4), 35.21, 35.37 (C-6, C-9), 37.79 (C-8), 37.90
(N(CH3)2), 40.74 (C-7), 49.30 (C-3), 57.28 (C-5), 61.62 (CH2CO),
70.65 (C-1), 128.48, 128.61, 128.91, 129.58, 132.12, 132.21,
142.17, 143.25 (aromatic C), 173.57 (CONH2). HRMS (MALDI): calcd.
C24H30Cl2N3O [MH+]: 446.1766; found: 446.1729.


5.2.2.2. (7RS,8RS)-(±)-2-[7,8-Bis-(4-chlorophenyl)-5-pyrrolidi-
no-2-azabicyclo[3.2.2]non-2-yl]acetamide (6b). Compound 2b
(986 mg, 2.4 mmol) dissolved in ethanol (20 mL) was treated with
a solution of 2-chloro acetamide (227 mg, 2.4 mmol) in ethanol
(10 mL) giving 6b (568 mg, 1.2 mmol, 50%). For analytical purposes
purification was done by CC over silica gel using CH2Cl2:
CH3OH = 4:1 as eluent. IR (KBr) 3425, 2930, 2873, 1684, 1492,
1409, 1148, 1093, 1012, 828 cm�1. UV (CH2Cl2, nm, (log e)): 232
(4.162). 1H NMR (CDCl3, 400 MHz) d (ppm) 1.80 (br, s, 4H, (CH2)2),
1.91–2.06 (m, 3H, 4-H, 6-H), 2.20–2.30 (m, 3H, 6-H, 9-H), 2.70 (d,
J = 3.4 Hz, 1H, 1-H), 2.72–2.82 (m, 5H, 3-H, N(CH2)2), 3.00–3.12
(m, 3H, 3-H, CH2CO), 3.21–3.27 (m, 1H, 8-H), 3.40 (br, t, J = 8.9 Hz,
1H, 7-H), 5.38, 6.14 (2d, J = 3.5 Hz, 2H, NH2), 7.16–7.36 (m, 8 aro-
matic H). 13C NMR (CDCl3, 100 MHz) d (ppm) 23.52 ((CH2)2),
31.61 (C-4), 35.69 (C-6), 35.87 (C-9), 37.60 (C-8), 40.43 (C-7),
45.19 (N(CH2)2), 49.27 (C-3), 56.69 (C-5), 61.59 (CH2CO), 70.91
(C-1), 128.46, 128.67, 128.89, 129.62, 132.09, 132.18, 142.15,
143.29 (aromatic C), 173.68 (CONH2). HRMS (MALDI): calcd.
C26H32Cl2N3O [MH+]: 472.1922; found: 472.1963.


5.2.2.3. (7RS,8RS)-(±)-2-[7,8-Bis-(4-chlorophenyl)-5-piperidino-
2-azabicyclo[3.2.2]non-2-yl]acetamide (6c). Compound 2c (1.5 g,
3.5 mmol) dissolved in ethanol (30 mL) was treated with a solution
of 2-chloro acetamide (333 mg, 3.6 mmol) in ethanol (15 mL) giving
6c (1.12 g, 2.3 mmol, 66%). The residue was purified by CC over basic
Al2O3 using CH2Cl2 as eluent. IR (KBr) 3425, 2930, 2851, 1686, 1492,
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1409, 1156, 1093, 1012, 828 cm�1. UV (CH2Cl2, nm, (loge)): 231
(4.150). 1H NMR (CDCl3, 400 MHz) d (ppm) 1.42–1.48 (m, 2H, CH2),
1.54–1.64 (m, 4H, 2CH2), 1.82–1.97 (m, 3H, 4-H, 6-H), 2.09 (br, t,
J = 12.2 Hz, 1H, 9-H), 2.31 (br, t, J = 10.9 Hz, 2H, 6-H, 9-H), 2.52–
2.68 (m, 4H, N(CH2)2), 2.71–2.77 (m, 2H, 1-H, 3-H), 3.00–3.11 (m,
3H, 3-H, CH2CO), 3.21 (dd, J = 10.7, 7.8 Hz, 1H, 8-H), 3.35 (br, t,
J = 8.9 Hz, 1H, 7-H), 5.36–5.38 (m, 1H, NH), 6.25 (d, J = 4.1 Hz, 1H,
NH), 7.17–7.33 (m, 8 aromatic H). 13C (CDCl3, 100 MHz) d (ppm)
24.96 (CH2), 26.77 (2CH2), 31.18 (C-4), 34.91 (C-9), 35.26 (C-6),
38.22 (C-8), 41.46 (C-7), 46.21 (N(CH2)2), 49.54 (C-3), 57.82 (C-5),
61.49 (CH2CO), 70.38 (C-1), 128.49, 128.56, 128.89, 129.12, 129.43,
132.11, 142.14, 143.38 (aromatic C), 173.62 (CONH2). HRMS (MAL-
DI): calcd. C27H34Cl2N3O [MH+]: 486.2079; found: 486.2084.


5.2.3. General procedure for the synthesis of (7RS,8RS)-(±)-2-
[7,8-bis-(4-chlorophenyl)-5-dialkylamino-2-azabicyclo[3.2.2]non-
2-yl]ethylamines (7a–7c)


Compounds 6a-c were suspended in dry ether and LiAlH4 was
added in portions at 0 �C under stirring. The mixture was refluxed
over night at 55 �C on an oil bath, cooled to room temperature and
was cautiously quenched with ice water. Aqueous 2M NaOH was
added, and the mixture was extracted 5 times with ether. The com-
bined organic layers were washed with water, dried over Na2SO4,
filtered, and the solvent was evaporated in vacuo. Compounds 7
were yielded as yellowish resins.


5.2.3.1. (7RS,8RS)-(±)-2-[7,8-Bis-(4-chlorophenyl)-5-dimethyl-
amino-2-azabicyclo[3.2.2]non-2-yl]ethylamine (7a). Compound
6a (75 mg, 0.17 mmol) reacted in dry ether (10 mL) with LiAlH4


(50 mg, 1.3 mmol) to give 7a (70 mg, 0.16 mmol, 96%). IR (KBr)
3424, 2927, 2823, 2780, 1491, 1460, 1410, 1091, 1039, 1012,
827 cm�1. UV (CH2Cl2, nm, (loge)): 231 (4.022). 1H NMR (CDCl3,
400 MHz) d (ppm) 1.84–1.89 (m, 3H, 4-H, 6-H), 2.09 (br, t,
J = 12.2 Hz, 1H, 9-H), 2.18–2.32 (m, 9H, NCH2, CHNH2, N(CH3)2, 6-
H, 9-H), 2.36–2.47 (m, 3H, NCH2, CHNH2), 2.66 (d, J = 3.1 Hz, 1H,
1-H), 2.74–2.80 (m, 1H, 3-H), 2.91–2.98 (m, 1H, 3-H), 3.10 (ddd,
J = 10.9, 7.6, 3.0 Hz, 1H, 8-H), 3.42 (br, t, J = 10.0 Hz, 1H, 7-H),
7.17–7.34 (m, 8 aromatic H). 13C (CDCl3, 100 MHz) d (ppm) 30.83
(C-4), 34.85 (C-6), 37.17 (C-9), 37.45 (C-8), 37.98 (N(CH3)2), 39.39
(C-7), 39.92 (CH2NH2), 48.35 (C-3), 57.32 (C-5), 60.39 (NCH2),
68.95 (C-1), 127.97, 128.75, 128.83, 130.08, 131.69, 131.83,
143.04, 144.25 (aromatic C). HRMS (MALDI): calcd. C24H32Cl2N3


[MH+]: 432.1973; found: 432.2032.


5.2.3.2. (7RS,8RS)-(±)-2-[7,8-Bis-(4-chlorophenyl)-5-pyrrolidi-
no-2- azabicyclo[3.2.2]non-2-yl]ethylamine (7b). Compound 6b
(160 mg, 0.34 mmol) reacted in dry ether (10 mL) with LiAlH4


(60 mg, 1.6 mmol) to give 7b (130 mg, 0.28 mmol, 83%). For analyt-
ical purposes purification was done by CC over silica gel using
CH3OH as eluent. IR (KBr) 3441, 2929, 2871, 2813, 1629, 1492,
1460, 1092, 1012, 827, 700 cm�1. UV (CH2Cl2, nm, (loge)): 231
(4.077). 1H NMR (CDCl3, 400 MHz) d (ppm) 1.69 (br, s, 4H,
(CH2)2), 1.86–1.95 (m, 3H, 4-H, 6-H), 2.10–2.38 (m, 7H, NCH2,
CH2NH2, 6-H, 9-H), 2.58 (d, J = 2.4 Hz, 1H, 1-H), 2.65–2.73 (m,
5H, N(CH2)2, 3-H), 2.84–2.89 (m, 1H, 3-H), 3.04 (ddd, J = 12.0,
10.0, 2.8 Hz, 1H, 8-H), 3.50 (br, t, J = 8.8 Hz, 1H, 7-H), 7.09–7.28
(m, 8 aromatic H). 13C (CDCl3, 100 MHz) d (ppm) 23.53 (CH2)2,
32.79 (C-4), 35.48 (C-6), 37.32 (C-8, C-9), 39.06 (C-7), 39.85
(CH2NH2), 45.05 (N(CH2)2), 48.39 (C-3), 56.38 (C-5), 60.32
(NCH2), 69.06 (C-1), 127.85, 128.63, 128.81, 130.04, 131.55,
131.67, 143.02, 144.33 (aromatic C).


5.2.3.3. (7RS,8RS)-(±)-2-[7,8-Bis-(4-chlorophenyl)-5-piperidino-
2-azabicyclo[3.2.2]non-2-yl]ethylamine (7c). Compound 6c
(838 mg, 1.72 mmol) reacted in dry ether (20 mL) with LiAlH4


(309 mg, 8.1 mmol) to give 7c (439 mg, 0.93 mmol, 54%). For ana-

lytical purposes purification was done by CC over silica gel using
CH2Cl2: CH3OH = 1:1 as eluent. IR (KBr) 3423, 2929, 2850, 2798,
1491, 1409, 1151, 1092, 1012, 828 cm�1. UV (CH2Cl2, nm, (loge)):
230 (4.124). 1H NMR (CDCl3, 400 MHz) d (ppm) 1.42–1.48 (m,
2H, CH2), 1.54–1.64 (m, 4 H, 2CH2), 1.80–1.92 (m, 3H, 4-H, 6-H),
2.10 (br, t, J = 12.0 Hz, 1H, 9-H), 2.20–2.36 (m, 3H, CHNH2, 6-H,
9-H), 2.39–2.49 (m, 3H, CHNH2, NCH2), 2.59 (br, s, 4H, N(CH2)2),
2.71 (d, J = 2.8 Hz, 1H, 1-H), 2.74–2.81 (m, 1H, 3-H), 2.91–2.98
(m, 1H, 3-H), 3.09 (dd, J = 11.2, 8.0, 3.1 Hz, 1H, 8-H), 3.40 (br, t,
J = 9.1 Hz, 1H, 7-H), 7.17–7.31 (m, 8 aromatic H). 13C (CDCl3,
100 MHz) d (ppm) 25.02 (CH2), 26.85 (2CH2), 32.05 (C-4), 34.78
(C-6), 36.95 (C-9), 37.90 (C-8), 39.97 (CH2NH2), 40.05 (C-7), 46.18
(N(CH2)2), 48.36 (C-3), 57.86 (C-5), 60.34 (NCH2), 68.83 (C-1),
127.97, 128.67, 128.76, 129.90, 131.62, 131.73, 143.07, 144.32
(aromatic C). Anal. Calcd for C27H35Cl2N3: C, 68.63; H, 7.47; N,
8.89. Found: C, 68.32; H, 7.44; N, 8.33.


5.2.4. General procedure for the synthesis of (7RS,8RS)-(±)-5-
dialkylamino-7,8-diaryl-2-azabicyclo[3.2.2]nonanes (8a–8c,
9a–14a)


The dialkylammonium isothiocyanate and the 4-arylbut-3-en-
2-one were suspended in toluene and refluxed for 4 h at a water
separator at 140 �C on an oil bath. The solvent was evaporated in
vacuo and the residue was treated with ethanol, ethyl acetate or
acetone. The afforded 6,7-diarylbicyclo[2.2.2]octan-2-one isothio-
cyanate was sucked off. Then it was stirred for 1 h with aqueous
2M NaOH and extracted with ether until the precipitate was com-
pletely dissolved. The combined organic phases were washed with
water, dried over Na2SO4, filtered and the solvent was evaporated
in vacuo. The resin was dried by distillation with dry benzene.
Hydroxylamine-O-sulfonic acid was added and the mixture was
suspended in glacial acetic acid and refluxed over night at 145 �C
on an oil bath. After cooling to room temperature, the dark brown
solution was poured on ice, alkalized with aqueous 2M NaOH and
extracted 5 times with CH2Cl2. The combined organic phases were
washed twice with water. After drying with Na2SO4, the solution
was filtered, and the solvent was removed in vacuo. The residue
was dissolved in acetone or ethanol and the product precipitated.
It was filtered off and dried over phosphorus pentaoxide. Then ist
was suspended in dry ether, and LiAlH4 was added in portions un-
der stirring and cooling on an ice bath. The mixture was refluxed
for 48 h at 55 �C on an oil bath, cooled to room temperature and
cautiously quenched with ice water under stirring and cooling on
an ice bath. Aqueous 2M NaOH was added, and the mixture was
extracted 5 times with CHCl3. The organic layers were combined,
washed with water, dried over Na2SO4, filtered, and the solvent
was evaporated in vacuo. The residue was purified by means of
CC or by extraction with hexane. The dihydrochlorides were pre-
pared by treatment of a solution of the base in CH2Cl2 with 2M
etheral HCl and subsequent evaporation of the solvents in vacuo.
The residues crystallized from ethyl acetate, ethanol/ethyl acetate,
ethanol, acetone, ether or acetone/ethanol.


5.2.4.1. (7RS,8RS)-(±)-N-(7,8-Bis-(3,4-dichlorophenyl)-2-azabicy-
clo[3.2.2]non-5-yl)-N,N-dimethylamine (8a). Dimethylammonium
isothiocyanate (12.6 g, 120 mmol) and 3,4-dichlorobenzylidene ace-
tone (44.3 g, 200 mmol) in toluene (113 mL) gave a resin which was
treated with hydroxylamine-O-sulfonic acid (6.2 g, 55 mmol) in gla-
cial acetic acid (64 mL) and subsequently with LiAlH4 (2.38 g,
63 mmol) in dry ether (100 mL). Compound 8a (4.4 g, 9.6 mmol, 8%)
was obtained by extraction of the residue with hexane. Mp (HCl, de-
comp.) 240 �C. IR (KBr) 3413, 2948, 2676, 2465, 1612, 1474, 1410,
1374, 1138, 1029, 903, 818 cm�1; UV (CH3OH, nm, (loge)): 206
(4.638). 1H NMR (CDCl3, 400 MHz) d (ppm) 1.79 (dd, J = 13.3, 9.9 Hz,
1H, 6-H), 1.85–1.91 (m, 2H, 4-H), 2.11 (d, J = 9.9 Hz, 2H, 9-H), 2.29 (s,
6H, N(CH3)2), 2.35 (br, t, J = 6.7 Hz, 1H, 6-H), 3.00–3.14 (m, 4H, 1-H,
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3-H, 8-H), 3.38 (br, t, J = 9.4 Hz, 1 H, 7-H), 7.13–7.45 (m, 6 aromatic H).
13C (CDCl3, 100 MHz) d (ppm) 31.51 (C-4), 35.90 (C-6), 36.75 (C-9),
37.93 (N(CH3)2), 38.41 (C-8), 41.50 (C-3), 46.41 (C-7), 57.78 (C-5),
61.02 (C-1), 126.47, 127.41, 129.22, 129.78, 130.15, 130.48 (aromatic
C), 130.06, 130.26 132.28, 132.54, 144.47, 145.32 (aromatic Cq). HRMS
(MALDI): calcd. C22H25Cl4N2 [MH+]: 457.0772; found: 457.0815.


5.2.4.2. (7RS,8RS)-(±)-1-(7,8-Bis(3,4-dichlorophenyl)-2-azabi-
cyclo[3.2.2]non-5-yl)pyrrolidine (8b). Pyrrolidinium isothio-
cyanate (5.83 g, 44.5 mmol), and 3,4-dichlorobenzylidene ace-
tone (19.3 g, 89 mmol) in toluene (50 mL) gave a resin which
was treated with hydroxylamine-O-sulfonic acid (9.4 g,
83.1 mmol) in glacial acetic acid (84 mL) and subsequently with
LiAlH4 (3.5 g, 92.2 mmol) in dry ether (150 mL). Compound 8b
(4.8 g, 9.9 mmol, 22%) was obtained by extraction of the residue
with hexane. Mp (HCl, decomp.) 227 �C. IR (KBr) 3422, 2949,
2869, 2613, 2486, 1589, 1475, 1411, 1137, 1028, 818 cm�1. UV
(CH3OH, nm, (log e)): 206 (4.629). 1H NMR (CDCl3, 400 MHz) d
(ppm) 1.77 (br, s, 4H, 2CH2), 1.89–1.97 (m, 3H, 4-H, 6-H), 2.11
(ddd, J = 13.3, 8.9, 2.1 Hz, 1H, 9-H), 2.20 (dd, J = 13.3, 10.6 Hz, 1H,
9-H), 2.30 (ddd, J = 13.1, 9.2, 1.9 Hz, 1H, 6-H), 2.66–2.78 (m, 4H,
N(CH2)2), 3.02–3.16 (m, 4H, 1-H, 3-H, 8-H), 3.40 (br, t, J = 9.4 Hz,
1H, 7-H), 7.13–7.46 (m, 6 aromatic H). 13C (CDCl3, 100 MHz) d
(ppm) 23.55 ((CH2)2), 33.27 (C-4), 36.81 (C-6), 36.98 (C-9), 38.32
(C-8), 41.60 (C-3), 45.16 (N(CH2)2), 46.41 (C-7), 56.81 (C-5),
61.27 (C-1), 126.58, 127.41, 129.24, 129.79, 130.04, 130.17,
130.49, 132.30, 132.55, 144.48, 145.47 (aromatic C). HRMS (MAL-
DI): calcd. C24H27Cl4N2 [MH+]: 483.0928; found: 483.1010.


5.2.4.3. (7RS,8RS)-(±)-1-(7,8-Bis(3,4-dichlorophenyl)-2-azabi-
cyclo[3.2.2]non-5-yl)piperidine (8c). Piperidinium isothiocya-
nate (2.3 g, 22 mmol), and 3,4-dichlorobenzylidene acetone
8.06 g (38 mmol) in toluene (65 mL) gave a resin which was trea-
ted with hydroxylamine-O-sulfonic acid (4.0 g, 35.3 mmol) in
glacial acetic acid (41 mL) and subsequently with LiAlH4 (1.5 g,
40 mmol) in dry ether (150 mL). Compound 8c (4.24 g, 8.5 mmol,
39%) was obtained after extraction of the residue with hexane.
Mp (HCl, decomp.) 225 �C. IR (KBr) 3425, 2947, 2867, 2648,
2529, 2362, 1726, 1635, 1587, 1475, 1409, 1371, 1254, 1137,
1028, 815 cm�1. UV (CH3OH, nm, (log e)): 206 (4.612). 1H NMR
(CDCl3, 400 MHz) d (ppm) 1.42–1.50 (m 2H, CH2), 1.56–1.66
(m, 4H, 2CH2), 1.77 (dd, J = 12.6, 10.6 Hz, 1H, 6-H), 1.84–1.96
(m, 2H, 4-H), 2.10–2.13 (m, 2H, 9-H), 2.34 (dd, J = 13.0, 9.2 Hz,
1H, 6-H), 2.50–2.66 (m, 4H, N(CH2)2), 3.00–3.13 (m, 4H, 1-H, 3-
H, 8-H), 3.35 (br, t, J = 9.6 Hz, 1H, 7-H), 7.13–7.45 (m, 6 aromatic
H). 13C (CDCl3, 100 MHz) d (ppm) 25.00 (CH2), 26.76 (2CH2),
32.64 (C-4), 35.72 (C-6), 36.68 (C-9), 38.82 (C-8), 41.81 (C-3),
46.25 (N(CH2)2), 46.90 (C-7), 58.34 (C-5), 61.01 (C-1), 126.51,
127.34, 129.15, 129.72, 130.21, 130.46, 132.34, 132.54, 144.52,
145.42 (aromatic C). HRMS (MALDI): calcd. C25H29Cl4N2 [MH+]:
497.1085; found: 497.1091.


5.2.4.4. (7RS,8RS)-(±)-N-(7,8-Bis(4-methylphenyl)-2-azabicyclo-
[3.2.2]non-5-yl)-N,N-dimethylamine (9a). Dimethylammonium
isothiocyanate (2.4 g, 23 mmol), and 4-(4-methylphenyl)but-3-en-
2-one (6.6 g, 42 mol) in toluene (35 mL) gave a resin which was trea-
ted with hydroxylamin-O-sulfonic acid (2.4 g, 21 mmol) in glacial
acetic acid (80 mL) and subsequently with LiAlH4 (1.58 g, 42 mmol)
in dry ether (120 mL) giving 9a (1.16 g, 3.3 mmol, 16%). Mp (HCl):
220–222 �C. IR (KBr) 3421, 3019, 2950, 2863, 2651, 2466, 1626,
1584, 1516, 1456, 1413, 1377, 1179, 1114, 1007, 903, 813 cm�1.
UV (CH3OH, nm, (loge)): 213 (4.324). 1H NMR (CDCl3, 400 MHz) d
(ppm) 1.83 (s, br, 1H, NH), 1.84–1.92 (m, 3H, 4-H, 6-H), 2.09 (dd,
J = 13.2, 11.0 Hz, 1H, 9-H), 2.22 (ddd, J = 13.2, 8.8, 2.5 Hz, 1H, 9-H),
2.30–2.35 (m, 13H, 6-H, 2CH3, N(CH3)2), 3.06 (d, J = 2.5 Hz, 1H, 1-
H), 3.07–3.15 (m, 2H, 3-H), 3.25 (ddd J = 11.0, 8.8, 2.2 Hz, 1H, 8-H),

3.39 (br, t, J = 9.3 Hz, 1H, 7-H), 7.10–7.29 (m, 8 aromatic H). 13C
(CDCl3, 100 MHz) d (ppm) 20.87 (2CH3), 31.67 (C-4), 35.72 (C-9),
36.79 (C-6), 37.95 (N(CH3)2), 39.23 (C-8), 41.89 (C-3), 46.69 (C-7),
57.97 (C-5), 61.75 (C-1), 127.02, 127.65, 129.10, 129.19 (aromatic
C), 135.55, 135.66, 141.21, 142.59 (aromatic Cq). HRMS (MALDI):
calcd. C24H33N2 [MH+]: 349.2644; found: 349.2670.


5.2.4.5. (7RS,8RS)-(±)-N-(7,8-Bis(4-methoxyphenyl)-2-azabicyclo-
[3.2.2]non-5-yl)-N,N-dimethylamine (10a). Dimethylammonium
isothiocyanate (4.1 g, 39 mmol), 4-(4-methoxyphenyl)but-3-en-2-
one 12.5 g (71 mmol) in toluene (90 mL) gave a resin which was trea-
ted with hydroxylamine-O-sulfonic acid (932 mg, 8.2 mmol) in glacial
acetic acid (35 mL) and subsequently with LiAlH4 (440 mg,
11.5 mmol) in dry ether (120 mL) giving 10a (440 mg, 1.16 mmol,
3.3%). Mp (HCl) 209 �C. IR (KBr) 3421, 2958, 2836, 2676, 2464, 1611,
1582, 1515, 1461, 1418, 1251, 1183, 1030, 834 cm�1. UV (CH3OH,
nm, (loge)): 227 (4.407), 276 (3.768). 1H NMR (CDCl3, 400 MHz) d
(ppm) 1.26 (br, s, 1H, NH), 1.82–1.91 (m, 3H, 4-H, 6-H), 2.09 (dd,
J = 13.2, 10.8 Hz, 1H, 9-H), 2.19 (ddd, J = 13.2, 8.9, 2.1 Hz, 1H, 9-H),
2.24–2.34 (m, 7H, 6-H, N(CH3)2), 3.00 (d, J = 2.6 Hz, 1H, 1-H), 3.08–
3.13 (m, 2H, 3-H), 3.22 (ddd J = 10.9, 8.9, 2.3 Hz, 1H, 8-H), 3.37 (br, t,
J = 9.4 Hz, 1H, 7-H), 3.77, 3.80 (2s, 6H, 2 OCH3), 6.85 (d, J = 9.1 Hz, 2
aromatic H), 6.87 (d, J = 9.1 Hz, 2 aromatic H), 7.22 (d, J = 8.8 Hz, 2 aro-
matic H), 7.30 (d, J = 8.7 Hz, 2 aromatic H). 13C (CDCl3, 100 MHz) d
(ppm) 31.58 (C-4), 35.88 (C-9), 36.67 (C-6), 37.90 (N(CH3)2), 38.63
(C-8), 41.80 (C-3), 46.05 (C-7), 55.18 (2 OCH3), 58.00 (C-5), 61.99 (C-
1), 113.81, 113.86, 128.05, 128.67 (aromatic C), 136.17, 137.60,
157.82, 157.92 (aromatic Cq). HRMS (MALDI): calcd. C24H33N2O2


[MH+]: 381.2542; found: 381.2574.


5.2.4.6. (7RS,8RS)-(±)-N-(7,8-Bis(4-trifluoromethylphenyl)-2-
azabicyclo[3.2.2]non-5-yl)-N,N-dimethylamine (11a). Dimethyl-
ammonium isothiocyanate (1.25 g, 12 mmol), and 4-trifluorom-
ethylbenzylidene acetone (4.7 g, 22 mmol) in toluene (20 mL)
gave a resin which was treated with hydroxylamine-O-sulfonic
acid (0.64 g, 5.7 mmol) in glacial acetic acid (40 mL) and subse-
quently with LiAlH4 (400 mg, 10.5 mmol) in dry ether (40 mL)
giving a residue which was purified by means of CC using
CH2Cl2: MeOH = 1:1 as eluent yielding 11c (480 mg, 1.1 mmol
9.4%). Mp (HCl) 226 �C. IR (KBr) 3423, 2950, 2854, 2683, 1620,
1467, 1419, 1328, 1168, 1122, 1070, 1016, 843 cm�1. UV
(CH3OH, nm, (log e)): 208 (4.260). 1H NMR (CDCl3, 400 MHz) d
(ppm) 1.81 (s, br, 1H, NH), 1.88–1.95 (m, 3H, 4-H, 6-H), 2.13–
2.26 (m, 2H, 9-H), 2.32 (s, 6H, N(CH3)2), 2.39 (dd, J = 13.4,
8.9 Hz, 1H, 6-H), 3.11–3.18 (m, 3H, 1-H, 3-H), 3.24 (br, t,
J = 9.5 Hz, 1H, 8-H), 3.51 (br, t, J = 9.3 Hz, 1H, 7-H), 7.40–7.61
(m, 8 aromatic H). 13C (CDCl3, 100 MHz) d (ppm) 31.56 (C-4),
36.00 (C-6), 36.22 (C-9), 37.90 (N(CH3)2), 39.31 (C-8), 41.62 (C-
3), 47.03 (C-7), 57.90 (C-5), 61.08 (C-1), 125.30, 125.59 (2q,
3J(C,F) = 3.8 Hz, 2 aromatic C), 127.46, 128.22 (aromatic C),
128.45, 128.77 (2d, 2J(C,F) = 21.4 Hz, 2 aromatic Cq), 148.13 (d,
1J(C,F) = 244.0 Hz, 2CF3), 148.23, 149.25 (aromatic Cq). HRMS
(MALDI): calcd. C24H27F6N2 [MH+]: 457.2078; found: 457.2066.


5.2.4.7. (7RS,8RS)-(±)-N-(7,8-Bis(4-bromophenyl)-2-azabicyclo
[3.2.2]non-5-yl)-N,N-dimethylamine (12a). Dimethylammonium
isothiocyanate (1.3 g,12.9 mmol), and 4-(4-bromophenyl)but-3-
en-2-one (5.3 g, 24 mol) in toluene (40 mL) gave a resin which
was treated with hydroxylamine-O-sulfonic acid (1.8 g, 16 mmol)
in glacial acetic acid (70 mL) and subsequently with LiAlH4


(600 mg, 15.8 mmol) in dry ether (80 mL) giving 12a (840 mg,
1.76 mmol, 25%). Mp (HCl, decomp.) 257 �C. IR (KBr) 3423, 2962,
2653, 2468, 1589, 1491, 1410, 1377, 1181, 1076, 1008, 903,
826 cm�1. UV (CH3OH, nm, (loge)): 204 (4.453), 222 (4.401). 1H
NMR (CDCl3, 400 MHz) d (ppm) 1.84 (dd, J = 13.2, 9.9 Hz, 1H, 6-
H), 1.88–1.91 (m, 2H, 4-H), 2.07–2.18 (m, 2H, 9-H), 2.31 (s, 6H,
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N(CH3)2), 2.34 (ddd, J = 13.2, 9.5, 2.2 Hz, 1H, 6-H), 3.01 (d,
J = 2.2 Hz, 1H, 1-H), 3.07–3.11 (m, 2H, 3-H), 3.13 (ddd, J = 10.6,
8.1, 2.6 Hz, 1H, 8-H), 3.39 (br, t, J = 9.3 Hz, 1H, 7-H), 7.18 (d,
J = 8.4 Hz, 2 aromatic H), 7.24 (d, J = 8.4 Hz, 2 aromatic H), 7.41
(d, J = 8.8 Hz, 2 aromatic H), 7.45 (d, J = 8.4 Hz, 2 aromatic H). 13C
(CDCl3, 100 MHz) d (ppm) 31.60 (C-4), 36.17, 36.20 (C-6, C-9),
37.95 (N(CH3)2), 38.86 (C-8), 41.68 (C-3), 46.61 (C-7), 57.99 (C-5),
61.41 (C-1), 119.96, 120.05 (aromatic Cq), 128.89, 129.63, 131.46,
131.66 (aromatic C), 143.10, 144.26 (aromatic Cq). HRMS (MALDI):
calcd. (C22H27Br2N2) [MH+]: 477.0541 found: 477.0533.


5.2.4.8. (7RS,8RS)-(±)-N-(7,8-Bis(naphthalen-1-yl)-2-azabicyclo-
[3.2.2]non-5- yl)-N,N-dimethylamine (13a). Dimethylammonium
isothiocyanate (1.6 g, 15 mmol), 4-(naphthalen-1-yl)but-3-en-2-
one (5.43 g, 28 mmol) in toluene (20 mL) gave a resin which was
treated with hydroxylamine-O-sulfonic acid (1.25 g, 11 mmol) in
glacial acetic acid (65 mL) and subsequently with LiAlH4 (820 mg,
22 mmol) in dry ether (60 mL) gave a residue which was purified
by means of CC using CH2Cl2: MeOH = 1:1 as eluent giving 13a
(650 mg, 1.55 mmol, 11.2%). Mp (HCl, decomp.) 291 �C. IR (KBr)
3405, 3048, 2942, 2661, 2455, 2380, 1600, 1586, 1511, 1457, 1408,
1373, 802, 776 cm�1. UV (CH3OH, nm, (log e)): 224 (5.035), 283
(4.155). 1H NMR (CDCl3, 400 MHz) d (ppm) 2.00–2.15 (m, 3H, 4-H,
NH), 2.20 (dd, J = 13.4, 10.4 Hz, 1H, 9-H), 2.38–2.54 (m, 9H, 6-H, 9-
H, N(CH3)2), 3.08 (s, 1H, 1-H), 3.28–3.34 (m, 1H, 3-H), 3.41–3.48
(m, 1H, 3-H), 4.11 (br, t, J = 9.6 Hz, 1H, 8-H), 4.37 (br, t, J = 9.2 Hz,
1H, 7-H), 6.83–8.23 (m, 14 aromatic H). 13C (CDCl3, 100 MHz) d
(ppm) 31.22 (C-4), 34.13 (C-6), 34.79 (C-8), 35.63 (C-9), 38.01
(N(CH3)2), 41.38 (C-7), 41.74 (C-3), 58.32 (C-5), 60.85 (C-1),
122.34, 122.48, 123.89, 123.96, 125.07, 125.14, 125.48, 125.67,
126.15, 126.85, 127.23, 128.72, 128.91, 131.56, 132.29, 133.95,
134.41, 139.05, 140.23 (aromatic C). HRMS (MALDI): calcd.
C30H33N2 [MH+]: 421.2644; found: 421.2607.


5.2.4.9. (7RS,8RS)-(±)-(7,8-bis(4-fluorophenyl)-2-aza-bicyclo
[3.2.2]non-5-yl)-dimethylamine (14a). Dimethylammonium iso-
thiocyanate (8.46 g, 0.081 mol), 4-fluorobenzylidene acteone
(24.2 g, 0.147 mol) in toluene (84 mL) gave a resin which was trea-
ted with hydroxylamine-O-sulfonic acid (6.68 g, 59.12 mmol) in
glacial acetic acid (400 mL)) and subsequently with LiAlH4


(1.9 g, 50.4 mmol) in dry ether (85 mL) gave a residue which was
purified by means of CC using CH2Cl2: MeOH = 1:1 as eluent giving
14a (1.02 g, 2.86 mmol, 3.9%). M.p. (HCl, decomp.): 282–286 �C; IR
(KBr) 3510, 3374, 2946, 2659, 2473, 1606, 1586, 1510, 1482, 1456,
1414, 1222, 1164, 850 cm�1. UV (CH3OH, nm, (log e)): 207 (4.208),
265 (3.344), 349 (2.793). 1H NMR (CDCl3, 400 MHz) d (ppm)) 1.84
(dd, J = 13.2, 9.9 Hz, 1H, 6-H), 1.88 - 1.93 (m, 2H, 4-H), 2.11 (dd,
J = 13.6, 10.6 Hz, 1H, 9-H), 2.18 (ddd, J = 13.2, 8.8, 2.0 Hz, 1H, 9-
H), 2.30 (s, 6H, N(CH3)2), 2.34 (ddd, J = 12.8, 11.0, 2.1 Hz, 1H, 6-
H), 3.01 (d, J = 2.2 Hz, 1H, 1-H), 3.09 - 3.12 (m, 2H, 3-H), 3.19
(ddd, J = 10.8, 8.8, 2.0 Hz, 1H, 8-H), 3.41 (br, t, J = 9.3 Hz, 1H, 7-
H), 6.96 - 7.37 (m, 8 aromatic H). 13C NMR (CDCl3, 100 MHz)d
(ppm) 31.57 (C-4), 36.39 (C-9), 36.56 (C-6), 37.91 (N(CH3)2),
38.59 (C-8), 41.72 (C-3), 46.45 (C-7), 57.90 (C-5), 61.68 (C-1),
115.09 (d, 2J(C,F) = 21 Hz, aromatic C), 115.26 (d, 2J(C,F) = 21 Hz,
aromatic C), 128.45 (d, 3J(C,F) = 7.6 Hz, aromatic C), 129.18 (d,
3J(C,F) = 7.6 Hz, aromatic C), 139.81, 141.01 (aromatic Cq),
161.20 (d, 1J(C,F) = 244 Hz, aromatic Cq), 161.30 (d, 1J(C,F) =
243 Hz, aromatic Cq). HRMS (MALDI): calcd. (C22H27N2F2) [MH+]:
357.2142; found: 357.2173.


5.3. Biological tests


5.3.1. Invitro microplate assay against Plasmodium falciparum K1


Antiplasmodial activity was examined using the K1 strain of P.
falciparum (resistant to chloroquine and pyrimethamine). Viability

was determined by the incorporation of [3H]-hypoxanthine into
living protozoal cells by a modification of a reported assay.15


Briefly, infected human red blood cells in RPMI 1640 medium
with 5% Albumax were exposed to serial drug dilutions ranging
from 5 to 0.078 lg/mL in microtiter plates. After 48 h of incuba-
tion at 37 �C in a reduced oxygen atmosphere, 0.5 lCi 3H-hypo-
xanthine was added to each well. Cultures were incubated for a
further 24 h before they were harvested onto glass-fiber filters
and washed with distilled water. The radioactivity was counted
using a BetaplateTM liquid scintillation counter (Wallac, Zurich,
Switzerland). The results were recorded as counts per minute
(CPM) per well at each drug concentration and expressed as per-
centage of the untreated controls. From the sigmoidal inhibition
curves IC50 values were calculated. Assays were run in duplicate
and repeated once. Standard was artemisinin.

5.3.2. In vitro microplate assay against Trypanosoma brucei
rhodesiense, cytotoxicity


Minimum Essential Medium (50 ll) supplemented according
to a known procedure with 2-mercaptoethanol and 15% heat-
inactivated horse serum was added to each well of a 96-well
microtiter plate.16 Serial drug dilutions were prepared covering
a range from 90 to 0.123 lg/mL. Then 104 bloodstream forms of
Trypanosoma b. rhodesiense STIB 900 in 50 ll were added to each
well and the plate incubated at 37 �C under a 5% CO2 atmosphere
for 72 h. About 10 ll of Alamar Blue (containing 0.0125 g resazu-
rin dissolved in 1000 mL distilled water) was then added to each
well and incubation continued for a further 2–4 h. The Alamar
blue dye is an indicator of cellular growth and/or viability. The
blue, non fluorescent, oxidized form becomes pink and fluores-
cent upon reduction by living cells. The plate was then read in
a Spectramax Gemini XS microplate fluorometer (Molecular De-
vices Cooperation, Sunnyvale, CA, USA) using an excitation wave-
length of 536 nm and emission wavelength of 588 nm.17


Fluorescence development was measured and expressed as per-
centage of the control. Data were transferred into the graphic
programme Softmax Pro (Molecular Devices) which calculated
IC50 values. Melarsoprol served as standard. Cytotoxicity was as-
sessed using the same assay and rat skeletal myoblasts (L-6 cells)
with mefloquine as standard.
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1. Introduction


Chronic pain comprises a breadth of heterogeneous symptoms
that can be characterized as inflammatory or neuropathic in nat-
ure. Neuropathic pain results from injury to the peripheral and/
or central sensory pathways where the painful state exists without
apparent noxious input, and is associated with hyperexcitability
and spontaneous action potential firing in sensory neurons.
Current treatment options do not provide adequate relief for many
patients and a significant number of the agents used have dose-
limiting side effects.1,2


Voltage-gated sodium channels (VGSCs) are critical modulators
for the transduction of action potentials in tissues such as nerve
and muscle.3 Considerable medical and experimental evidence
implicates abnormal sodium channel activity in the peripheral ner-
vous system in the pathophysiology of chronic pain,4 making them
attractive molecular targets for therapeutic intervention.5–7 Sev-

ll rights reserved.
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).

eral therapeutic classes of drugs, including antiarrhythmics (e.g.,
mexiletine), anticonvulsants (e.g., lamotrigine), and local anesthet-
ics (e.g., lidocaine), share the common mechanism of blocking
VGSCs and some have been used clinically to treat neuropathic
pain (Fig. 1).8 These non-selective agents provide effective analge-
sia despite their relatively weak in vitro potency against sodium
channel blockade, but possess a relatively narrow therapeutic in-
dex which limits their clinical utility.9


The VGSCs are a family of nine transmembrane proteins
that control the flow of sodium ions across cell membranes.10

N NH2H2N


Mexiletine Lamotrigine Lidocaine


Figure 1. Clinically used sodium channel blockers.
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Scheme 2. Reagents and conditions: (a) (COCl)2, cat. DMF, CH2Cl2, 23 �C; (b) amine,
Et3N, CH2Cl2, 23 �C; (c) arylboronic acid, PdCl2(PPh3)2, aq Na2CO3, i-PrOH, reflux.
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Susceptibility to blockade by natural toxins has been used to clas-
sify sodium channel currents in cells; the pufferfish toxin tetrodo-
toxin (TTx) is the most widely used of the toxins for
classification.11 Activation of tetrodotoxin-resistant sodium chan-
nels contributes to action potential electrogenesis in neurons.
Among the sodium channel subtypes expressed in primary sensory
neurons and dorsal root ganglia, Nav1.3,12 Nav1.7 (PN1),13 Nav1.8
(PN3),14,15 and Nav1.9 (NAN)16 present the best opportunities for
pain therapeutics. In particular, the tetrodotoxin-resistant (TTx-r)
subtype Nav1.8 carries a major portion of the TTx-r current in
peripheral nerves17 and has been strongly implicated in pain trans-
mission pathways.18


The objective of these efforts was to identify structurally novel,
orally bioavailable sodium channel blockers with enhanced po-
tency over existing agents such as lamotrigine and mexiletine.
The furfuryl glycinamide derivative 1 (Fig. 2)19,20 was identified
as a hit from a focused screening strategy using an Nav1.8 isotopic
flux assay.21 Herein we describe structure-activity relationships
observed with this chemotype as they pertain to piperazine-based
amides, and summarize the ability of representative analogs to
block VGSCs and dose-dependently reduce neuropathic pain in
an experimental rodent model.


2. Chemistry


In our previous paper,20 we disclosed potent and selective aryl-
furan amides with limited oral exposure. The relatively limited
synthetic complexity of this family of structures facilitated the
generation of a wide array of derivatives. The focus of the present
work was directed toward molecules containing piperazine or
piperazine-like moieties in efforts to improve the drug-like proper-
ties of this class of compounds. The commercially available 5-chlo-
rophenyl-furoic acid 2 was transformed to amides 4–13 via the
acid chloride intermediate 3 as shown in Scheme 1. Once a set of
preferential amides was established, aromatic substitution at the
5-position of the furan carboxamides was examined. To this end,
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1 hNaV1.8 IC50  ~1 μM


Cl


Figure 2. Furan glycinamide screening hit.
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Scheme 1. Reagents and conditions: (a) (COCl)2, cat. D

the 5-bromo-furoic acid 14 was converted to the amides (15–17)
for subsequent Suzuki coupling to provide 18–27 (Scheme 2).


3. Results and discussion


Compounds were evaluated for their ability to block the recom-
binant mouse Nav1.8 sodium channel stably expressed in HEK293
cells, using an isotopic efflux assay.21 The activity of potent block-
ers was confirmed subsequently using conventional voltage-clamp
electrophysiology by measuring inhibition of TTx-r currents in dis-
sociated rat DRG neurons and inhibition of sodium currents in
HEK293 cells stably expressing recombinant human Nav1.8. Se-
lected analogs were also further examined for their selectivity ver-
sus Nav1.2 and Nav1.5 stably expressed in HEK293 cells. As sodium
channel blockers bind preferentially to the inactivated states of the
channel, electrophysiological protocols were designed to set the
membrane potential to the midpoint of voltage-dependent stea-
dy-state inactivation (i.e., the voltage at which 50% of channels
are inactivated) to allow a direct comparison of compound effects
across channel subtypes.19,20


As indicated in Table 1, preliminary studies of the truncated
analogs of 1 revealed that the piperazine moiety is an important
part of the pharmacophore. Replacement of the basic nitrogen
atom of 4 with oxygen (e.g., 7) led to significant loss of activity
in the mouse flux assay. Certain substituents at the terminus of
the piperazine, such as cyclohexane, provided analogs (e.g., 5) with
submicromolar potency as assessed by both the native rat (DRG
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Table 1
SAR of amide variations


O
R


OCl


Compound R mNav1.8 IC50
a (lM) Rat DRG TTx-rb hNav1.8b


Conc (lM) % Inhibition V1/2
c Conc (lM) % Inhibition V1/2


c


4 N NH 2.9 0.3 41 ± 2 0.3 55 ± 11


5 N N 1.0 0.3 50 ± 5 0.3 58 ± 5


6 N N 9.9 3 31 ± 3


7 N O 32


8
N N


CF3


14


9
H
N


N 0.9 0.3 59 ± 8 0.1 29 ± 2


10
H
N


N


1.9 0.3 51 ± 19


11
H
N N 2.4 0.3 65 ± 9


12 H
N N 1.6 0.3 52 ± 6


13 N N 5.2


a IC50 values were determined by least squares fitting of a logistic equation to data from full eight-point, half-log concentration response curves using an Nav1.8 isotopic
efflux assay as described in the experimental methods (mean of two to five separate determinations).


b Data shown with standard error (±SEM) represent the mean of two to six separate determinations.
c Inactivated state protocol: the pre-pulse voltage at which 50% of channels are inactivated (V1/2 = �40 mV).19
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TTx-r current) and recombinant (hNav1.8) assays. In contrast, sub-
stitution with a methyl group as in 6 led to diminished Nav1.8 po-
tency, a somewhat surprising observation given the activity of the
unsubstituted piperazine 4. Attachment of a variety of functional-
ized aryl groups, such as in 8, also resulted in a dramatic loss in
activity, possibly due to the reduced basicity of the piperazine
nitrogen. To assess the effects of conformational rigidity and spac-
ing between the nitrogen atoms, compounds 9–13 were prepared.
Compounds 9, 11, and 12 displayed in vitro potency (DRG TTx-r
IC50 6300 nM) comparable to 5. These findings support the con-
clusion that a basic nitrogen enhances sodium channel activity
for this chemotype. The positioning of the amide linkage and prox-
imal basic nitrogen is not unimportant however as evidenced by
the moderate decrease in activity of 13 relative to piperidine 10,
5, and the open-chain analogs.


Continued examination of the pharmacophore was focused on
modifications of the C-5 substituent of the furan ring employing
three piperazinyl amides. The results of this effort are summarized
in Table 2. It was determined that the 4-Cl group could be replaced
effectively by 4-tert-butyl, 4-OCF3, and 4-phenoxy substituents,
thereby providing a boost in potency for sodium channel block
(hNav1.8 characterization) compared to 5. The increase in potency

was greater with cyclohexyl than with methyl or unsubstituted
(R2 = H) derivatives as exemplified by 19 and 23, which possessed
an estimated IC50 potency of <30 nM at human Nav1.8. Although
difficult to rationalize at the molecular level, we speculate that
the enhanced potency of these two derivatives arises from their in-
creased lipophilicity relative to other examples, a property which,
based on our work with a closely related series of molecules,20 we
believe to be important for interactions with hydrophobic regions
of the Nav1.8 channel. The compounds in Tables 1 and 2 demon-
strated voltage-dependent sodium channel blockade since they
did not have significant (>20%) current block (DRG TTx-r and
hNav1.8) at voltages that set all channels to a resting state (data
not shown).22


This new class of sodium channel blockers was surveyed for
cross-reactivity with other sodium channels and compared with
reference compounds as summarized in Table 3. Significantly, fur-
an piperazines 4, 5, and 19 were 100- to 1000-fold more potent in
blocking human Nav1.8 channels compared to mexiletine or lamo-
trigine. Their enhanced potency in blockade of native TTx-r cur-
rents in rat DRG neurons relative to the reference standards was
only slightly less profound. Compounds 4, 5, and 19 also were more
potent than lamotrigine and mexiletine versus Nav1.2 and Nav1.5,







Table 2
SAR of aromatic substitution for piperazine amides


O
N


O


N


R1


R2


Compound R1 R2 Rat DRG TTx-ra hNav1.8a


Concn (lM) % Inhibition V1/2
b Concn (lM) % Inhibition V1/2


b


18 4-OCF3 Cyclohexyl 0.3 89 ± 5
0.1 42 ± 3


19 4-tert-Butyl Cyclohexyl 0.1 58 ± 2 0.1 81 ± 10
0.03 20 ± 3 0.03 57 ± 6


20 4-NMe2 Cyclohexyl 1 65 ± 4
21 3-Cl Cyclohexyl 1 80 ± 5


0.1 22 ± 2
22 2,4-Cl Cyclohexyl 0.3 12 ± 4
23 4-Phenoxy Cyclohexyl 1 67 ± 11 0.3 93 ± 1


0.03 68 ± 10
24 4-Phenoxy Me 1 90 ± 10 0.3 87 ± 2


0.1 55 ± 8 0.1 35 ± 1
25 4-tert-Butyl Me 1 55 ± 5 0.3 32 ± 6
26 4-Phenoxy H 1 56 ± 9 1 93 ± 1


0.1 39 ± 3
27 4-tert-Butyl H 10 86 ± 3 1 85 ± 5


0.1 44 ± 6


a Data shown with standard error (±SEM) represent the mean of two to six separate determinations.
b Inactivated state protocol: the pre-pulse voltage at which 50% of channels are inactivated (V1/2 = �40 mV).19


Table 3
Na channel selectivity of the lead compounds: voltage clamp electrophysiological
characterization


4 5 19 Lamotrigine Mexiletine


Rat TTx-r, IC50
a (lM) 0.43 0.39 0.09 25 31


hNav1.8, IC50
a (lM) 0.28 0.30 0.03 96 56


hNav1.2, IC50
a (lM) 1.1 0.35 0.1 10 2.9


hNav1.5, IC50
a (lM) 4.6 2.3 0.1 62 13


a Data shown with standard error (±SEM) represent the mean of two to six
separate determinations. Data were collected using an inactivated state protocol
(the pre-pulse voltage at which 50% of channels are inactivated). V1/2 = �60 mV for
hNav1.2, hNav1.8, rat TTx-r; V1/2 = �90 mV for hNav1.5.19
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and showed marginal selectivity for the hNav1.8 subtype. The volt-
age-dependent behavior noted above for Nav1.8 also was observed
with Nav1.2 and Nav1.5 for all compounds in Table 3 (data not
shown).


Assessment of pharmacokinetic properties revealed that com-
pounds 4, 5, and 19 afforded sufficient plasma levels upon oral
administration to enable evaluation in animal pain models. The re-
sults of these studies are summarized in Table 4. In the spinal

Table 4
Efficacy, safety profile, and PK properties of lead compounds


4 5


Chung, po ED50 (lmol/kg) 24 37
Locomotor, po ED50 (lmol/kg) >300 >300
Edge test, po ED50 (lmol/kg) >300 >300
Rotorod, p.o. ED50 (lmol/kg) >300 >300
MAP effectc None (30�) None (10�)
Heart rate effect None (30�) None (10�)
Brain/Plasma 50 9
CLp (L/h kg)a 21 2.7
Cmax po (lg/mL)a 0.13 0.47
Vss


a (L/kg) 24 7.8
F (po)a 42 48


a Administered at 10 mg/kg, 10% DMSO/PEG400.
b Administered ip in all cases.
c MAP (mean arterial pressure).

nerve ligation (Chung) model of neuropathic pain,23 the potency
of compounds 4 and 5 for reversing mechanical allodynia was
somewhat greater than mexiletine and lamotrigine. It is notewor-
thy that increased in vitro sodium channel potency translated to
improved in vivo potency, as exemplified by 19. On the other hand,
lamotrigine is approximately 60-fold less active than 4 and 5 on
Nav1.8 (rat TTx-r), yet is only modestly (<2-fold) less active in
the Chung model despite an approximately 10-fold greater sys-
temic exposure (Cmax) relative to these two compounds. These re-
sults lead us to speculate that pharmacological activities other
than sodium channel blockade contribute to the analgesic activity
of lamotrigine and mexiletine. Treatment with 4, 5, or 19 resulted
in no impairment of locomotor activity at doses substantially
greater than required for analgesic efficacy, despite a large degree
of partitioning into the CNS (brain/plasma >8) in all three cases.
Similar findings were observed in the rotarod and edge tests.
Assessment of cardiovascular safety for 4 and 5 in anesthetized rats
indicated no sustained changes in mean arterial pressure or heart
rate at doses that yielded plasma levels 30- and 10-fold higher than
the therapeutic plasma level, respectively.

19 Lamotrigine Mexiletineb


4.7 47 102
38% at 230 >390 45 (lethal at 460)
>300 >390 lethal at 460
>300 >390 >140
; 11% (3�)
; 27% (10�)
8 26 1.4
7.6 0.06
0.57 3.5
13.4 0.98
7 79
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With the exception of weak binding to 5HT1A and 5HT1B recep-
tors (60% and 86% at 10 lM, respectively), 4 was found to be highly
selective for sodium channels compared to a diverse set of cell-sur-
face receptors, ion channels, and enzymes (CEREP, Poitiers, France;
70 receptor panel) and a number of other channels and receptors
expressed in peripheral sensory neurons.24


4. Conclusions


We have discovered a novel series of voltage-dependent furan-
based sodium channel blockers with enhanced potency for blockade
of sodium channels relative to clinically used agents, mexiletine and
lamotrigine. Structure–activity relationship studies identified the
preferred amide substituents (e.g., cyclohexylpiperazine, methylpi-
perazine, and piperazine) and established the preferential aromatic
substitution for this class of compounds. Incorporation of a basic
nitrogen imparted enhanced solubility and a generally favorable
pharmacokinetic profile, but little selectivity among the sodium
channels subtypes. Analgesic efficacy in the spinal nerve ligation
model of neuropathic pain was observed for these analogs. For
example, the novel furan piperazine 19 exhibited a >10-fold increase
in potency in the Chung model relative to lamotrigine and mexile-
tine. Interestingly, the activity at Nav1.2 and Nav1.5 exhibited by
these furan derivatives did not manifest itself appreciably in the
form of adverse CNS or cardiovascular effects, respectively. Furans
4 and 5 demonstrated favorable in vivo efficacy in the Chung model
of neuropathic pain compared to lamotrigine and mexiletine, along
with a benign CNS and cardiovascular safety profile.

5. Experimental


5.1. General procedures


Nuclear magnetic resonance spectra were obtained on a General
Electric QE 300 MHz instrument with chemical shifts (d) reported
relative to tetramethylsilane as internal standard. Mass spectra
determinations were obtained using an electrospray (ESI) tech-
nique or by direct chemical ionization (DCI) methods employing
ammonia. Melting points were determined with capillary appara-
tus and are uncorrected. Elemental analyses were performed by
Robertson Microlit Laboratories, Inc., Madison, NJ. Analytical thin
layer chromatography was done on 2 � 6 cm Kieselgel 60 F-254
plates pre-coated with 0.25 mm thick silica gel distributed by E.
Merck. LC-MS analyses were performed on ThermoQuest Navigator
systems using 10–100% acetonitrile: 10 mM ammonium acetate
gradient with MS data obtained using atmospheric pressure chem-
ical ionization (APCI) positive ionization over the range of m/z from
170 to 1200. Unless otherwise specified, column chromatography
was performed on silica gel (230–400 mesh). The term in vacuo re-
fers to solvent removal using a rotary evaporator at 30 mmHg.


5.2. High-throughput mouse Nav1.8 and hERG flux assays


HEK293 cells stably expressing mouse Nav1.8 or hERG were
loaded overnight with 86Rb+, followed by stimulation with delta-
methrin as previously described.21 The deltamethrin-stimulated
86Rb+ flux was measured for 30 min in the presence and absence
of test compounds.


5.3. Electrophysiology19


5.3.1. Rat Dorsal Root Ganglion (DRG) neurons
Whole-cell patch clamp recordings were performed at room tem-


perature on rat small diameter DRG neurons (18–25 lm) from the L4
and L5 lumbar region. For current clamp recordings, the pipette solu-

tion contained (mM): KCl 140, MgCl2 2, EGTA 5, HEPES 10, pH 7.2
(osmolarity, 285). The external solution contained (mM): NaCl 140,
KCl 5, CaCl2 2, MgCl2 2, HEPES 10, pH 7.4 (osmolarity, 310). For voltage
clamp recordings, pipette solution contained (mM): CsF 135, NaCl 5,
CsCl 10, EGTA 5, HEPES 10, pH 7.2 (osmolarity, 285). The external
solution contained (mM): NaCl 22, cholineCl 110, CaCl2 1.8, MgCl2


0.8, HEPES 10, Glucose 5, pH 7.4 (osmolarity, 310).


5.3.2. Recombinant human sodium channels
Human embryonic kidney (HEK293) cells expressing recombi-


nant sodium channels were grown in DMEM/High Glucose Dul-
becco’s Mod, 10% Fetal Bovine Serum, 2 mM Sodium Pyruvate,
G418. For whole-cell voltage clamp recordings, patch pipettes were
pulled from borosilicate glass on a Flaming–Brown micropipette
puller (Sutter Instruments, Inc). Pipettes had a tip resistance of
0.8–2.5 MX using the internal solutions (mM): 135 CsF, 10 CsCl,
5 EGTA, 5 NaCl, 10 HEPES-free acid, pH to 7.3 with 5M CsOH and
voltage offset was zeroed prior to seal formation. The external buf-
fer consisted of (mM) 132 NaCl, 5.4 KCl, 0.8 MgCl2, 1.8 CaCl2, 5 Glu-
cose, 10 HEPES-free acid, pH to 7.3 with 6N NaOH. After
establishment of a whole-cell recording, cellular capacitance was
minimized using the analog compensation available on the record-
ing amplifier (Axopatch 200B). Series resistance was less than
5 MX and was compensated >85% in all experiments, resulting in
a final series resistance no greater than 0.75 MX . Signals were
low-pass filtered at 5–10 kHz, digitized at 20–50 kHz, and stored
on a computer for later analysis. Voltage protocols were generated
and data acquisition and analysis were performed using pCLAMP
software (Version 8.1, Axon Instruments, Inc.). All experiments
were performed at room temperature. Liquid junction potentials
were <10 mV and were not corrected.


5.4. In vivo evaluation


Male Sprague–Dawley rats (Charles River, Wilmington, MA)
weighing 200–300 g were utilized. All animals were group-housed
in AAALAC approved facilities at Abbott Laboratories in a tempera-
ture-regulated environment with lights on between 0700 and
2000 h. Food and water was available ad libitum except during test-
ing. All animal handling and experimental protocols were approved
by an institutional animal care and use committee (IACUC). All
experiments were performed during the light cycle. Unless other-
wise noted, all experimental and control groups contained at least
six animals per group and data are expressed as mean ± SEM. Data
analysis was conducted using analysis of variance and appropriate
post-hoc comparisons (P < 0.05) as previously described.25 ED50 val-
ues were estimated using least squares linear regression.


5.4.1. Spinal nerve (L5/L6) ligation model of neuropathic pain
As previously described in detail by Kim and Chung,23 a 1.5-cm


incision was made dorsal to the lumbosacral plexus. In anesthe-
tized rats, the paraspinal muscles (left side) were separated from
the spinous processes, the L5 and L6 spinal nerves isolated, and
tightly ligated with 3–0 silk threads. Following hemostasis, the
wound was sutured and coated with antibiotic ointment. The rats
were allowed to recover and then placed in a cage with soft bed-
ding for 14 days before behavioral testing for mechanical allodynia.


5.4.2. Motor function
Locomotor activity was measured in an open field using photo-


beam activity monitors (AccuScan Instruments, Columbus, OH), and
rotorod performance was measured using an accelerating rotorod
apparatus (Omnitech Electronics, Inc. Columbus, OH). For the rotorod
assay, rats were allowed a 30-min acclimation period in the testing
room and then placed on a 9-cm diameter rod that increased in
speed from 0 to 20 rpm over a 60-s period. The time required for
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the rat to fall from the rod was recorded, with a maximum score of
60 s. Each rat was given three training sessions. To test for balance,
rats were also assessed for their ability to remain on top of a 0.5-cm-
thick edges of a 40 � 40 � 36 cm plexiglass box. The rats had to pull
themselves up on to the edge and avoid falling with a cut-off time of
2 min. The average (latency to fall) of two trials was recorded.


5.4.3. Cardiovascular safety
Male Sprague–Dawley inaction-anesthesized rats were used to


measure mean arterial pressure and heart rate. Following a 30-min
control period, a sodium channel blocker or vehicle (PEG-400) was
administered intravenously over five, 30-min infusions at 1�, 3�,
10�, 30�, and 100� of calculated therapeutic dose. A blood sample
and hematocrit were collected immediately after the infusion.

6. Chemistry


6.1. Representative procedure for conversion of carboxylic
acid derivatives to amides via acid chlorides (Method A)
5-(4-Chlorophenyl)-2-furoyl chloride (3)


5-(4-Chlorophenyl)-2-furoic acid (1.10 g, 5.00 mmol) in dichlo-
romethane (50 mL) was treated with oxalyl chloride (0.650 mL,
7.50 mmol) and a catalytic amount of N,N-dimethylformamide
(100 lL). The mixture was stirred at ambient temperature for 2 h
and the solvent and excess oxalyl chloride were removed under re-
duced pressure to provide 1.11 g of 3 which was used without fur-
ther purification.


6.2. 1-[5-(4-Chlorophenyl)-2-furoyl]piperazine hydrochloride
(4)


A solution of 3 (0.55 g, 2.50 mmol) in dichloromethane (10 mL)
was treated with tert-butyl-1-piperazine carboxylate (0.46 g,
2.50 mmol) and triethylamine (0.3 mL). The mixture was stirred
at ambient temperature for 16 h. The mixture was diluted with
dichloromethane (25 mL) and washed with 5% NaHCO3 solution
(25 mL). The organic phase was dried over MgSO4, filtered, and
concentrated in vacuo. The obtained residue was purified by silica
gel chromatography (elution with 5% ethanol/dichloromethane).


The purified material was redissolved in dichloromethane
(50 mL) and treated with trifluoroacetic acid (15 mL). The mixture
was stirred at room temperature for 1 h after which the solvent
was removed in vacuo and the residue was partitioned in dichloro-
methane/1 M NaOH solution (25 mL). The organic phase was dried
over MgSO4, filtered, and concentrated in vacuo. The obtained res-
idue was converted to HCl salt by treatment of the ethanolic solu-
tion of the residue with ethereal HCl to provide 0.550 g (68%) of 4,
mp 251 �C. MS (DCI/NH3) m/z 291 (M+H)+. 1H NMR (DMSO-d6) d
9.04 (br s, 1H), 7.82 (d, 2H, J = 8.81 Hz), 7.55 (d, 2H, J = 8.81 Hz),
7.22 (d, 2H, J = 3.73 Hz), 7.21 (d, 2H, J = 3.73 Hz), 3.93 (br s, 4H),
3.21 (br s, 4H). Anal. (C15H15N2O2Cl�HCl) C, H, N.


6.3. [5-(4-Chlorophenyl)furan-2-yl]-(4-cyclohexylpiperazin-1-
yl)-methanone hydrochloride (5)


A solution of 3 (0.3 g, 1.2 mmol) in dichloromethane was re-
acted with 1-cyclohexylpiperazine (0.20 g, 1.2 mmol) as described
in Method A to yield 0.28 g (63%) of 5 as a white powder, mp
256 �C. MS (DCI/NH3) m/z 373 (M+H)+. 1H NMR (DMSO-d6) d
10.49 (s (HCl), 1H), 7.83 (d, 2H, J = 8.82 Hz), 7.55 (d, 2H,
J = 8.82 Hz), 7.24 (d, 1H, J = 3.39 Hz), 7.21 (d, 1H, J = 3.39 Hz), 4.58
(d, 2H, J = 13.56 Hz), 3.52 (m, 4H), 3.22 (m, 2H) 2.11 (d, 2H,
J = 10.85 Hz), 1.83 (d, 2H, J = 11.87 Hz), 1.62 (d, 1H, J = 12.21 Hz),
1.49–1.03 (m, 5H). Anal. (C21H25N2O2Cl�HCl) C, H, N.

6.4. [5-(4-Chlorophenyl)furan-2-yl]-(4-methylpiperazin-1-yl)-
methanone hydrochloride (6)


A solution of 3 (0.100 g, 0.415 mmol) in dichloromethane was
reacted with 1-methylpiperazine (0.042 g, 0.415 mmol) by Method
A to yield 0.100 g (79%) of 6, mp 243–245 �C. MS (DCI/NH3) m/z
305 (M+H)+. 1H NMR (DMSO-d6) d 10.44 (br s, 1H), 7.82 (d, 1H,
J = 8.48 Hz), 7.23 (d, 2H, J = 8.48 Hz), 7.23 (d, 1H, J = 3.73 Hz),
7.21 (d, 1H, J = 3.39 Hz), 4.54 (d, 2H, J = 14.24 Hz), 3.58 (m, 4H),
3.13 (m, 2H), 2.80 (s, 3H). Anal. (C16H17ClN2O2�HCl�0.25 H2O) C,
H, N.


6.5. [5-(4-Chlorophenyl)furan-2-yl]-morpholin-4-yl-
methanone (7)


A solution of 3 (0.120 g, 0.500 mmol) in dichloromethane was
reacted with morpholine (0.044 g, 0.500 mmol) by Method A to
yield 0.070 g of 7, mp 152–153 �C. MS (DCI/NH3) m/z 292
(M+H)+. 1H NMR (DMSO-d6) d 7.79 (d, 2H, J = 8.81 Hz), 7.54 (d,
2H, J = 8.81 Hz), 7.17 (d, 1H, J = 3.73 Hz), 7.14 (d, 1H, J = 3.72 Hz),
3.67 (m, 8H). Anal (C15H14ClNO3) C, H, N.


6.6. [5-(4-Chlorophenyl)-furan-2-yl]-[4-(3-
trifluoromethylphenyl)-piperazin-1-yl]-methanone (8)


A solution of 3 (0.100 g, 0.415 mmol) in dichloromethane was
reacted with 1-(3-trifluoromethylphenyl) piperazine (0.096 g,
0.415 mmol) by Method A to yield 0.125 g of 8, mp 150–151 �C.
MS (DCI/NH3) m/z 435 (M+H)+. 1H NMR (DMSO-d6) d 7.82 (d, 2H,
J = 8.48 Hz), 7.55 (d, 2H, J = 8.48 Hz), 7.46 (t, 1H, J = 7.97 Hz),
7.27–7.18 (m, 4H), 7.10 (d, 1H, J = 7.46 Hz), 3.90 (m, 2H), 3.38 (m,
6H). Anal. (C22H18ClF3N2O2�0.5 H2O) C, H, N.


6.7. 5-(4-Chlorophenyl)furan-2-carboxylic acid-(2-piperidin-1-
yl-ethyl)amide hydrochloride (9)


A solution of 3 (0.240 g, 1.00 mmol) in dichloromethane was re-
acted with 1-(2-aminoethyl)piperidine (0.130 g, 1.00 mmol) by
Method A to yield 0.160 g of free base of 9 as an oil that was con-
verted to its hydrochloride salt, mp 225–227 �C. MS (ESI) m/z 333
(M+H)+. 1H NMR (DMSO-d6) d 9.50 (br s, 1H), 8.84 (t, 1H,
J = 5.93 Hz), 7.96 (d, 2H, J = 8.48 Hz), 7.58 (d, 2H, J = 8.48 Hz), 7.24
(d, 1H, J = 3.73 Hz), 7.17 (d, 1H, J = 3.73 Hz), 3.66 (q, 2H,
J = 5.88 Hz), 3.55 (d, 2H, J = 11.19 Hz), 3.23 (q, 2H, J = 5.65 Hz),
2.93 (m, 2H), 1.83 (m, 2H), 1.70 (m, 3H), 1.40 (m, 1H). Anal.
(C18H21ClN2O2�HCl) C, H, N.


6.8. 5-(4-Chlorophenyl)furan-2-carboxylic acid (1-methylpiperi-
dine-4-yl)amide hydrochloride (10)


A solution of 3 (0.100 g, 0.400 mmol) in dichloromethane was
reacted with 1-methylpiperidine-4-ylamine (0.050 g, 0.440 mmol)
by Method A to yield 0.100 g of free base of 10 as an oil that was
converted to hydrochloride salt, MS (ESI) m/z 319 (M+H)+. 1H
NMR (DMSO-d6) d 9.97 (br s, 1H), 8.53 (d, 1H, J = 7.8 Hz), 7.93 (d,
2H, J = 8.82 Hz), 7.55 (d, 2H, J = 8.82 Hz), 7.21 (d, 1H, J = 3.39 Hz),
7.17 (d, 1H, J = 3.73 Hz), 4.0 (m, 1H), 3.47 (m, 2H), 3.10 (m, 2H),
2.74 (s, 3H), 1.75–2.05 (m, 4H), mp 220–222 �C. Anal.
(C17H19ClN2O2�HCl�0.75 H2O) C, H, N.


6.9. 5-(4-Chlorophenyl)furan-2-carboxylic acid (3-dimethylamino-
2,2-dimethylpropyl)amide hydrochloride (11)


A solution of 3 (0.100 g, 0.400 mmol) in dichloromethane was
reacted with N,N-2-tetramethyl-1,3-propanediamine (0.570 g,
0.440 mmol) by Method A to yield 0.120 g of free base of 11 as
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an oil that was converted to hydrochloride salt. MS (ESI) m/z
335 (M+H)+. 1H NMR (DMSO-d6) d 8.61 (t, 1H, J = 5.76 Hz), 7.88
(d, 2H, J = 8.48 Hz), 7.55 (d, 2H, J = 8.48 Hz), 7.16 (d, 1H,
J = 3.39 Hz), 7.13 (d, 1H, J = 3.73 Hz), 3.18 (d, 2H, J = 6.1 Hz), 2.28
(s, 6H), 2.20 (s, 2H), 0.89 (s, 6H). Anal. (C18H23ClN2O2�HCl�0.5
H2O) C, H, N.


6.10. 5-(4-Chlorophenyl)furan-2-carboxylic acid (3-piperidin-
1-yl-propyl)amide hydrochloride (12)


A solution of 5-(4-Chlorophenyl)-2-furoyl chloride (0.100 g,
0.400 mmol) in dichloromethane was reacted with 1-(3-aminopro-
pyl)piperidine (0.063 g, 0.440 mmol) by Method A to yield 0.100 g
of free base of 12 as an oil that was converted to hydrochloride salt,
mp 160–162 �C MS (ESI) m/z 347(M+H)+. 1H NMR (DMSO-d6) d 9.94
(br s, 1H), 8.75 (t, 1H, J = 6.1 Hz), 7.94 (d, 2H, J = 8.48 Hz), 7.56 (d, 2H,
J = 8.48 Hz), 7.17 (d, 1H, J = 3.39 Hz), 7.15 (d, 1H, J = 3.73 Hz), 3.39 (m,
2H), 3.05 (m, 2H), 2.87 (m, 2H), 1.95 (m, 2H), 1.65–1.82 (m, 5H), 1.35
(m, 1H). Anal. (C19H23ClN2O2�HCl�0.5 H2O) C, H, N.


6.11. [5-(4-Chlorophenyl)furan-2-yl-(4-dimethylamino-
piperidin-1-yl)-methanone (13)


A solution of 3 (0.240 g, 1.00 mmol) in dichloromethane was re-
acted with 4-dimethylamino-piperidine-1-yl-amine (0.140 g,
1.10 mmol) by method A to yield 0.140 g of 13 as an oil that, upon
trituration with 30% ethylacetate/hexane, was converted to white
crystalline powder, mp 81–82 �C. MS (ESI) m/z 333(M+H)+. 1H
NMR (DMSO-d6) d 7.78 (d, 2H, J = 8.82 Hz), 7.54 (d, 2H,
J = 8.82 Hz), 7.15 (d, 1H, J = 3.39 Hz), 7.08 (d, 1H, J = 3.73 Hz), 3.01
(m, 2H), 2.21 (s, 6H), 1.85 (d, 2H, J = 10.51 Hz), 1.38 (m, 2H). Anal.
(C19H23ClN2O2�HCl�0.6H2O) C, H, N.


6.12. (5-Bromofuran-2-yl)-(4-cyclohexylpiperazine-1-yl)metha-
none (15)


A solution of 5-bromo-2-furoic acid (1.00 g, 5.00 mmol) in dichlo-
romethane (50 mL) was treated with oxalyl chloride (0.650 mL,
7.50 mmol) and a catalytic amount of N,N-dimethylformamide
(100 lL). The mixture was stirred at ambient temperature for 2 h
and the solvent and excess oxalyl chloride were removed under re-
duced pressure to provide the intermediate 5-bromo-furoyl chloride
which was used without further purification.


The acid chloride (840 mg, 4.00 mmol) was dissolved in dichlo-
romethane (10 mL) and treated with 1-cyclohexylpiperazine
(740 mg, 4.40 mmol) and triethylamine (0.750 mL, 5.40 mmol) at
ambient temperature. The mixture was stirred for 16 lh at ambient
temperature and was then was diluted with dichloromethane
(20 mL) and washed with saturated NaHCO3 solution (10 mL).
The organic phase was dried over MgSO4, filtered and concentrated
in vacuo. The obtained residue was crystallized from hexane/ethyl
acetate to provide 1.15 g (84%) of 15, mp 128–130 �C. MS (DCI/
NH3) m/z 343 (M+H)+. 1H NMR (DMSO-d6) 7.0 (d, 1H, J = 3.73 Hz),
6.75 (d, 1H, J = 3.73 Hz), 3.59 (m, 4H), 2.55 (m, 4H), 2.25 (m, 1H),
1.73 (m, 4H), 1.57 (m, 1H), 1.18 (m, 4H), 1.07 (m, 1H).


6.13. (5-Bromofuran-2-yl)-(4-methylpiperazine-1-yl)methanone
(16)


5-Bromo-2-furoic acid (0.450 g, 2.00 mmol) was reacted with
oxalyl chloride and the resulting product was treated with 1-meth-
ylpiperazine (0.218 g, 2.20 mmol) as described in 15 to provide
0.460 g of 16, mp 93–94 �C. MS (DCI/NH3) m/z 273 (M+H)+.1H
NMR (DMSO-d6) 7.02 (d, 1H, J = 3.39 Hz), 6.75 (d, 1H, J = 3.39 Hz),
3.63 (m, 4H), 2.34 (m, 4H), 2.16 (s, 3H). Anal (C10H13BrN2O2) C,
H, N.

6.14. (5-bromofuran-2-yl)(piperazine-1-yl)methanone. (17)


5-Bromo-2-furoic acid (1.0 g, 5.0 mmol) was treated with
oxalyl chloride (0.650 mL, 7.50 mmol) and the resulting product
was treated with t-butyl-1-piperazine carboxylate (0.930 g,
5.00 mmol) as described in 15 to yield 1.40 g of 4-(5-Bromofu-
ran-2-carbonyl)-piperazine-1-carboxylic acid tert-butyl ester,
mp 83–84 �C. 1H NMR (DMSO-d6) d 7.05 (d, 1H, J = 3.39 Hz),
6.78 (d, 1H, J = 3.39 Hz), 3.62 (br s, 4H), 3.41 (m, 4H), 1.38
(s, 9H). 4-(5-Bromofuran-2-carbonyl)-piperazine-1-carboxylic
acid tert-butyl ester (1.4 g, 3.9 mmol) was dissolved in methy-
lene chloride (10 mL) and reacted with trifluroacetic acid
(2 mL) at ambient temperature for 1h. The reaction mixture
was concentrated and partitioned in NaHCO3 sol./dichlorometh-
ane. The organic layer was separated, dried over MgSO4 and
concentrated to yield 0.85 of 17. MS (DCI/NH3) m/z 260
(M+H)+.1H NMR (CDCl3) d ppm 6.96 (d, J = 3.57 Hz, 1 H), 6.42
(d, J = 3.57 Hz, 1 H), 3.75 (m, 4 H), 2.93 (m, 4 H). Anal
(C9H11BrN2O2) C, H, N.


6.15. Representative procedure for Suzuki coupling (MethodB):
(4-Cyclohexylpiperazin-1-yl)-{[5-(4-trifluoromethoxy)phenyl]furan-
2-yl}-methanone (18)


A solution of 15 (100 mg, 0.300 mmol) in 2:1 toluene–water
(5 mL) was reacted with 4-(trifluoromethoxy)phenylboronic acid
(80 mg, 0.39 mmol) in the presence of Na2CO3 (80 mg, 0.80 mmol)
and PdCl2(PPh3)2 (10 mg) at 80 �C for 16 h. The reaction mixture
was concentrated and purified by chromatography on silica gel,
eluting with ethylacetate to yield 85 mg (66%) of 18, mp 108–
109 �C. MS (DCI/NH3) m/z 423 (M+H)+. 1H NMR (DMSO-d6) d 7.90
(d, 2H, J = 8.82 Hz), 7.48 (d, 2H, J = 8.82 Hz), 7.18 (d, 1H, J = 3.39
Hz), 7.10 (d, 1H, J = 3.39 Hz), 3.69 (m, 4H), 2.60 (m, 4H), 2.25 (m,
1H), 1.75 (m, 4H), 1.60 (m, 1H), 1.20 (m, 4H), 1.11 (m, 1H). Anal.
(C22H25F3N2O3) C, H, N.


6.16. [5-(4-tert-Butylphenyl)furan-2-yl]-(4-cyclohexylpiperazin-
1-yl)-methanone hydrochloride (19)


Compound 15 (1.10 g, 3.20 mmol) was treated with 4-tert-buty-
lphenylboronic acid (0.800 g, 5.00 mmol) by Method B. The ob-
tained free base of 19 (0.700 g, 55%) was converted to HCl salt,
mp >250 �C. MS (DCI/NH3) m/z 395(M+H)+. 1H NMR (DMSO-d6) d
10.02 (br s, 1H), 7.72 (d, 2H, J = 8.48 Hz), 7.50 (d, 2H, J = 8.48 Hz),
7.21 (d, 1H, J = 3.73 Hz), 7.08 (d, 1H, J = 3.39 Hz), 4.61 (d, 2H,
J = 13.56 Hz), 3.55 (m, 4H), 3.22 (m, 2H,), 2.58 (m, 1H), 2.09 (d,
2H, J = 13.56 Hz), 1.82 (d, 2H, J = 10.85 Hz), 1.62 (m, 1H), 1.45–
1.22 (m, 4H), 1.20 (m, 1H), 1.15 (s, 9H). Anal. Calcd. for
(C25H34N2O2�HCl) C, H, N.


6.17. (4-Cyclohexylpiperazin-1-yl)-{[5-(4-dimethylamino)-
phenyl]-furan-2-yl}-methanone (20)


Compound 15 (0.100 g, 0.300 mmol) was treated with 4-dim-
ethylaminophenylboronic acid (0.060 g, 0.360 mmol) by Method
B to provide 20, mp 124–125 �C. MS (DCI/NH3) m/z 382 (M+H)+.
1H NMR (DMSO-d6) d 7.56 (d, 2H, J = 9.15 Hz), 7.02 (d, 1H,
J = 3.73 Hz), 6.78 (m, 3H), 3.68 (m, 4H), 2.96 (s, 6H), 2.55 (m, 4H),
2.28 (m, 1H), 1.76 (m, 4H), 1.56 (m, 1H), 1.20 (m, 5H). Anal.
(C23H31N3O2) C, H, N.


6.18. (4-Cyclohexylpiperazin-1-yl)-{[5-(3-chloro)phenyl]furan-
2-yl}-methanone hydrochloride (21)


Compound 15 (0.100 g, 0.300 mmol) was reacted with 3-chloro-
phenylboronic acid (0.056 g, 0.360 mmol) by Method B to provide
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21, mp 236–238 �C. MS (DCI/NH3) m/z 373 (M+H)+. 1H NMR
(DMSO-d6) (free base) d 7.85 (t, 1H, J = 1.87 Hz), 7.72 (dt, 1H,
J = 7.71, 1.4 Hz), 7.51 (t, 1H, J = 7.97 Hz), 7.43 (ddd, 1H, J = 7.97,
2.03, 1.19 Hz), 7.28 (d, 1H, J = 3.66 Hz), 7.22 (d, 1H, J = 3.66 Hz),
3.68 (m, 4H), 2.58 (m, 4H), 2.27 (m, 1H), 1.75 (m, 4H), 1.58 (m,
1H), 1.22 (m, 4H), 1.12 (m, 1H).). Anal. (C21H26ClN2O2. HCl�0.5H2O)
C, H, N.


6.19. (4-Cyclohexylpiperazin-1-yl)-{[5-(2,4-dichloro)phenyl]-
furan-2-yl}-methanone hydrochloride (22)


Compound 15 (0.100 g, 0.300 mmol) was reacted with 2,4-dic-
hlorophenylboronic acid (0.068 g, 0.036 mmol) by Method B to
provide 22, mp 238–240 �C. MS (DCI/NH3) m/z 407 (M+H)+. 1H
NMR (DMSO-d6) (free base) d 7.87 (d, 1H, J = 8.48 Hz), 7.78 (d,
1H, J = 2.03 Hz), 7.55 (d, 1H, J = 2.03 Hz), 7.24 (d, 1H, J = 3.73 Hz),
7.13 (d, 1H, J = 3.39 Hz), 3.68 (m, 4H), 2.58 (m, 4H), 2.27 (m, 1H),
1.75 (m, 4H), 1.58 (m, 1H), 1.22 (m, 4H), 1.12 (m, 1H). Anal.
(C21H24Cl2N2O2�HCl) C, H, N.


6.20. (4-Cyclohexylpiperazine-1-yl)(5-(4-phenoxyphenyl)furan-
2-yl)methanone (23)


Compound 15 (0.100 g, 0.300 mmol) was reacted with 4-pheno-
xyphenylboronic acid (0.077 g, 0.036 mmol) by Method B to pro-
vide 23, mp 210–212 �C. MS (DCI/NH3) m/z 431(M+H)+. 1H NMR
(DMSO-d6) (free base) d 7.77 (d, 2H, J = 8.81 Hz), 7.43 (t,
2H,J = 8.47 Hz), 7.20 (t, 1H,J = 7.46 Hz), 7.09 (m, 5H), 7.02 (d, 1H,
J = 3.39 Hz ), 3.68 (m, 4H), 2.57 (t, 4H, J = 5.09 Hz), 2.27 (m, 1H),
1.75 (m, 4H), 1.55 (d, 1H, J = 11.53 Hz), 1.20 (m, 4H), 1.15 (m,
1H). Anal (C27H30N2O3� HCl), C, H, N.


6.21. (4-Methylpiperazin-1-yl)-[5-(4-phenoxyphenyl)furan-2-
yl]-methanone hydrochloride (24)


Compound 16 (0.430 g, 1.60 mmol) was treated with (4-phen-
oxy)phenylboronic acid (0.420 g, 2.00 mmol) by Method B to pro-
vide 0.390 g of free base of 24, that was converted to HCl salt,
mp 181–182 �C. MS (DCI/NH3) m/z 363 (M+H)+. 1H NMR (DMSO-
d6) (free base) d 7.71 (d, 2H, J = 8.48 Hz), 7.44 (t, 2H, J = 7.46 Hz),
7.19 (t, 1H, J = 8.48 Hz), 7.09 (m, 5H), 7.02 (d, 1H, J = 3.73 Hz),
3.70 (br s, 4H), 2.36 (t, 4H, J = 5.08 Hz), 2.21 (s, 3H). Ana-
l.(C22H22N2O2�HCl�H2O) C, H, N.


6.22. (4-Methylpiperazin-1-yl)-[5-(4-t-butylphenyl)furan-2-yl]-
methanone hydrochloride (25)


Compound 16 (0.100 g, 0.360 mmol) was treated with (4-phen-
oxy)phenylboronic acid (0.078 g, 0.430 mmol) by Method B to pro-
vide 0.100 g of free base of 25, that was converted to HCl salt, mp
250–251 �C. MS (DCI/NH3) m/z 327 (M+H)+. 1H NMR (DMSO-d6)
(free base) d 7.68 (d, 2H, J = 8.74 Hz), 7.49 (d, 2H, J = 8.74 Hz),
7.08 (d, 2H, J = 3.57 Hz), 7.02 (d, 1H, J = 3.57 Hz), 3.70 (br s, 4H),
2.38 (t, 4H, J = 5.15 Hz), 2.21 (s, 3H), 1.3 (s, 9H). Ana-
l.(C20H26N2O2�HCl�0.25H2O) C, H, N.


6.23. [5-(4-Phenoxyphenyl)-furan-2-yl]-piperazin-1-yl-
methanone hydrochloride (26)


Compound 17 (0.120 g, 0.300 mmol) and 4-phenoxyphenylbo-
ronic acid (0.077 g, 0.36 mmol) were processed by Method B to
yield 26, mp 195–196 �C. MS (DCI/NH3) m/z 349 (M+H)+. 1H NMR
(DMSO-d6)(free base) d 7.76 (d, 2H J = 8.82 Hz), 7.42 (t, 2H,
J = 7.46 Hz), 7.18 (t, 1H, J = 8.48 Hz), 7.09 (m, 5H), 7.02 (d, 1H,
J = 3.39 Hz), 3.65 (br s, 4H), 2.80 (m, 4H). Anal (C21H20N2O3�HCl�0.5
H2O) C, H, N.

6.24. [5-(4-tert-Butylphenyl)-furan-2-yl]-piperazin-1-yl-
methanone (27)


A solution of 17 (0.120 g, 0.300 mmol) was reacted by method B
with 4-tert-butylphenylboronic acid (0.064 g, 0.36 mmol) to pro-
vide 27. MS (DCI/NH3) m/z 313 (M+H)+. 1H NMR (DMSO-d6) d
7.68 (d, 2H, J = 8.33 Hz), 7.49 (d, 2H, J = 8.74 Hz), 7.08 (d, 2H,
J = 3.57 Hz), 7.02 (d, 1H, J = 3.57 Hz), 3.63 (br s, 4H), 2.75 (t, 4H,
J = 5.15 Hz), 1.30 (s, 9H). Anal (C19H24N2O2�HCl�0.25H2O) C, H, N.


Supplementary data


Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmc.2008.05.003.
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A new hybrid, retinyl retinoate 1, was synthesized with a condensing reaction between retinol and ret-
inoic acid to improve the photo-stability, and the in vitro biological activity of the hybrid was analyzed.
This retinol derivative had enhanced thermal stability and decreased photosensitivity, and exhibited
decreased cell toxicity compared to that of retinol. In addition, RAR activity analysis showed that retinyl
retinoate 1 had higher inhibitory activity against c-Jun than retinol and showed superior effects on col-
lagen synthesis compared to retinol. Thus, retinyl retinoate 1 may have the potential to be conveniently
used as an additive in cosmetics for prevention and improvement of skin aging and medicines for the
treatment of skin troubles due to its excellent stability under severe and accelerated conditions.


� 2008 Elsevier Ltd. All rights reserved.

1. Introduction ever, RA is fat-soluble and a skin-irritant, and causes a number of

Photoaged skin is characterized by an increase of wrinkles,
thickening, inelasticity, dryness, roughness, shallowness, and pig-
mentary mottling1,2 and is of considerable importance for skin
aging. This irreversible process results largely from exposure to
UV radiation, which acts as a broad activator of cell surface growth
factors and cytokine receptors. More specifically, UV irradiation
stimulates the transcription factor activator protein 1 (AP-1),
which regulates the expression of matrix-metalloproteinase
(MMP) to degrade skin collagen. Thus, photoaging is associated
with increased AP-1 activity, increased MMP expression, enhanced
collagen degradation, and decreased collagen synthesis, all of
which result in changes within the matrix of the dermis and at
the dermal–epidermal junction.3–7


Retinoids are natural and synthetic vitamin A derivatives, and
biologically active forms of retinoids are capable of modulating
gene expression by binding to nuclear receptors to activate tran-
scription of specific DNA sequences. Because of their ability to
modulate genes involved in cellular differentiation and prolifera-
tion, retinoids are thought of as good candidates for both treating
and preventing the photoaging process. Indeed, biologically active
retinoids such as all-trans-retinoic acid (RA) have been shown to
repair skin damaged by chronological aging or photoaging,8–11


and it has been reported that photo-aging of skin may be deterred
by using a cream containing all-trans-retinoic acid (RA)12–14; how-

ll rights reserved.


: +82 2 362 7265.

side-effects such as skin dryness, wounds, and scraping during
the latent period,15,16 thereby limiting the application of RA as a
main component for medicines and cosmetics.17,18 Because the
side effects of RA are caused by the carboxyl end group in
RA,19–21 many efforts have been made to substitute the carboxyl
end group with other functional groups. One such retinoid deriva-
tive is retinol, which has a hydroxyl group substituted in place of
the carboxy end group, but has the same biological activity group
of RA by maintaining the cyclic end group (ring) and polyene side
chain. Retinol, also known as vitamin A, has received a great deal of
attention as an alternative anti-aging agent for long-term treat-
ment22; however, it can hardly be used in general cosmetic formu-
lations, as it becomes unstable when exposed to light, oxygen,
heat, lipid-peroxidation, or water.23 For this reason, it is important
to develop new retinol derivatives that have not only the same
activity for deterring skin aging as vitamin A, but also reduced
skin-irritant properties and enhanced photo-stability. To this end,
many derivatives have been developed to improve the stability of
retinol, or by using with anti-oxidants such as butylated hydroxy-
toluene (BHT), di-a-tocopherol, butylated hydroxyanisole (BHA),
ascorbic acid, and tocopheryl linolate, or by adopting encapsula-
tions for preventing exposure effects altogether.24,25 Nonetheless,
most of the derivatives developed to date have been designed to
change the carboxy end group of retinol molecules, thus remaining
unstable when exposed to light. The instability of retinol results in
its quick conversion from a crystalline substance to a viscous one,
which is then further decomposed to produce color change and for-
mation of peroxides23 as well as some toxic substances that give
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undesirable effects, making the use of these derivatives limited.26


These results imply that the substitution method is not enough
to achieve the ideal for retinoid derivatives, which should have
higher activity and stability, causing less local irritation and
toxicity.


In this study, we applied a condensing reaction to form an ester
bond between retinol (which has a hydroxyl end group) and reti-
noic acid (which has a carboxyl end group), thereby synthesizing
the novel hybrid vitamin derivative, retinyl retinoate 1. This newly
synthesized compound is an ester of all-trans-retinoic acid (RA)
and all-trans-retinol (ROL), and has following features: (i) reduced
toxicity due to blocking of the carboxyl end group of RA, (ii) reten-
tion of both the cyclic end group (ring) and polyene side chain,
which are responsible for the biological activity of the two parent
molecule, and (iii) enhanced photo-stability versus that of retinol.
In this paper, we propose the novel anti-aging agent, retinyl retino-
ate 1, which has better chemical stability, reduced skin irritant
properties, and higher skin regeneration activity than the previous
retinol or retinoic acid derivatives.


2. Results and discussion


2.1. Chemistry


Retinyl retinoate 1 was synthesized from the reaction of retinol
with retinoic acid (Scheme 1). The starting material for the retinyl
retinoate 1 is retinol 2, which is synthesized from retinyl acetate
427 (Scheme 2). In Scheme 1, retinol 2 is reacted with a retinoic
acid 3 in a solvent and in the presence of a condensing agent, such
as N,N-carbonyldiimidazole (CDI), N,N-dicyclohexylcarbodiimide
(DCC), or ethylchloroformate, along with a catalyst to facilitate
the condensation reaction, such as N,N-dimethylaminopyridine
(DMAP) or 1-hydroxybenzotriazole (HOBT). In Scheme 2, retinol
2 is synthesized from retinyl acetate 4 with potassium carbonate
in a solvent.


2.2. Photosensitivity and thermal stability test


Natural retinol is very unstable when exposed to sunlight, a
property that makes its application as a material for general cos-
metics difficult. The newly synthesized hybrid retinoid derivative,
retinyl retinoate 1, was designed to overcome the photosensitivity
of retinol, and thus the photosensitivity and thermal stability of
retinyl retinoate 1 were analyzed using qualitative 1H NMR and
quantitative HPLC and compared with retinol and retinyl palmi-
tate, which is an ester of retinol that is widely used in medication
and cosmetics.28–30 For NMR analysis, retinyl retinoate 1 was irra-
diated by UV-A light (wavelength 356 nm) using a Spectroline
apparatus (Model CM-10; Fluorescence analysis cabinet; Spectron-
ics Corporation, Westbury, NY, USA) at room temperature. The flu-
ence rate was 8.6 mW/cm2 and delivered for 2, 12, 24, or 48 h, to
achieve total energy doses of 62, 372, 743, and 1488 J/cm2, respec-
tively. The results were qualitatively identified by 1H NMR. Specif-
ically, photosensitivity was analyzed based on the changes in the
1H NMR of the cyclic ring group, polyene chain group, as well as
the ester group of retinyl retinoate 1. As shown in Figure 1,
although multiple peaks were observed after 24 h irradiation due

OH
O


OH
DCC, DMAP


CH2Cl2, 0oC -> RT
2


3


Scheme

to the trans–cis transition between polyene chain protons, there
was no decomposition or degradation observed in either the poly-
ene chain group, ester group, or cyclic ring group after 48 h irradi-
ation in retinyl retinoate 1. In contrast, retinyl palmitate exhibited
both the trans–cis transition between polyene chain protons and
carbon decomposition of the cyclic ring group after 2 h of irradia-
tion. After 12 h of irradiation the ester bond of retinyl palmitate
was almost non-existent and only the protons of the fatty acid
were observed after 24 h of irradiation. In retinol, almost all of
the polyene chain group and cyclic ring group were decomposed
after 2 h irradiation, and no further qualitative analysis was possi-
ble after 12 h irradiation. Retinyl retinoate 1 has the longer wave-
length of maximum absorption (wavelength 333 nm) than retinol
(wavelength 323 nm) and the absorbance at 356 nm was 0.800
and 0.296, respectively. Although the more energy was absorbed
to retinyl retinoate 1 by UVA at 356 nm, retinyl retinoate 1 was
very stable when exposed to UV light, while retinol was easily
decomposed following photo irradiation.


In order to compare the time dependent thermal stability of the
retinyl retinoate 1 with retinol 2, the phase stability for 1 month in
a thermohygrostat (humidity: 58%) at room temperature, 40 �C,
and 4 �C was examined by quantitative HPLC analysis. As shown
in Figure 2, retinyl retinoate 1 and retinol 2 remained mostly intact
until week 4 when left at 4 �C. However, retinol was decomposed
rapidly at room temperature and 40 �C, while the relative stability
of retinyl retinoate 1 under the same conditions was higher. To-
gether, these results indicated that the new hybrid retinyl retino-
ate 1 was much more stable than retinol.


We also tested the possibility of the hydrolysis of retinyl retino-
ate 1 by HPLC. The retention time for fresh retinol, retinoic acid,
and retinyl retinoate 1 was 8.39, 8.53, and 18.83 min, respectively.
The retention time for retinyl retinoate 1 was 18.94 min after incu-
bation with normal human fibroblasts for 2 days, and no additional
peak at the position of retinol and retinoic acid was observed. This
clearly indicated that the biological effect of retinyl retinoate 1 was
caused by the compound itself, and not by the products of the
hydrolysis of retinyl retinoate 1.


2.3. Analysis of cytotoxicity


In order to verify the primary stability of retinyl retinoate 1
as a material for medicines and cosmetics, its cellular toxicity
was determined using the MTT method31 with normal human
fibroblasts (Newborn). Figure 3 shows the level of cell viability
following exposure to various retinoid derivatives such as reti-
noic acid, retinol, and retinyl retinoate 1. A viability of 100%
was determined by treating cells with medium only. As can be
seen from the results of Figure 3, retinyl retinoate 1 exhibited
a lower intracellular toxicity than retinol and retinoic acid. The
IC50, which is the concentration where growth is inhibited by
50%, was 40 lM for retinyl retinoate 1, which is 60% higher than
that of retinol (25 lM). In addition, the cytotoxicity of retinyl
retinoate 1 was lower than that of retinol. Taken together with
the photosensitivity and thermal sensitivity data, our results
suggest that hybrid retinyl retinoate 1, which was synthesized
via esterification, has tremendous potential as a powerful anti-
wrinkle agent.

O


O


1


1.







OAc OH
K2CO3


MeOH, RT4
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Scheme 2.


Figure 1. Effect of UVA exposure on the photo-stability of retinyl retinoate (A),
retinyl palmitate (B), and retinol (C). Qualitative assays were performed by 1H NMR.
Circle indicates the observed decomposition or degradation in P, polyene chain
group ( ); E, ester group (� � �� � �� � �); and C, cyclic ring group (— � —) in retinoids.


Time (Week)
0 1 2 3 4 5


R
el


at
iv


e 
st


ab
ili


ty
 (%


)


0


20


40


60


80


100


120


Retinol 4oC
Retinyl retinoate 4oC
Retinol room temperature
Retinyl retinoate room temperature
Retinol 40oC
Retinyl retinoate 40oC


Figure 2. Comparison of the thermal stability of retinyl retinoate and retinol for
one month at 4 �C, room temperature, and 40 �C. Stability (%) indicates relative
purity of each compound as determined by HPLC analysis.
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Figure 3. Cytotoxic effect of retinol derivatives. Normal human fibroblast cells c-
ultured with Modified Eagle Medium (DMEM, GIBCOTM) were used for the cell to-
xicity test. After the cells were treated with each different concentrations (0.4, 0.8,
1.6, 3.1, 6.3, 12.5, 25, 50, and 100 lM) for 1 day, the IC50 values of the derivatives
were determined by MTT assay. A viability of 100% was determined from cells
treated with medium only.
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2.4. Analysis of activity for RAR (retinoic acid receptor)


The effect of the retinol derivatives on the activity of RAR was
examined using skin keratinocyte derived HaCaT cells. Recombi-
nant genes DR5-tk-CAT, which contain either the DR1 response
element of RAR, a thymine kinase promoter, and CAT (chloram-
phenicol acetyl transferase) were co-transfected with a plasmid
DNA that expresses RAR a, b, or c in the HaCaT skin cancer cell line
using Lipofectamine (GibcoBRL). Following transfection, the cells
were incubated with various retinoid derivatives, and proteins
were extracted from each cell. Next, the activity of b-galactosidase
was assayed, and the amount of total protein was measured to
determine transfection efficiency. The level of transcription for
RAR was analyzed by CAT ELISA (Roche Molecular Biochemicals,
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Mannheim, Germany). As is shown in Figure 4, the dose-dependent
assays confirmed that retinyl retinoate 1 exhibited partial proper-
ties of both retinol and retinoic acid, although the activity of retinyl
retinoate 1 was closer to the activity of retinol for all three RARs.
That is, retinyl retinoate 1 showed much lower activity than reti-
noic acid but slightly higher activity than retinol. Also, retinyl reti-
noate 1 exhibited more specific activity against RAR a among the
three RAR subtypes in a manner similar to retinol and retinoic acid.
The dose-dependent data shown in Figure 4D confirmed that while
retinyl retinoate 1 was less active than retinoic acid, it was just as
active as retinol for RAR a. It has been reported that greater RAR
activity and lack of subtype-specificity are indicative of side effects
such as skin irritation,32–34 and although retinyl retinoate 1 is a hy-
brid of retinol and retinoic acid, the RAR activity of retinyl retinoate
1 was much closer to retinol, and thus appears to be less likely to
cause skin irritation compared to retinoic acid.


2.5. Inhibition of AP-1 protein (activation protein-1)


Upon binding a ligand such as retinoid derivatives, activated
RARs can functionally interact with the transcription factor c-Jun
to inhibit its activity.35,36 AP-1 (comprising c-Jun protein) is a tran-

Figure 4. Effect of retinol derivatives on the transcriptional activity of RAR a (A), RAR b (B
the retinoic acid-responsive element DR5 (direct repeat 5) bound to a herpes simplex t
reporter gene, was co-transfected with plasmid DNA expressing either RAR a, b, or c into
and 10 lM (f) for retinol, retinoic acid, and retinyl retinoate were examined. (D) RAR a sub
RA, retinoic acid; ROL, retinol, and RR, retinyl retinoate.

scription factor that induces the expression of collagenase, a major
cause of skin wrinkles. If retinol derivatives exhibit an inhibitory
activity against AP-1, a factor inducing skin wrinkles, they may
eventually provide an effective prevention and treatment of skin
wrinkles. Collagenase CAT reporter (Coll-CAT) gene, which con-
tains a AP-1 response element, was transfected into the HaCaT cells
using liposomes and the degree of inhibition against the activity of
AP-1 by retinol derivatives was measured through CAT ELISA in a
manner similar to the RAR activity analysis. Further, the effect of
retinol derivatives on the transcriptional activity of c-Jun (a protein
that induces metastasis of cancer, skin aging, and inflammation,
and consists of either homologous or heterologous isomers), a con-
stitutive element of AP-1, was examined by co-transfecting c-Jun
and RAR a expression vectors. As shown in Table 1, the expression
of collagenase increased as much as 8.6 times when c-Jun was ex-
pressed; however, when cells were treated with retinol and RAR a,
the expression of collagenase decreased more so than in treatment
with retinol alone. With the RAR a expression vector present, ret-
inol, retinoic acid, and retinyl retinoate 1 inhibited the collagenase
expression by about 33%, 64%, and 52%, respectively. It is important
to note that retinyl retinoate 1 inhibited collagenase expression in-
between that of retinol and retinoic acid when cells were treated in

), and RAR c (C). Recombinant DR5-tk-CAT reporter, which contains the one copy of
hymidine kinase promoter upstream of a chloramphenicol acetyl transferase (CAT)


the HaCaT cells. The effects of DMSO (a), 1 nM (b), 10 nM (c), 100 nM (d), 1 lM (e),
type specificity for each retinoid derivatives according to increasing concentrations.







Table 1
Relative inhibition against the expression of collagenase


Condition of expression — Retinol Retinoic acid Retinyl retinoate


— 1.0 0.8 0.6 0.7
c-Jun 8.6 7.3 5.4 6.7
c-Jun + RAR a 8.6 5.8 3.1 4.1
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Figure 6. The effect of retinoic acid, retinol, retinol palmitate, and retinyl retinoate
on the increase ratio of collagen synthesis (%).
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the same manner. Similar to our RAR activity analysis, these results
on the inhibition of AP-1 activity also show that the retinyl retino-
ate 1 exhibited lower inhibitory activity against c-Jun than retinoic
acid, but higher than retinol.


2.6. Comparison of CRABPII mRNA expression


Upon entry into cells RA binds to lipid binding proteins such
as cellular retinoic acid binding protein (CRABPs) and translo-
cates to the nucleus where it binds to either RAR or RXR.37 There
are two types of CRABPs: CRABP I is expressed throughout the
body, while CRABP II is expressed only in the skin, spermary,
ovary, or leucocyte38,39; especially, CRABP II, but not CRABP I,
is induced by retinoic acids in adult skin.40 Thus, the expression
of CRABP II helps retinoic acids to bind receptors such as RAR or
RXR in the nucleus and enhances its transcriptional activity.41


There have been several reports showing that the expression of
CRABP II mRNA is increased by retinoids.42,43 Figure 5 shows a
Western blot for CRABP II and GAPDH (a housekeeping gene
used as an equal protein loading control). As shown in this fig-
ure, the expression of CRABP II mRNA increased following expo-
sure to retinoic acid, retinyl retinoate 1, retinol, and retinyl
palmitate in a concentration dependant manner. Thus, retinyl
retinoate 1 enhanced the expression of CRABP II mRNA, and
CRABPII acts as mediator for the derivative of retinoids to in-
crease collagen expression.


2.7. Collagen synthesis test


The effect of retinyl retinoate 1 on collagen synthesis was
compared to that of retinol, retinoic acid, and retinyl palmitate
to confirm its utility as inhibitors for skin aging. The increasing
ratio for collagen synthesis of the test group over the control
group, which was treated with DMEM only, is depicted in Figure
6. Retinol derivatives such as retinol palmitate showed a much
lower effect on collagen synthesis than retinol and other retinoic
acid derivatives. In contrast, retinyl retinoate 1 exhibited either a
superior or an equivalent effect on collagen synthesis at low
concentrations when compared to retinol or retinoic acid,

   


1    1.84    1.40    1.20   1.56 1  


Control   RA    ROL     RP     RR Contro


1 µM


Figure 5. Effects of retinol derivatives on the expression of GAPDH and CRABP II. RA, reti
depicted on the Western blot indicate the relative amount of expressed GRABP II based

respectively. These results indicate that retinyl retinoate 1 has
the potential to be an effective anti-wrinkle agent for cosmetic
formulations.


3. Conclusions


We have synthesized the novel hybrid retinyl retinoate 1 by
applying a condensation reaction between retinol (which has a
hydroxyl end group) and retinoic acid (which has a carboxyl
end group), and analyzed whether this compound is suitable
for use as an anti-wrinkle agent in cosmetics based on in vitro
biological assays. The hybrid retinol derivative had enhanced
thermal stability and decreased photosensitivity, and exhibited
decreased cell toxicity compared to that of retinol. Although
the biological activity of retinyl retinoate 1 for RAR a was in be-
tween the properties of retinol and retinoic acid, the overall
activity was far less than that of retinoic acid and much closer
to retinol, suggesting that retinyl retinoate 1 may have side ef-
fect similar to that of retinol, and not retinoic acid. Retinyl reti-
noate 1 showed higher biological activity than that of retinol.
Specifically, RAR activity analysis showed that Retinyl retinoate
1 exhibited lower inhibitory activity against c-Jun than retinoic
acid, but higher than retinol. Also, retinyl retinoate 1 showed
either superior or equivalent effects on collagen synthesis at
low concentration compared to retinol or retinoic acid,
respectively.

GAPDH


CRABP II


2.05  1.44   1.40   1.75 


l  RA ROL  RP    RR


10 µM


noic acid; ROL, retinol, RP, retinyl palmitate, and RR, retinyl retinoate. The numbers
on densitometry.
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Overall, the novel hybrid retinyl retinoate 1 may be useful for
the prevention, improvement, or treatment of skin aging including
wrinkles and freckles that may be caused by skin cancer or other
skin conditions such as acne and psoriasis. In addition, retinyl reti-
noate 1 was effective at low concentrations in our in vitro biolog-
ical assays, and thus may be effective at a low concentrations in
vivo. Further, retinyl retinoate 1 exhibited excellent stability and
extremely low cell toxicity. In conclusion, retinyl retinoate 1 may
have the potential to be conveniently used as an additive for cos-
metics for prevention and improvement of skin aging and medi-
cines for the treatment of skin troubles such as acne and
psoriasis, due to its excellent stability under severe and accelerated
conditions.


4. Experimental


4.1. Chemistry


4.1.1. Retinyl retinoate 1
Retinoic acid (1.26 g, 0.0042 mol, Basf Co.), dicyclohexylcarbo-


diimide (DCC) (0.87 g, 0.0042 mol) and a catalytic amount of
dimethylaminopyridine (DMAP) were added to retinol (1.00 g,
0.0035 mol) and dissolved in anhydrous dichloromethane (50 ml)
at 0 �C. The reaction solution was slowly warmed to room temper-
ature and stirred for 12 h under a nitrogen atmosphere in the ab-
sence of exposure to light or moisture. The reaction solution was
then filtered, and the solvent was removed by distillation under re-
duced pressure. The residue was purified by column chromatogra-
phy (silica gel 60 for cc part, Merk Co., mesh size 270 400, hexane/
diethylether = 19:1, v/v) to give 1.55 g (Yield 78%) of the pale yel-
low title compound.


1H NMR (300 MHz, CDCl3) d 7.03 (dd, 1H, J = 26.4 Hz, 11.4 Hz,
C20H), 6.67 (dd, 1H, J = 26.4 Hz, 11.4 Hz, C11H), 6.34 (d, 2H,
J = 2.1 Hz, C19H, C12H), 6.29 (d, 2H, J = 2.1 Hz, C7H, C24H), 6.18 (d,
2H, J = 9.9 Hz, C23H, C8H), 6.12 (d, 2H, J = 10.2 Hz, C10H, C21H), 5.82
(s, 1H, C7H), 5.69 (t, 1H, J = 7.2 Hz, C14H), 4.81 (d, 2H, J = 6.9 Hz,
C5H.sub.2), 2.39 (s, 3H, C18CH3), 2.05 (t, 4H, J = 5.1 Hz, C4H.sub.2,
C27H.sub.2), 2.03 (s, 3H, C13CH.sub.3), 1.99 (s, 3H, C22CH.sub.3), 1.94 (s,
3H, C9CH.sub.3), 1.74 (s, 6H, C5CH.sub.3, C26CH.sub.3), 1.65 (m, 4H,
C3H.sub.2, C28H.sub.2), 1.50 (m, 4H, C2H.sub.2, C29H.sub.2), 1.06 (s, 12H,
C1(CH3)2, C30(CH3)2).


4.2. Stability test


In order to compare the photostability of the retinyl retinoate 1
with retinol and retinyl palmitate, each sample was dissolved in
CDCl3 (50 mg/mL) and irradiated by UV-A light (wavelength
356 nm) using a Spectroline apparatus (Model CM-10; Fluores-
cence analysis cabinet; Spectronics Corporation, Westbury, NY,
USA) for 0, 2, 12, 24, and 48 h at room temperature. Changes in
the 1H NMR were observed, especially that of the cyclic ring group,
polyene chain group, and ester group of the retinoid molecular
structure.


4.3. Thermal stability test


In order to compare thermal stability of the retinyl retinoate 1
and retinol, the phase stability for 1 month in a thermohygrostat
(humidity: 58%) of room temperature, 40 �C, and 4 �C was exam-
ined by a quantitative HPLC analysis. The HPLC was performed
using a Capcellpak UG 120 (5 lm, 4.6 mm � 150 mm, Shiseido, Ja-
pan) column, followed by elution with dilute acetic acid (1–100):
acetonitrile:methanol:dichloromethane (2:10:60:28, v/v; retinyl
retinoate) or methanol/water (90:10, v/v; retinol) for 15 min at a
linear gradient of 1.5 ml/min. Absorption spectra were recorded
at 326 nm.

4.4. Analysis of cytotoxicity


Normal human fibroblasts (Newborn, passage 5) cells were
grown in Modified Eagle Medium (DMEM, GIBCOTM) 5% CO2 and
37 �C. The cytotoxic effects of retinoids were monitored by 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) as-
says. Cells were seeded in 96-well plates at a density of 5 � 103 cell
per plate. After cell attachment, fresh retinoid derivatives such as
retinol, retinyl palmitate, retinoic acid, and retinyl retinoate 1 were
added to medium at different concentrations ranging from 0.4 lM to
100 lM. Dimethylsulphoxide (DMSO), which did not affect cell pro-
liferation, was used as control with a final concentration of 0.1%.
After incubation for 1 day, 50 lL of MTT solution (2 mg/mL in PBS)
was added to cell culture medium and incubated at 37 �C for 4 h.
The optical density was measured using a spectrophotometer at
570 nm (ELISA Reader). An IC50 value, which indicates 50% growth
inhibition, was determined for each retinoid derivative.


4.5. Analysis of RAR (retinoic acid receptor) activity


A recombinant gene of DR5-tk-CAT comprising DR1 as a response
element of RAR, a thymine kinase promoter, and CAT (chloramphen-
icol acetyl transferase) was co-transfected with plasmid DNA
expressing either RAR a, b, or c into the HaCaT cell line. The cells were
incubated in DMEM/10% FBS medium at 5% CO2 and 37 �C for 1 day,
at which time retinol derivatives were added at a concentration of
1 lM. The final concentration of DMSO was 0.01%. The cells were
then incubated for one more day and then washed with phos-
phate-buffered saline (PBS). Proteins extracts were prepared from
the cells, the activity of b-galactosidase was assayed, and the amount
of total protein was measured to determine the transfection effi-
ciency. The degree of transcription for RAR was analyzed by CAT ELI-
SA (Roche Molecular Biochemicals, Mannheim, Germany).


4.6. Inhibition of AP-1 protein (activation protein-1)


The CAT reporter (Coll-CAT) contained the collagenase pro-
moter and AP-1 response element (TRE) and was transfected into
the HaCaT cell line. The degree of inhibition against the activity
of AP-1 by retinol derivatives was measured using CAT ELISA
(Roche Molecular Biochemicals, Mannheim, Germany). Further,
the effect of retinol derivatives on the transcriptional activity of
c-Jun (a protein that induces metastasis of cancer, skin aging, and
inflammation, and consists of either homologous or heterologous
isomers), a constitutive element of AP-1, was examined by co-
transfecting c-Jun and RAR a expression vectors.


4.7. CRABPII mRNA expression


Normal skin primary fibroblasts were grown in 10 cm dishes in
the absence or presence of retinol, retinyl palmitate, retinoic acid,
or retinyl retinoate 1. Total RNA from cultured human skin fibro-
blasts was prepared using a commercial kit (Reasy Mini kit, Qia-
gen) according to the manufacturer’s protocol; the RNA
concentration was determined with a spectrophotometer. Total
RNA was subjected to reverse transcription and subsequent PCR
to confirm changes in CRABP II mRNA levels observed previously.
Specifically, 1 lg of total RNA was reverse-transcribed in a 50 lL
reaction mixture containing reverse transcriptase, primers, dNTP
mix, and RNAase free-water. PCR cycling conditions were chosen
for each cDNA to ensure that measurements were performed dur-
ing the exponential component of the reaction. PCR primers were
purchased from Bioneer oligonucleotide synthesis service. The
reaction mixture was first incubated at 50 �C for 30 min, at which
time Taq DNA polymerase was activated by heating at 95 �C for
15 min using a Perkin-Elmer cycler 9700 (Perkin-Elmer Applied
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biosystems, USA). Following initial denaturation the reactions
were cycled 25 times at 94 �C for 1 min for denaturation, annealing
at 60 �C for 1 min, and extension at 72 �C for 1 min. PCR products
were visualized by ethidium bromide staining on 2% agarose gels
after electrophoresis. The primers used for RT-PCR were 50-CCC
AAC TTC TCT GGC AAC TGG-30 (sense) and 50-CTC TGC GAC GTA
GAC CCT GGT-30 (antisense) to give 413 bp PCR fragment. GAPDH
was amplified in parallel, and the results were used for normaliza-
tion. Primers used for RT-PCR of GAPDH were 50-TGA AGG TCG GTG
TGA ACG GAT TTG GC-30 (sense) and 50-CAT GTA GGC CAT GAG GTC
CAC CAC-30 (antisense) to give 983 bp PCR fragment.


4.8. Collagen synthesis test


The effect of the retinyl retinoate 1 on collagen synthesis was
examined and compared to that of retinol, retinoic acid, and retinyl
palmitate to confirm its utility as an inhibitor of skin aging. A range
of concentrations where the samples exhibited no overt cellular
toxicity were selected through a cell toxicity test and was deter-
mined as 0.000001–0.00001% (w/v). Normal human fibroblasts
(Newborn, passage: 6) were cultured with DMEM. A total of
1�105 cells/well were inoculated into each well of a 6-well plate,
and cells were subsequently cultured until they were approxi-
mately 80% confluent. Cells were then treated with the various ret-
inoid derivatives and incubated for 2 days (FBS was not added to
the medium when cells were treated with samples), at which time
the cell medium was removed and stored at 4 �C. After removal of
the medium, a small amount of PBS was added, and cells were dis-
lodged from the plate with a cell scraper. Next, 1 N NaOH (100 ll)
and distilled water (400 ll) were added and the resulting mixture
was allowed to stand overnight at room temperature, at which
time protein analysis was performed (BCA Protein Assay Kit,
PIERCE 23225). The stored medium was subjected to collagen anal-
ysis using an analysis kit (Sircol Collagen assay kit; a dye that spe-
cifically combines with soluble collagen). A total of 1.0 ml of Sircol
Dye Reagent was introduced into each tube and mixed for 30 min,
centrifuged for 10 min at 5000g or more, and the supernatant was
removed. 1.0 ml of Sircol Alkali Reagent was added, slowly mixed,
and the absorbance at 540 nm was measured. The amount of total
protein was analyzed and converted into a value for the ratio of
collagen biosynthesis (%) as follows:


The increase ratio of collagen biosynthesis ð%Þ


¼
ðAmount of collagen synthesized=total proteinÞsample group


ðAmount of collagen synthesized=total proteinÞcontrol group
�100


" #


�100


Here, amount of collagen synthesized of sample and control was
analyzed after treatment with retinoid and solvent, respectively.
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A family of five peptides was previously discovered by phage display techniques that binds to the human
neonatal Fc receptor (FcRn) and inhibits the human IgG:human FcRn protein–protein interaction [Proc.
Nat. Acad. Sci. U.S.A. 2008, 105, 2337–2342]. The consensus peptide motif consists of the sequence
GHFGGXY where X is preferably a hydrophobic amino acid, and also includes a disulfide bridge enclosing
11-amino acids in varying positions about the consensus sequence. We describe herein the structure–
activity relationships of one of the five peptides in binding to FcRn using surface plasmon resonance
and IgG:FcRn competition ELISA assays. Modifications of the peptide length, cyclization, and the incorpo-
ration of amino acid substitutions and dipeptide mimetics were studied. The most potent analogs exhib-
ited a 50- to 100-fold improvement of in vitro activity over that of the phage-identified peptide sequence.


� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction


The neonatal Fc receptor, FcRn, is the key regulatory protein for
IgG homeostasis in animals.1,2 Extensive studies over many years
have confirmed that FcRn is a saturable salvage receptor for IgG
in circulation and provides these large proteins with their unusu-
ally long circulating half-lives. For example, it has been reported
that the serum half-life of IgG in normal mice is 9 days versus only
1.4 days in FcRn-deficient mice.3 FcRn is broadly expressed in
endothelial cells4 as well as in bone marrow-derived phagocytic
cells.5 It is thought that IgG undergoes fluid phase pinocytosis to
gain entry into cells and then bypasses the lysosomal degradation
pathway by binding to FcRn in the acidic (pH 6) environment of the
endosome.6 IgG is then shuttled back to the cell surface and re-
leased by exocytosis7 into circulation since IgG has minimal affin-
ity for FcRn at the extracellular pH of 7.4.


FcRn is thus a potential therapeutic target for treating autoim-
mune diseases where the reduction of pathogenic IgGs could have
therapeutic benefits. Indeed, research using FcRn-deficient mice
has demonstrated therapeutic benefits in a model for rheumatoid
arthritis8 and various skin blistering diseases.9 Furthermore, recent
reports have demonstrated that targeting FcRn with an appropriate
antagonist in vivo can be relevant in treating autoimmune disease
states. For example, a monoclonal antibody targeting FcRn reduced
symptoms of experimental autoimmune myasthenia gravis (EAMG)

ll rights reserved.


: +1 781 547 6008.

in rats. In addition, a human IgG antibody genetically engineered
for higher affinity binding to human FcRn (hFcRn) was found to ame-
liorate experimental arthritis in FcRn-transgenic mice.11


We previously discovered a family of five novel peptides that is
capable of binding to hFcRn and blocking IgG binding.12 These five
peptides, SYN722-SYN726 (Table 1), formed the basis of a consen-
sus FcRn-binding motif: GHFGGXY, where X is preferably a hydro-
phobic amino acid. The motif is enclosed by a cysteine disulfide
loop where the loop contains 11 amino acids including the cyste-
ines. Chemical optimization of SYN722 and its homodimerization
to form SYN1436 resulted in greatly enhanced in vitro activity
and resulted in dramatic in vivo effects. SYN1436 accelerated the
catabolism of IgG in both transgenic mice possessing human FcRn
and in cynomolgus monkeys, while its constituent monomeric
peptide SYN1327 was inactive in the same transgenic mouse
experiment.12 Herein we describe the structure–activity relation-
ships of the core peptide sequence of SYN722 and its chemical
optimization into the optimized monomeric peptide SYN1327.
Structure–activity relationships relating to the dimerization of
the peptide monomers will be described elsewhere.


2. Results


2.1. Consensus peptide motif


The peptide hits derived from the phage display screen12 and
the corresponding consensus motif are shown in Table 1. The con-
sensus motif is enclosed by an 11-amino acid disulfide loop with
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Table 1
Phage hit peptide sequences


Peptide
No.


Sequencea IC50
b


(lM)
Kd


c (pH 6)
(lM)


Kd
c (pH 7.4)


(lM)


SYN722 QRFCTGHFGGLYPCNGP 36 5.7 45
SYN723 GGGCVTGHFGGIYCNYQ 33 5.2 35
SYN724 KIICSPGHFGGMYCQGK 64 22 78
SYN725 PSYCIEGHIDGIYCFNA 49 8.8 76
SYN726 NSFCRGRPGHFGGCYLF 33 9.4 93
Consensus GHFGGXY


a Peptides were synthesized with flanking AG residues on the N-terminus and
GTGGGK residues on the C-terminus to reflect the non-variable flanking residues
found in the phage library during the screen. Disulfide bonds link the underlined
cysteines.


b IC50 values were determined using the IgG competition ELISA assay as described
in the text.


c Kd values were determined using the SPR assay as described in the text.


Table 2
Truncations of SYN722


Peptide
No.


Sequence IC50 (lM) Kd (pH 6) (lM)


SYN722 AGQRFCTGHFGGLYPCNGPGTGGGK 36 5.7
SYN746 QRFCTGHFGGLYPCNGP 40 ± 15


(n = 4)
5.1


1 CTGHFGGLYPCNGP 239 34
2 QRFCTGHFGGLYPC 27 4.2
3 CTGHFGGLYPC 110 20
4 TGHFGGLYP >250 >250
5 RFCTGHFGGLYPCNGP 24 2.9
6 FCTGHFGGLYPCNGP 67 11
7 QRFCTGHFGGLYPCNG 34 4.6
8 QRFCTGHFGGLYPCN 31 6.1
9 RFCTGHFGGLYPC 87 10


A. R. Mezo et al. / Bioorg. Med. Chem. 16 (2008) 6394–6405 6395

cysteines at varying positions relative to the consensus motif. For
example, in SYN722, the C-terminal cysteine resides two amino
acids from the end of the consensus motif, while in SYN723-
SYN725, the C-terminal cysteine is directly adjacent to the C-termi-
nal residue of the motif. Furthermore, in SYN726, the C-terminal
cysteine resides within the consensus motif at position X.
SYN722 was selected for more detailed studies and optimization
since it was one of the highest affinity of the five peptide sequences
and was the most prominent sequence selected in the phage
screening process.


2.2. In vitro assays


Two different assays were used to study the in vitro activity of
the peptides, as described previously.12 The first was a surface
plasmon resonance (SPR) assay where soluble human FcRn was
immobilized on the chip surface while soluble peptides are al-
lowed to flow over the chip. From these SPR experiments, dissoci-
ation constants (Kd) for the peptide:FcRn interaction were
obtained. The second assay was a competition assay between hu-
man IgG at a constant concentration (3 nM) and peptide at varying
concentrations for binding to immobilized soluble human FcRn on
96-well plates. The concentration of peptide that was needed to in-
hibit 50% of the IgG:FcRn interaction was determined and reported
as its IC50 value. Both the Kd and IC50 are referred to in the
Tables.


2.3. Truncations of SYN722


SYN722 was truncated at both the N- and C-termini to determine
the shortest sequence possessing full binding and inhibitory charac-
teristics (Table 2, Fig. 1). Truncations of residues from the C-terminus
up to the cysteine residue did not affect activity. In contrast, the N-
terminal residues appeared to be required for full activity. Also note
peptide 4 which contains the core motif without the benefit of the
cysteine disulfide; this peptide is inactive up to 250 lM which dem-
onstrates that cyclization greatly enhances activity.


2.4. Alanine scan of SYN746


Several residues in the sequence of SYN746 were replaced with
alanine to gauge their impact on peptide activity (Table 3). As ex-
pected, when each amino acid in the consensus motif (apart from
X) was changed to alanine, a significant loss in activity was ob-
served. Amino acid position X in the motif (in this case, leucine)
was still moderately active when replaced with alanine which sug-
gests only a bias towards hydrophobic or bulky amino acids at this
position.

2.5. Cysteine analogs


The effect of incorporating cysteine analogs was studied by
replacing the two cysteines systematically with homocysteine,
D-cysteine and penicillamine (Table 4). The introduction of homo-
cysteine had no effect on the activity of the peptide while the intro-
duction of D-cysteine greatly reduced binding. In contrast,
introduction of L-penicillamine (Pen) into the N-terminal cysteine
position enhanced activity by approximately 10- to 20-fold in these
assays (peptide 27). Incorporation of Pen into the C-terminal
cysteine position had only a limited effect (peptide 28), while the
incorporation of two Pen residues resulted in no additional
enhancement of binding or blocking activity over that of peptide 27.


2.6. Truncations of SYN775


With the discovery of the enhancing effect of penicillamine,
truncations of peptide 27 were investigated (Table 5). It was found
that both Gln1 and Arg2 could be removed with minimal loss in
activity. Note that the inclusion of the C-terminal ‘NGP’ is inconse-
quential to the activity of the peptide (Table 2).


2.7. N-Methyl scan


The incorporation of N-methyl residues can enhance the stabil-
ity of peptides to enzymatic degradation and thus render peptides
more active in vivo.13 We substituted N-methyl residues for their
natural counterparts and studied their effects on in vitro activity
(Table 6). The addition of a N-methyl group to amino acids Gly6,
His7, Phe8, and Tyr12 (peptides 35,36,37,41) reduced the peptide
activity >100-fold. The addition of sarcosine for Gly9 (peptide 38)
reduced peptide activity approximately 10-fold. It is possible that
the amide protons of these amino acids are involved in critical
hydrogen bonding interactions. Interestingly, the incorporation of
sarcosine for Gly10 enhanced binding and blocking activity
approximately 2-fold (peptide 39). Incorporation of N-methyl leu-
cine (NMeLeu) at position 11 enhanced the binding activity
approximately 3-fold and marginally enhanced its blocking activ-
ity (peptide 40). Combining these two favorable substitutions
(peptide 44, SYN1327) resulted in a 4- to 5-fold enhancement in
binding activity over that of peptide 27.


2.8. Analogs of glycine in SYN746


The presence of three glycine residues in the consensus motif
may be due to the need for amino acid torsional angles not
accessible with L-amino acids and therefore unavailable in the
phage display screen. To study this possibility, peptides incorporat-
ing the substitution of D-alanine for glycine were synthesized







Figure 1. Numbering convention for SYN746. Residues underlined and in bold represent the consensus motif.


Table 3
Alanine scan of SYN746


Peptide No. Sequence IC50 (lM) Kd (pH 6) (lM)


SYN746 QRFCTGHFGGLYPCNGP 40 ± 15 (n = 4) 5.1
10 QAFCTGHFGGLYPCNGP 23 7.7
11 QRACTGHFGGLYPCNGP 95 28
12 QRFCAGHFGGLYPCNGP 30 4.9
13 QRFCTAHFGGLYPCNGP >125 >250
14 QRFCTGAFGGLYPCNGP >125 >250
15 QRFCTGHAGGLYPCNGP >125 >250
16 QRFCTGHFAGLYPCNGP >125 230
17 QRFCTGHFGALYPCNGP >125 120
18 QRFCTGHFGGAYPCNGP 107 26
19 QRFCTGHFGGLAPCNGP >125 >250
20 QRFCTGHFGGLYACNGP 96 14
21 QRFCTGHFGGLYPCAGP 30 8


Table 4
Cysteine derivatives of SYN746


Peptide No. Sequencea IC50 (lM) Kd (pH 6) (lM)


SYN746 QRF-C-TGHFGGLYP-C-NGP 40 ± 15 (n = 4) 5.1
22 QRFCTGHFGGLYP-hC-NGP 21 3.9
23 QRF-hC-TGHFGGLYP-hC-NGP 20 3.8
24 QRF-c-TGHFGGLYP-C-NGP >125 150
25 QRF-C-TGHFGGLYP-c-NGP 125 31
26 QRF-c-TGHFGGLYP-c-NGP >500 200
27 QRF-Pen-TGHFGGLYP-C-NGP 2 0.25
28 QRF-C-TGHFGGLYP-Pen-NGP 18 2.7
29 QRF-Pen-TGHFGGLYP-Pen-NGP 2 0.37
30 QRF-Pen-TGHFGGLYP-hC-NGP 2 0.31
31 QRF-hC-TGHFGGLYP-Pen-NGP 16 2.1


a ‘Pen’, L-penicillamine; ‘hC’ = L-homocysteine; ‘c’ = D-cysteine.


Table 5
Truncations of peptide 27 derivatives


Peptide No. Sequence IC50 (lM) Kd (pH 6) (lM)


27 QRF-Pen-TGHFGGLYPCNGP 2 0.25
32 F-Pen-TGHFGGLYPC 1.7 0.31
33 RF-Pen-TGHFGGLYPC 2.0 0.17


Table 6
N-Methyl derivatives of SYN746 and peptide 27


Peptide No. Sequence* IC50 (lM) Kd (pH 6)
(lM)


SYN746 QRFCTGHFGGLYPCNGP 40 ± 15 (n = 4) 5.1
34 QRFC-NMeAla-GHFGGLYPCNGP 169 18
27 QRF-Pen-TGHFGGLYP-C-NGP 2 0.25
35 QRF-Pen-T-Sar-HFGGLYP-C-NGP >125 88
36 RF-Pen-TG-NMeHis-FGGLYPC >250 nd
37 QRF-Pen-TGH-NMePhe-GGLYPCNGP >125 >250
38 QRF-Pen-TGHF-Sar-GLYPCNGP 27 2
39 QRF-Pen-TGHFG-Sar-LYPCNGP 0.9 0.11
40 QRF-Pen-TGHFGG-NMeLeu-YPCNGP 1.6 0.086
41 QRF-Pen-TGHFGGL-NMeTyr-PCNGP >125 92
42 RF-Pen-TGHFGG-NMeLeu-YPC 2.1 0.059
43 RF-Pen-TGHFG-Sar-YPC 1.0 0.058
44 QRF-Pen-TGHFG-Sar-NMeLeu-YPCNGP 0.42 0.046
SYN1327 RF-Pen-TGHFG-Sar-NMeLeu-YPC 0.49 0.031


* ‘Sar’, sarcosine; ‘NMe’ prefix denotes N-methyl amino acid.
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(Table 7). Substitution of D-alanine for Gly6 (peptide 45) resulted in
a >200-fold weaker affinity which confirms the strict requirement
for glycine in this position since L-alanine was also greatly inacti-
vating in this position (Table 3). Further incorporation of a methy-
lene group into the peptide backbone by substitution of Gly6 with
b-alanine also rendered the peptide inactive (peptide 49). These
data suggest that Gly6 is ideally suited for this position and that
there may be steric limitations to incorporating additional func-
tionality. However, this was not the case for Gly9 and Gly10. The
substitution of D-alanine for glycine in these positions resulted in
only a two-fold loss in activity. This is in contrast to the >10-fold
loss in activity when substituted with L-alanine (Table 3). This
suggests that the amino acid torsional angles of these two residues
more closely resemble D-amino acids and therefore may be a useful
starting point for the synthesis of peptidomimetics in this portion
of the peptide sequence.


To further study the possibility of increasing the potency of
peptide 27 using D-amino acid substitutions in the Gly9-Gly10
position, various D-amino acids were placed in the Gly9 and/or
Gly10 positions (Table 8). These peptides included the known
b-hairpin nucleators D-Pro-L-Pro14 as well as the type II0 turn
nucleators D-Pro-Gly and D-Phe-L-Pro.15,16 Of all the peptides,
only the dipeptide Gly-D-Pro (peptide 50) was equipotent to
the Gly9-Gly10 dipeptide. None of the substitutions resulted in
enhanced in vitro activity.


2.9. D-Amino acid scan of SYN775


The effect of substituting D-amino acids for L-amino acids in
the rest of the peptide was studied in the context of peptide
27 (Table 9). Many of the positions were incompatible with D-
amino acids, which suggests great specificity for the consensus
motif. The Gly9 and Gly10 positions are shown replaced with
D-alanine and these analogs were only modestly less active (vide
supra).


2.10. Analogs of Phe8


A number of aromatic analogs of Phe8 were synthesized and
studied, to probe the hydrophobic surface surrounding the phenyl
ring (Table 10). Although some methyl-Phe derivatives appear to
be demonstrate slightly greater activity (peptides 93 and 95), no
significant increase in activity was observed. The introduction of
potential hydrogen bonding donors (e.g., 4-acetamido-Phe: pep-
tide 98) and acceptors (e.g., pyridylalanines: peptides 88–90)
around the ring also resulted in decreased activity. Overall, the
binding of peptide 27 to shFcRn is highly specific for a single
hydrophobic phenyl ring.

Table 7
Analogs of glycine in SYN746


Peptide No. Sequence* IC50 (lM) Kd (pH 6) (lM)


SYN746 QRFCTGHFGGLYPCNGP 40 ± 15 (n = 4) 5.1
45 QRFCT-a-HFGGLYPCNGP >125 >250
46 QRFCTGHF-a-GLYPCNGP 48 10
47 QRFCTGHFG-a-LYPCNGP 57 12
48 QRFCTGHF-a-a-LYPCNGP 69 22
49 QRFCT-bAla-HFGGLYPCNGP >125 >250


* ‘a’, D-alanine; ‘bAla’ = b-alanine.







Table 8
Analogs of peptide 27 at Gly9-Gly10-Leu11


Peptide
No.


Sequencea IC50 (lM) Kd (pH 6) (lM)


27 QRF-Pen-TGHF-GG-LYP-C-NGP 2 0.25
50 QRF-Pen-TGHF-G-p-LYPCNGP 1.4 0.23
51 QRF-Pen-TGHF-G-r-LYPCNGP 8.1 0.83
52 QRF-Pen-TGHF-G-h-LYPCNGP 12 2
53 QRF-Pen-TGHF-G-i-LYPCNGP 18 2.2
54 QRF-Pen-TGHF-G-f-LYPCNGP 13 1.7
55 QRF-Pen-TGHF-G-y-LYPCNGP 13 1.5
56 QRF-Pen-TGHF-G-Aib-LYPCNGP 2.4 0.48
57 QRF-Pen-TGHF-d-G-LYPCNGP 3.1 0.58
58 QRF-Pen-TGHF-p-G-LYPCNGP 5 0.79
59 QRF-Pen-TGHF-r-G-LYPCNGP 4.1 0.31
60 QRF-Pen-TGHF-h-G-LYPCNGP 3.6 0.41
61 QRF-Pen-TGHF-i-G-LYPCNGP 9.4 2.6
62 QRF-Pen-TGHF-f-G-LYPCNGP 2.8 0.51
63 QRF-Pen-TGHF-y-G-LYPCNGP 3.2 0.32
64 QRF-Pen-TGHF-Aib-G-LYPCNGP 17 5.2
65 QRF-Pen-TGHF-G-a-LYPCNGP 2 0.48
66 QRF-Pen-TGHF-a-G-LYPCNGP 4.5 0.49
67 QRF-Pen-TGHF-a-a-LYPCNGP 4.5 0.45
68 QRF-Pen-TGHF-a-p-LYPCNGP 3.7 0.43
69 QRF-Pen-TGHF-f-p-LYPCNGP 5.9 0.72
70 QRF-Pen-TGHF-f-a-LYPCNGP 4.3 0.41
71 QRF-Pen-TGHF-p-p-LYPCNGP 21 3.3
72 QRF-Pen-TGHF-f-G-NMeLeu-


YPCNGP
1.3 0.24


73 QRF-Pen-TGHF-a-G-NMeLeu-
YPCNGP


3.2 0.23 ± 0.03
(n = 4)


74 QRF-Pen-TGHF-f-G-P-YPCNGP 39 18.3
75 QRF-Pen-TGHF-p-P-LYPCNGP >250 >100
76 QRF-Pen-TGHF-f-P-LYPCNGP 22 3.8
77 QRF-Pen-TGHF-a-Sar-LYPCNGP 1.7 0.19


a ‘Aib’, aminoisobutyric acid.


Table 9
D-Amino acid scan of peptide 27


Peptide No. Sequence IC50 (lM) Kd (pH 6) (lM)


27 QRF-Pen-TGHFGGLYP-C-NGP 2 0.25
78 Q-r-F-Pen-TGHFGGLYP-C-NGP 1.7 0.28
79 QR-f-Pen-TGHFGGLYP-C-NGP 11.4 1.8
80 QRF-Pen-t-GHFGGLYP-C-NGP >125 >250
81 QRF-Pen-TGH-f-GGLYP-C-NGP >125 >250
66 QRF-Pen-TGHF-a-GLYP-C-NGP 4.5 0.49
65 QRF-Pen-TGHFG-a-LYP-C-NGP 2 0.48
82 QRF-Pen-TGHFGG-l-YP-C-NGP >125 >250
83 QRF-Pen-TGHFGGL-y-P-C-NGP >125 >250
84 QRF-Pen-TGHFGGLY-p-C-NGP >125 >250
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2.11. Analogs of Tyr12


The specificity for tyrosine at position 12 was studied by incor-
porating similar analogs. Of the analogs assayed (Table 11), the
peptide motif was very specific for the tyrosine side-chain in this
position. For example, the 4-amino-Phe analog peptide 110, which
might be expected to exhibit similar hydrogen bonding character-
istics, was >50-fold less active. In addition, capping of the phenolic
side-chain with a methyl group (peptide 111) or removal of the hy-
droxyl group (peptide 109) also resulted in a dramatic loss in activ-
ity. These data suggest a critical role for the phenolic moiety as
both a potential hydrogen bond donor and acceptor. Interestingly,
the 4-fluoro-phenylalanine derivative (peptide 117) lost only �10-
fold activity indicating that the fluorine atom may be capable of
partially mediating the same interaction as the phenolic moiety.


2.12. Analogs of His7


Histidine was also one of the critical residues found in the ala-
nine scan. The presence of histidine suggests a possible pH-depen-

dence of binding to FcRn due to the pKa of histidine which is
approximately 6.5. Indeed, for all of the peptide derivatives de-
scribed thus far, the Kd for binding FcRn is typically about 5-fold
tighter at pH 6 than at pH 7.4. This suggests that the mechanism
of peptide binding to shFcRn incorporates the positively charged
histidine residue. We therefore sought to incorporate an accept-
able His substitution which would remain positively charged at
pH 7.4 which is typical of physiological conditions (Table 12).


As an example, the thiazolyl-alanine derivative peptide 118 was
weaker than the comparable His derivative SYN1327. However,
methylation of the nitrogen in the thiazolidine ring introduced a
positive charge at neutral pH (peptide 119) and provided enhanced
binding at pH 7.4 as compared to SYN1327.


The triazole derivative of the histidine imidazole side-chain,
peptide 120, was synthesized via reaction of a propargyl glycine-
containing peptide with sodium azide under ‘click chemistry’ con-
ditions.17 This analog also possesses a positive charge at neutral pH
with the addition of a nitrogen to the 5-membered imidazole ring.
Again, the consensus peptide motif exhibited tremendous specific-
ity and the introduction of this change resulted in a 10-fold weaker
interaction at pH 6 but only a 2-fold weaker interaction at pH 7.4,
demonstrating the significance of adding a moiety capable of
retaining its positive charge at neutral pH.


Over the course of studying these analogs, a trend emerged for
optimal binding in the His position that ultimately captures the
essential features of histidine: aromaticity and a positive charge.
For example, some accepted substitutions were the pyridyl deriv-
atives (e.g., peptide 123) or the arginine substitution (peptide
128); each with only a moderate loss in activity. These two favor-
able moieties were combined into a single molecule using 4-guani-
dino-Phe (peptide 129). Peptide 129 was less active at pH 6 than
the comparable His analog SYN1327; however, peptide 129 was
more active at pH 7.4 due to its positive charge at neutral pH.


2.13. Peptidomimetic analogs at Gly9-Gly10-Leu11


The presence of Gly-Gly in the enclosed disulfide loop suggested
a possible role for this dipeptide in allowing a unique conforma-
tion, possibly a b-turn. In addition, the lack of side-chains in this
region of the peptide, and the preference of D-alanine over L-ala-
nine (Tables 7 and 8) suggested that this region of the sequence
may be amenable to further chemical manipulation. As a first at-
tempt at removing a peptide bond, phenyl acetic acid and benzoic
acid analogs were incorporated into the peptide in place of the
Gly9-Gly10 dipeptide (peptides 136–139). The meta-substituted
phenyl rings resulted in weak but active peptides. In the case of
peptide 139, incorporation of 3-aminophenyl acetic acid was only
7-fold weaker than the comparable peptide 33 derivative and dem-
onstrated that indeed the incorporation of all amide bonds is not
an absolute requirement for peptide activity (Table 13).


In an attempt to restrict the conformational freedom of the
Gly9-Gly10 dipeptide, various rigidified dipeptides were incorpo-
rated into the peptide (Table 13). The first of these analogs were
5-, 6-, and 7-membered lactams18 whereby the Gly10 amino group
is linked to the a-carbon of Gly9 with methylene groups (peptides
140–142). Interestingly, the favored stereocenter at Gly9 in these
derivatives is the (R) configuration (peptide 141a vs peptide
141b). This is consistent with earlier findings that D-alanine is fa-
vored in this position over L-alanine (Tables 7 and 8). All of these
lactam analogs retained significant activity and the seven-mem-
bered lactam peptide 142 was more potent than the comparable
Gly9-Gly10 analog peptide 33. Combining these analogs with the
favorable N-methyl leucine substitution (peptides 145 and 146) re-
sulted in peptides with only slightly weaker in vitro activities as
compared to SYN1327 which included the Sar-NMeLeu combina-
tion in place of Gly10-Leu11.







Table 10
Analogs of at Phe9


Peptide No. Sequence Phe analog side-chain IC50 (lM) Kd (pH 6) (lM)


27 QRF-Pen-TGH-F-GGLYPCNGP 2 0.25


85 QRF-Pen-TGH-(4-amino-Phe)-GGLYPCNGP NH2 13 1


86 QRF-Pen-TGH-(4-methoxy-Phe)-GGLYPCNGP O


CH3


100 18


87 QRF-Pen-TGH-(pentafluoro-Phe)-GGLYPCNGP


F F


F


FF


120 70


88 QRF-Pen-TGH-(2-pyridylalanine)-GGLYPCNGP
N


90 1.2


89 QRF-Pen-TGH-(3-PyridylAla)-GGLYPCNGP
N


60 19


90 QRF-Pen-TGH-(4-nitro-Phe)-GGLYPCNGP NO2 >125 84


91 QRF-Pen-TGH-(1-napthylalanine)-GGLYPCNGP 13 2.2


92 QRF-Pen-TGH-(2-napthylalanine)-GGLYPCNGP 90 11


93 QRF-Pen-TGH-(2-MePhe)-GGLYPCNGP 1 0.20


94 QRF-Pen-TGH-(3-MePhe)-GGLYPCNGP 4.1 0.67


95 QRF-Pen-TGH-(4-MePhe)-GGLYPCNGP 1.7 0.20


96 QRF-Pen-TGH-(homoPhe)-GGLYPCNGP 80 7.8


97 QRF-Pen-TGH-(Cha)-GGLYPCNGP 31 4.5


98 QRF-Pen-TGH-(PheNHAc)-GGLYPCNGP
N
H


O


>125 270


99 QRF-Pen-TGH-W-GGLYPCNGP
NH


26 2.7


100 QRF-Pen-TGH-(phenylGly)-GGLYPCNGP >125 >250


101 QRF-Pen-TGH-(Tic)-GGLYPCNGP
X


X = backbone 
nitrogen
of amino ac


>125 >250


102 RF-Pen-TGH-(2-Cl-Phe)-GGLYPC


Cl


4


103 RF-Pen-TGH-(3-Cl-Phe)-GGLYPC


Cl


3.7
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Table 10 (continued)


Peptide No. Sequence Phe analog side-chain IC50 (lM) Kd (pH 6) (lM)


104 RF-Pen-TGH-(4-Cl-Phe)-GGLYPC Cl 43


105 RF-Pen-TGH-(3,3-Di-Phe)-GGLYPC 32


106 RF-Pen-TGH-(4,4-Bi-Phe)-GGLYPC >125


107 RF-Pen-TGH-(4-tert-Butyl-Phe)-GGLYPC >125


108 RF-Pen-TGH-((D/L)-betamethylPhe)-G-Sar-NMeLeu-YPC 16


Table 11
Analogs of SYN746 and peptide 27 at Tyr12


Peptide No. Sequence Tyr analog chain (IC50lM) Kd (pH 6) (lM)


SYN746 QRFCTGHFGGL-Y-PCNGP OH 40 ± 15 (n = 4) 5.1


109 QRFCTGHFGGL-F-PCNGP >125 230


27 QRF-Pen-TGHFGGL-Y-PCNGP OH 2 0.25


110 QRF-Pen-TGHFGGL-(4-amino-Phe)-PCNGP NH2
110 34


111 QRF-Pen-TGHFGGL-(4-methoxyPhe)-PCNGP O


CH3


120 31


112 QRF-Pen-TGHFGGL-(pentafluoroPhe)-PCNGP


F F


F


FF


>125 72


113 QRF-Pen-TGHFGGL-(2-pyridylAla)-PCNGP
N


>125 120


114 QRF-Pen-TGHFGGL-(3-pyridylAla)-PCNGP
N


92 34


115 QRF-Pen-TGHFGGL-(4-nitro-Phe)-PCNGP NO2 122 180


116 QRF-Pen-TGHFGGL-(2-nitro-Tyr)-PCNGP
OH


O2N


>125 290


117 QRF-Pen-TGHFGGL-(4-fluoro-Phe)-PCNGP F 26 2.2
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Bicyclic 5,5- and 6,5-thiazolidine lactam peptidomimetics are
known in the literature to mimic b-turn structures.19 When both of
the constituent amino acids in the dipeptide mimic are in the D con-
figuration, the 5,5- and 6,5-dipeptides were found to mimic a type II
b-turn.30 When the constituent amino acids of the 6,5-dipeptide are
both in the L configuration, the dipeptide mimic was found to mimic
a type II0 b-turn.20 These bicyclic analogs were synthesized as their
Fmoc-protected precursors and incorporated into the peptide syn-
thesis protocol (Table 13). Since our previous work demonstrated
that the D stereochemistry is favored for both glycine amino acids
in the putative b-turn, both 5,5- and 6,5-bicyclic analogs were syn-

thesized with D,D stereocenters. The incorporation of the 5,5-bicyclic
dipeptides into the peptide sequence (peptides 143a and 143b) re-
sulted in two separable compounds, likely diastereomers at the
bridgehead carbon as a result of the bicyclic cyclization as observed
previously by Subasinghe et al.30 and Baldwin et al.21 When these
5,5-bicyclic dipeptides were incorporated into the peptide sequence,
both diastereomers were >5-fold weaker than the comparable Gly9-
Gly10 analog. In contrast, the 6,5-bicyclic analog peptide 144 was
nearly equipotent with the Gly-Gly analog which suggests that the
Gly-Gly dipeptide may form a type II b-turn. Further structural infor-
mation will be required to confirm this hypothesis.







Table 12
Peptide analogs of SYN1327 at His7


Peptide No. Sequence His analog side chain IC50 (lM) Kd (pH 6) l lM Kd (pH 7.4) (lM)


SYN1327 RF-Pen-TG-His-FG-Sar-NMeLeu-YPC
N


N
0.57 ± 0.20 (n = 11) 0.031 ± 0.004 (n = 3) 0.17 ± 0.020 (n = 3)


118 RF-Pen-TG-Thz-FG-Sar-NMeLeu-YPC
N


S
1.6 0.84 1.1


119 RF-Pen-TG-Thz(Me)-FG-Sar-NMeLeu-YPC-CONH2 N


S


+
2.4 0.11 0.11


120 RF-Pen-TG-triazolylAla-FG-Sar-NMeLeu -YPC NN


N
5.7 0.32 0.36


121 RF-Pen-TG-2PyridylAla-FG-Sar-NMeLeu-YPC
N


6.2 .33 0.41


122 RF-Pen-TG-3PyridylAla-FG-Sar-NMeLeu-YPC
N


1.2 .064 0.26


123 RF-Pen-TG-(4-PyridylAla)- FG-Sar-NMeLeu-YPC N 1.3 0.067 0.28


124 RF-Pen-TG-ThienylAla-FG-Sar-NMeLeu-YPC
S


45 2 3


125 RF-Pen-TG-Dab-FG-Sar-NMeLeu-YPC NH2
16 1.2 1.2


126 RF-Pen-TG-Orn-FG-Sar-NMeLeu-YPC NH2 12 1.3 1.2


127 RF-Pen-TG-Lys-FG-Sar-NMeLeu-YPC NH2 40 1.3 1.1


128 RF-Pen-TG-Arg-FG-Sar-NMeLeu-YPC N
H NH


NH2


5.5 0.5 0.5


129 RF-Pen-TG-4GuanylPhe-FG-Sar-NMeLeu-YPC N
H


NH


NH2


1.7 0.074 0.073


130 RF-Pen-TG-4aminoPhe-FG-Sar-NMeLeu-YPC NH2 4.6 0.22 1.1


131 RF-Pen-TG-(2-PyrrolidinylAla)-FG-Sar-NMeLeu-YPC N
H


150 8.4 13


132 RF-Pen-TG-(3-PiperidyalAla)-FG-Sar-NMeLeu-YPC
N
H


6.3 0.66 0.86


133 RF-Pen-TG-(4-PiperidylAla)-FG-Sar-NMeLeu-YPC NH 85 5.2 6.4


134 RF-Pen-TGFFG-Sar-NMeLeu-YPC 27 3.3 4.2


135 RF-Pen-TGAFG-Sar-NMeLeu-YPC CH3 >100 9.9 13
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Backbone lactam incorporation was also briefly studied in the
context of the Gly10-Leu11 dipeptide (Table 14). As was the case
with the Gly9-Gly10 derivatives, the stereocenter favored a (R)
configuration but still provided peptides with weaker activity than
that of Gly9-Gly10.

2.14. Disulfide replacement with lactam bridges


The replacement of the disulfide bond with a lactam bridge may
enhance the peptide’s in vivo stability by removing the chemically
reversible disulfide linkage. This approach was studied thoroughly







Table 13
Peptidomimetic analogs of peptide 33 and SYN1327 at Gly9-Gly10


Peptide No. Sequence X Description X Structure IC50 (lM) Kd (pH 6) (lM)


33 RF-Pen-TGHF-X-LYPC Gly-Gly N
H


N
H


O


O


2.0 0.17


136 RF-Pen-TGHF-X-LYPC 4-aminomethyl-benzoic acid


N
H


O


>125 nd


137 RF-Pen-TGHF-X-LYPC (3-aminomethyl)-benzoic acid N
H


O


57 nd


138 RF-Pen-TGHF-X-LYPC 4-aminophenyl acetic acid
N
H


O >125 nd


139 RF-Pen-TGHF-X-LYPC 3-aminophenyl acetic acid
O


N
H


14 nd


140 RF-Pen-TGHF-X-LYPC 3(R)-3-amino-2-oxo-1-pyrrolidine-acetic acid N
H


N


O


O


2.3 0.28


141a RF-Pen-TGHF-X-LYPC 3(R)-amino-2-oxo-1-piperidine-acetic acid
N
H


N


O


O


0.66 0.16


141b RF-Pen-TGHF-X-LYPC 3(S)-amino-2-oxo-1-piperidine-acetic acid
N
H


N


O


O


7.2 0.67


142 RF-Pen-TGHF-X-LYPC 3(R)-3-amino-2-oxo-1-azepine-acetic acid
N
H


N


O


O


0.64 0.103


143a RF-Pen-TGHF-X-LYPC 5,5-bicyclic dipeptide mimic


O


N


S


H


NH2


O


13 0.99


143b RF-Pen-TGHF-X-LYPC 5,5-bicyclic dipeptide mimic


O


N


S


H


NH2


O


23 nd


144 RF-Pen-TGHF-X-LYPC 6,5-bicyclic dipeptide mimic


O


N


S


H


N
H


O


2.2 0.32


SYN1327 RF-Pen-TGHF-X-NMeLeu-YPC Gly-Sar 0.57 ± 0.20 (n = 11) 0.031 ± 0.004 (n = 3)
145 RF-Pen-TGHF-X-NMeLeu-YPC (3R)-3-amino-1-carboxymethyl-valerolactam


N
H


N


O


O


0.53 0.043


146 RF-Pen-TGHF-X-NMeLeu-YPC 3(R)-3-amino-2-oxo-1-azepine acetic acid
N
H


N


O


O


0.62 0.044
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using natural and unnatural amino acids with complementary car-
boxy and amino side-chains (Table 15). Although no clear trend
emerged from the study, a preference for Asp in the first cysteine
position was evident. Interestingly, the combination of Asp-Lys
(peptide 152) is approximately 3-fold more potent than the
unoptimized phage sequence SYN746 which incorporates a
cysteine-cysteine disulfide. However, the combination of the Pen-
Cys disulfide is clearly preferred over all other forms of peptide
cyclization studied. Interestingly, nearly all of the peptides remain
active in some form, albeit more weakly. This is consistent with the

data from the disulfide analogs (Table 4) which demonstrated that
longer disulfide-linked loops do not affect the peptide activity.


2.15. Linear analogs


The great flexibility in the mode of cyclization and the success
in optimizing the Gly9-Gly10 motif led to the study of non-cyclized
analogs of SYN746 (Table 16). Utilization of optimized moieties in
place of the Gly9-Gly10 motif in conjunction with valine for peni-
cillamine, it was possible to generate linear peptides (peptides







Table 14
Peptidomimetic analogs of peptide 27 at Gly10-Leu11


Peptide No. Sequence X Description X Structure IC50 (lM)


27 QRF-Pen-TGHFG-X-YPCNGP Gly-Leu N
H


N
H


O


O


2.0


147 RF-Pen-TGHFG-X-YPC L,L-Friedinger’s lactam N
H


N


O


O


19


148 QRF-Pen-TGHFG-X-YPCNGP D,L-Friedinger’s lactam N
H


N


O


O


4.9


Table 15
Lactam-cyclized peptide analogs of SYN746


Peptide
No.


Sequencea Bridge
Lengthb


IC50


(lM)
Kd (pH 6)
(lM)


SYN746 QRF- C- TGHFGGLYP- C –NGP 4 40 ± 15 (n = 4) 5.1
27 QRF-Pen-TGHFGGLYP-C-NGP 4 2 0.25
149 QRF-Asp-TGHFGGLYP-Dap-NGP 4 32 4.5
150 QRF-Asp-TGHFGGLYP-Dab-NGP 5 68 17
151 QRF-Asp-TGHFGGLYP-Orn-NGP 6 16 2.7
152 QRF-Asp-TGHFGGLYP-Lys-NGP 7 10 1.2
153 QRF-Glu-TGHFGGLYP-Dap-NGP 5 71 9.6
154 QRF-Glu-TGHFGGLYP-Dab-NGP 6 86 22
155 QRF-Glu-TGHFGGLYP-Orn-NGP 7 80 15
156 QRF-Glu-TGHFGGLYP-Lys-NGP 8 100 27
157 QRF-Dap-TGHFGGLYP-Asp-NGP 4 120 nd
158 QRF-Dab-TGHFGGLYP-Asp-NGP 5 31 8.4
159 QRF-Orn-TGHFGGLYP-Asp-NGP 6 120 nd
160 QRF-Lys-TGHFGGLYP-Asp-NGP 7 60 10
161 QRF-Dap-TGHFGGLYP-Glu-NGP 5 >125 nd
162 QRF-Dab-TGHFGGLYP-Glu-NGP 6 81 4.8
163 QRF-Orn-TGHFGGLYP-Glu-NGP 7 30 nd
164 QRF-Lys-TGHFGGLYP-Glu-NGP 8 33 1.2


a There is an amide bond between the side-chains of the underlined amino acids;
Dab, 1,3-diaminobutyric acid; Dap, 1,2-diaminoproprionic acid; Orn, ornithine.
b ‘Bridge length’ refers to the number of atoms in the lactam/disulfide bridge.


Table 16
Linear Peptides Analogs of SYN746 at Gly9-Gly10


Peptide No. Sequence X Description


SYN746 QRFCTGHF-X-LYPCNGP Gly-Gly


165 QRF-S-TGHF-X-LYP-S-NGP Gly-Gly


166 RF-V-TGHF-X-NMeLeu-YPA Gly-Sar


167 RF-V-TGHF-X-LYPA 3(R)-amino-2-oxo-1-piperidine-


168 RF-V-TGHF-X-LYPA 3(R)-3-amino-2-oxo-1-azepine a
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166–168) roughly equipotent to the unoptimized cyclic phage pep-
tide SYN746.


2.16. In vitro peptide stability to subtilisin


It was hypothesized that some non-natural substitutions may
provide enhanced protease stability. Therefore, concurrent with
studying the in vitro activity of analogs of SYN722, the in vitro sta-
bility of various analogs to protease digestion was also investigated
using LC/MS and LC/MS–MS for detection of intact peptide and to
study sites of cleavage.22 Peptides 27, 74, and 169 were represen-
tative peptide analogs with stabilizing N-methyl or D-amino acids
(Table 17, Fig. 2). Subtilisin is a serine endoprotease and was se-
lected for these model studies due to its specificity for a broad
range of peptide bonds.23


It was found that the core peptide sequence of peptide 27 pos-
sessed three peptide bonds that were prone to cleavage by subtil-
isin: Gly6-His7, Phe8-Gly9 and Leu11-Tyr12 (Fig. 2). Additionally,
the N- and C-terminal residues were also prone to digestion. Incor-
poration of D-Ala and N-MeLeu in peptide 74 effectively stabilized
both the Phe8-Gly9 bond and Leu11-Tyr12 under the experimental
conditions, but the peptide was still prone to cleavage at Gly6-
His7. Peptide 169 possessed an additional stabilizing substitution

X Structure IC50 (lM) Kd (pH 6) (lM)


N
H


N
H


O


O


40 ± 15 (n = 4) 5.1


N
H


N
H


O


O


>125 230


N
H


N


O


O


37 1.85


acetic acid
N
H


N


O


O


38 3.3


cetic acid
N
H


N


O


O


23 2.3







Table 17
Effect of subtilisin on peptide stability


Peptide
No.


Sequence IC50


(lM)
% Intacta after
1 h subtilisin


% Intacta after
18 h subtilisin


27 QRF-Pen-TGHFGGLYPC-NGP 2 5 0
74 QRF-Pen-TGHF-a-G-


NMeLeu-YPC-NGP
3.2 5 0


169 RF-Pen-NMeAla-GHF-
a-G-NMeLeu-YPC


8 100 95


a ‘% Intact’ does not include amino acids non-essential to peptide activity including
the N-terminal Gln residue or the C-terminal Asn-Gly-Pro residues.
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by incorporating N-MeAla for Thr. This prevented the cleavage at
the Gly6-His7 bond. Peptide 169 also incorporated N- and C-termi-
nal truncations which prevented additional digestion. Peptide 169
was therefore the most stable of the three peptides that were
tested in vitro. Peptide 169 was �95% intact after 18 h under the
assay conditions while both peptides 33 and 74 were only 5% intact
after 1 h (Table 17). However, the substitution of N-MeAla for Thr
in peptide 169 reduced the in vitro activity approximately 4-fold,
therefore depending on the in vivo relevance of this in vitro stabil-
ity model, this substitution may not be preferred.


3. Discussion


We previously demonstrated that peptide dimer SYN1436 can
bind with high affinity to shFcRn, block the binding of hIgG to
hFcRn, and inhibit the natural recycling mechanism of circulating
IgG in cynomolgus monkeys thereby reducing IgG concentrations
in vivo.12 The core sequence of each monomeric peptide in the
SYN1436 dimer was derived from the phage display hit SYN722.


The consensus peptide motif, GHFGGXY where X is preferred as
a hydrophobic amino acid, was discovered in the context of three
different disulfide placements around the motif, each enclosing
11 amino acids and each peptide possessing nearly equipotent
activity in vitro. This change in register of the motif within the cys-
teine disulfide loop is very interesting considering the specificity of
the peptide–protein interaction and suggests that the method of
cyclization is not as critical as the core residues themselves. This
was evident over the course of studying the analogs of SYN722
since the disulfide loop could be modified with longer disulfides
(homocysteine disulfides) or with various lactams with minimal
loss in activity, and sometimes, with an improvement in activity.
Furthermore, the fact that certain linear peptide analogs possess-
ing optimized residues were found to be as active as the original
phage hit SYN722 suggests that only a very small number of inter-
actions are responsible for the majority of the peptide–FcRn bind-
ing energy. These specific interactions likely include Gly6, His7,

Figure 2. Schematic representation of the observed cleavage sites within

Phe8 and Tyr12, although Gly6 may only be required in the context
of this peptide structure. This is particularly interesting since it is
known that IgG, the natural ligand for human FcRn, contains three
histidine residues and one tyrosine residue (His310, His433,
His435, and Tyr436) at the binding interface.24,25 The consensus
peptide motif may be mimicking these Fc:FcRn binding interac-
tions, despite having no homology to Fc. Further structural infor-
mation will be needed to better understand the peptide:FcRn
interaction.


The substitution that resulted in the largest enhancement in
affinity for FcRn was the incorporation of L-penicillamine for
Cys4. Although the nature of this enhancement is not presently
understood, the extra b-dimethyl groups of penicillamine may
rigidify the peptide disulfide and better preorganize the overall
peptide structure for receptor binding. Additionally, the two extra
methyl groups may be involved in a binding interaction directly
with FcRn. Interestingly, the peptide phage hit SYN723 also incor-
porates a b-dimethyl group in the equivalent position via its valine
residue.


IgG binds to FcRn using histidine residues resulting in pH-depen-
dent binding to FcRn: binding at pH 6 and minimal binding at pH 7.4.
For an optimized FcRn antagonist, it is likely that binding at both pH
6 and pH 7.4 would be favored such that the peptide could remain
bound to its target for as long as possible. Accordingly, peptide ana-
logs containing various histidine derivatives were synthesized.
None of the analogs demonstrated improved binding at pH 6 over
that of SYN1327, which contains a histidine. However, peptide
129 containing the p-guanylphenylalanine substitution was more
potent at pH 7.4 and further studies will be performed to determine
if the higher affinity at pH 7.4 is an advantage in vivo.


Peptide phage display is a powerful tool to discover novel pep-
tide ligands for protein-protein interactions by screening pools of
billions of peptides.26 One limitation to the technique, however,
is the inherent limitation to the 20 naturally occurring amino acids.
Although other biological display techniques are beginning to
incorporate unnatural components to their screens,27 these screens
still largely rely on naturally occurring amino acids and linkages. In
this work, peptide phage display was coupled with extensive
chemical optimization to generate peptide ligands with a 50- to
100-fold increase in activity by the incorporation of non-natural
amino acids; an increase which may not have been discovered
using biological techniques alone.


4. Conclusions


The structure–activity relationships of peptide SYN722 led to
the optimization of the peptide:hFcRn interaction and greater inhi-
bition of the IgG:FcRn interaction. The peptide lead, SYN722, was

peptides 27, 74 and 169 after treatment with subtilisin for 1 hour.
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truncated from 25 to 13 amino acids, followed by the addition of
four methyl groups to generate peptide SYN1327. SYN1327 pos-
sessed �50- to 100-fold greater affinity for shFcRn than its parent
peptide with an equivalent enhancement in its inhibition of the
IgG:FcRn interaction as determined by in vitro assays. SYN1327
is the constituent monomeric peptide found in peptide dimer
SYN1436 which was able to significantly reduce circulating IgG
levels in cynomolgus monkeys. Further structural studies on the
peptides should enable the development of peptidomimetics
and/or small molecule FcRn antagonists.

5. Experimental


5.1. Peptide synthesis


Peptide synthesis was performed using solid-phase methods
either manually with a fritted round bottom flask or by using an
Advanced Chemtech 396-Omega synthesizer (Advanced Chemtech,
Louisville, KY). Standard Fmoc/tBu protocols were used28 in combi-
nation with a Rink amide resin (Novabiochem, San Diego, CA) or
PAL-PEG-PS (Applied Biosystems, Foster City, CA) to yield C-termi-
nal amides upon cleavage. The coupling reagents were 2-(1H-Ben-
zotriazole-1-yl)-1,1,3,3,-tetramethyluronium hexafluorophosphate
(HBTU) and N-hydroxybenzotriazole (HOBt) (Novabiochem, San
Diego, CA). The base was diisopropylethylamine (DIEA) (Sigma–Al-
drich, St. Louis, MO), and N,N-dimethylformamide (DMF) was the
solvent (EM Science, Kansas City, MO). The typical synthesis cycle
involved 2� 10 min deprotection steps with 20% piperidine in
DMF, 2� 30 min amino acid couplings with HOBt/HBTU and a
10-min capping step with acetic anhydride/HOBt. All amino acids
were obtained from commercial sources (Novabiochem, Anaspec,
Bachem, Chem-Impex) unless otherwise noted below. Peptides
were cleaved from the resin by treatment for 2 h with either 95%
trifluoroacetic acid (TFA); 2.5% ethanedithiol; 1.5% triisopropylsi-
lane and 1% water or 95% TFA and 5% triisopropyl silane. The crude
peptides in the cleavage mixture were precipitated with ice-cold
ether, centrifuged and triturated three more times with ether. All
peptides are acetylated at the N-terminus and amidated at the C-
terminus unless otherwise noted. Crude cysteine-containing pep-
tides were oxidized to their corresponding disulfides by dissolving
the peptides to a concentration of 1 mg/ml in a 4:1 mixture of ace-
tic acid and water. Ten molar equivalents of iodine (1 M solution in
water, Sigma–Aldrich, St. Louis, MO) were added to the solution
and the reaction mixture was mixed for one hour at room temper-
ature. The reaction was stopped by the progressive addition of 1 M
sodium thiosulfate (Sigma–Aldrich, St. Louis, MO) until a clear
solution was obtained. The reaction mixture was concentrated in
vacuo and purified using a reversed phase HPLC system equipped
with a 250 mm � 21.2 mm C18 column (Phenomenex, Torrence,
CA) using a flow rate of 20 mL/min. The eluent chosen for the HPLC
purification step was a gradient of acetonitrile in water containing
0.1% TFA. Appropriate fractions were collected, pooled and lyophi-
lized. All peptides were P90% pure as determined by reversed
phase analytical HPLC using a 250 mm � 2 mm C18 column (Phe-
nomenex, Torrence, CA) and gradients of acetonitrile (+0.02% TFA
and 0.08% formic acid) in water (+0.02% TFA and 0.08% formic
acid). Peptide identities were confirmed using electrospray mass
spectrometry (Mariner ES–MS, Applied Biosystems, Foster City,
CA); all peptides reported herein resulted in their expected m/z
values. See supporting information for all calculated and observed
MS data. Peptides 141a, 141b, 145, and 167, containing 3-amino-
2-oxo-1-piperidine-acetic, were prepared by first synthesizing the
N-Fmoc derivative of 3(R,S)-3-amino-2-oxo-1-piperidine-acetic
acid as described in the literature.29 This building block was then
incorporated into each peptide according to standard protocols.

Peptide 140, containing 3(R)-3-amino-2-oxo-1-pyrrolidine acetic
acid, was prepared by first synthesizing N-Fmoc derivative of
3(R)-3-amino-2-oxo-1-pyrrolidine acetic acid described in the lit-
erature.29 This building block was then incorporated into peptide
140 using standard protocols. Peptides 143a and 143b, containing
the 5,5-bicyclic dipeptide mimic, were prepared by incorporating
the N-Fmoc derivative of the 5,5-bicyclic dipeptide mimic that
was synthesized as described in the literature,30 with the exception
that all D-amino acids were used as starting materials. Peptide 144,
containing the 6,5-bicyclic dipeptide mimic, was prepared by
incorporating the N-Fmoc derivative of the 6,5-bicyclic dipeptide
mimic that was synthesized as described in the literature,31 with
the exception that all D-amino acids were used as starting
materials. Peptide 147, containing the (L,L)-Freidinger’s lactam,
was prepared by incorporating the Fmoc derivative of the (L,L)-
Freidinger’s lactam that was synthesized as described in the
literature18 with the exception that L-methionine was used instead
of D-methionine.


5.1.1. Peptide 119
The resin containing the fully protected peptide Ac–Arg(Pbf)–


Phe–Pen(Trt)–Thr(tBu)–Gly-Thiazolylalanine-Phe–Gly–Sar- NMeLeu–
Tyr(tBu)–Pro–Cys(Trt)-resin was suspended in dichloromethane
under nitrogen. Ten molar equivalents of 2,4,6-tri-tert-butylpyri-
dine (Sigma–Aldrich, St. Louis, MO) were added to the suspension
followed by five molar equivalents of methyl-trifluoromethane-
sulfonate (Sigma–Aldrich, St. Louis, MO). The reaction was mixed
for 4 h, rinsed with dichloromethane (DCM), DMF and finally with
DCM again. The peptide was cleaved from the resin, oxidized and
purified by HPLC as described above to yield the N-methyl-thiazo-
lium peptide 119. MS (ESI, pos mode, H2O/CH3CN + 0.02% formic
acid/0.08% TFA) for C73H103N18O16S3: [M+H]2+ calcd 793.0; found
792.4.


5.1.2. Peptide 120
The peptide resin: Ac-Arg(Pbf)-Phe-Pen(Trt)-Thr(tBu)-Gly-


PropargylGly-Phe-Gly-Sar-NMeLeu-Tyr( tBu)-Pro-Cys(Trt)-CONH2


was treated with 30 equiv of copper sulfate, 30 equiv of ascorbic
acid and 10 equiv of sodium azide in a solution of 100 mM sodium
phosphate buffer at pH 7.5 with 33% ethanol, 10% acetonitrile, 10%
DMF. The reaction proceeded for 2 h and the mixture was purified
by HPLC as described above to yield the 1,2,3-triazole side-chain-
containing peptide 120. MS (ESI, pos mode, H2O/CH3CN + 0.02%
formic acid/0.08% TFA) for C71H100N20O16S2: [M+H]2+ calcd 777.9;
found 777.3.


5.1.3. Peptide 142
(R)-3-(Boc-amino)-2-oxo-1-azepine (Chem-Impex, 250 mg,


0.87 mmol) was treated with DCM/TFA (4:1, 20 mL) and 300 lL
of water. After 1h, the reaction mixture was evaporated in vacuo,
precipitated with ice-cold ether, and evaporated in vacuo. To this
free amino acid (0.87 mmol) in DMF/water (1:1, 20 mL) was added
Fmoc–OSu (Novabiochem, 0.87 mmol) and NaHCO3 (5 equiv,
4.35 mmol, 365 mg) and stirred for 1 h. The reaction mixture was
poured onto 5% citric acid, extracted three times with ethyl acetate.
The organic extracts were then washed three times with 5% citric
acid, brine, dried over MgSO4 and evaporated in vacuo to afford a
white solid. MS (ESI, pos mode, H2O/CH3CN + 0.02% formic acid/
0.08% TFA) for C23H24N2O5: [M+H]+ calcd 409.5; found 409.3. This
building block was subsequently incorporated into the peptide
synthesis protocols to afford peptide 142.


5.2. Synthesis of peptides cyclized using lactam bridges


Lactam-cyclized peptides were synthesized by solid-phase syn-
thesis as outlined above with the exception that the following ami-
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no acids were used as substitutes for the two cysteines: Fmoc-Ly-
s(Aloc)-OH, Fmoc-Orn(Aloc)-OH, Fmoc-Dab(Aloc)-OH and Fmoc-
Dap(Aloc)-OH, Fmoc-Glu(OAllyl)-OH and Fmoc-Asp(OAllyl)-OH
(Bachem, Torrance, CA). Following the synthesis of the fully pro-
tected peptides on resin, the resin was swollen in dichlorometh-
ane, purged with nitrogen and treated with 0.1 molar equivalents
of tetrakis-(triphenylphosphine)palladium(0) (Sigma–Aldrich, St.
Louis, MO) and 30 mequiv of phenylsilane (Sigma–Aldrich, St.
Louis, MO) and the reaction was allowed to proceed for 3 h. The re-
sin was washed with DCM, DMF and finally five additional times
with a solution of 1% (v/v) triethylamine and 1% (w/v) diet-
hyldithiocarbamic acid in DMF. An additional washing step with
DMF was followed by treatment of the resin with benzotriazole-
1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphate
(PyBOP) (Novabiochem, San Diego CA) and DIEA for 16 h. The pep-
tides were cleaved from the resin and purified as described above.


5.3. Surface plasmon resonance


Peptide affinity constants for shFcRn were determined using a
Biacore 3000 instrument with soluble human FcRn (shFcRn) conju-
gated to the dextran surface of a CM5 sensor chip as described pre-
viously.12 The equilibrium response observed for each peptide
dilution was plotted against concentration and analyzed using
the steady state affinity model (included in the BiaEval software)
to determine Kd values.


5.4. IgG Competition ELISA assay


Peptide derivatives were assayed for binding to shFcRn in com-
petition with hIgG as described previously.12 Briefly, biotinylated
shFcRn immobilized on a neutravidin plate was incubated with
3 nM hIgG and peptide competitor for 2 h at 37 �C. The plate was
washed with buffer and residual hIgG in the well was quantified
using peroxidase-conjugated hIgG specific Fab fragments. The con-
centration of peptide capable of inhibiting 50% of the IgG binding
to shFcRn was designated the IC50.


5.5. In vitro stability studies with subtilisin


Peptides (27 and 74 and 169) were dissolved in PBS at a concen-
tration of 0.3 mg/mL and treated with a 470-fold molar excess of
Subtilisin Carlsberg (Calbiochem) such that the final reaction vol-
ume was 100 lL. The reaction was incubated at room temperature,
and at each timepoint, 25 lL of the enzymatic reaction was re-
moved and quenched with the addition of 5 lL of 1 M sodium ace-
tate pH 4.7 and 50 lL of acetonitrile. The samples were evaporated
in vacuo, reconstituted in 50 lL of acidified water (water + 0.08%
formic acid and 0.02% TFA), centrifuged through a 10-kDa filter
membrane (Nanosep 10K Omega, Pall Corp), and injected onto a
LC/MS/MS (Thermo LCQ) equipped with a C18 reversed phase col-
umn for analysis using gradients of acetonitrile (0.08% formic acid

and 0.02% TFA) in water (0.08% formic acid and 0.02% TFA) as the
eluent. See Supporting information file for LC/MS/MS data.


Supplementary data


Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmc.2008.05.004.
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As one of the natural polyphenols, resveratrol possesses hydroxyl substituted trans-stilbene structure
and exerts impact on health by inhibiting multiple human enzymes, such as cyclooxygenase, F1 ATP-
ase, and tyrosinase. Resveratrol has to be bound by human serum albumin (HSA) to keep a high con-
centration in serum, since its solubility is low in water. To improve water solubility and bioavailability,
two resveratrol aliphatic acids and their esters have been designed and synthesized. The solubilities of
the resveratrol and its derivatives have been measured using a standard procedure. The two aliphatic
acids showed better solubilities in pure water and phosphate buffer (pH 7). The binding affinities of
resveratrol derivatives for HSA were also measured, and the drug–protein interaction mechanism
was investigated using fluorescence, UV–vis, and NMR spectroscopies. Interestingly, resveratrol hexa-
noic acid (5) was found to be a much better ligand (Ka = (6.70 ± 0.10) � 106 M�1) for HSA than resve-
ratrol (Ka = (1.64 ± 0.07) � 105 M�1), and there was 41-fold improvement for the binding affinity. It
was the first time that the increase of fluorescence of resveratrol moiety was observed during the
binding to HSA, suggesting that 5 should be bound tightly by HSA. The UV–vis absorption spectros-
copy revealed a maximum absorption shift from 318 to 311 nm with decreasing intensity by 20% upon
complexation, suggesting that the p–p conjugation of the stilbene structure was impaired during the
binding. Although HSA was reported to have only one binding site for resveratrol, the Job’s and molar
ratio plots suggested that HSA should bind two molecules of 5. NMR study suggested that phenyl
group (B ring) in the center of the molecule of 5 should be involved in the p–p stacking interactions
with HSA aromatic amino acid residues. Molecular geometry calculation of 5 with Spartan software
showed that the stilbene structure had two conformers, orthogonal and planar ones. The former
(E = �1.432 KJ/mol) was more stable than the latter (E = �0.128 KJ/mol), suggesting that the former
should be the conformer of 5 in the complexation with HSA.


� 2008 Elsevier Ltd. All rights reserved.
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Scheme 1. Structural formula of resveratrol trans-3,40 ,5-trihydroxystilbene (1). The
numbering of the carbon atoms is according to IUPAC nomenclature. The number-
ing of the aromatic rings is also given.

1. Introduction


Resveratrol is one of the natural polyphenols found in grapes
and red wines.1 It is a hydroxyl substituted stilbene (Scheme 1).
Multiple beneficial effects on human health such as anti-inflamma-
tory and anti-cancer activities have been reported.2 It has also been
revealed that the compound has potential inhibitory effects on
cyclooxygenase,2 rat liver mitochondrial ATPase,3 human F1 ATP-
ase,4,5 and tyrosinase.6 Resveratrol is currently in clinical phase II
trials as an anti-cancer drug for treatment of human colon cancer.7


Since resveratrol is a therapeutic agent for cancer treatment,
high concentration of resveratrol is required. However, resveratrol
is not very soluble in water.8 Human serum albumin was reported
to bind resveratrol and maintain a high concentration in human
serum.9 However, the HSA binds resveratrol only when its concen-

ll rights reserved.

tration is high. Thus, the distribution of resveratrol in humans will
be affected by its low solubility in water and binding affinity to hu-
man serum albumin.9


Human serum albumin is the dominating plasma protein in
man.10 It is a 66 KDa monomer containing three homologous heli-
cal domains (I–III), and each is divided into A and B subdomains.
The protein binds various ligands besides resveratrol, including
fatty acids, salicylic acid, and many commonly used drugs, such
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Figure 1. Binding pockets of F1 ATPase and HSA for phenoxy containing com-
pounds resveratrol and salicylic acid individually. (A) The resveratrol with orthog-
onal conformation was bound by F1 ATPase between two a helices and three b
bends, 40-OH is pointing toward hydrophilic exterior (2jiz.pdb). (B) The salicylic
acid was bound by HSA between two a helices and one b pleated strand. The
hydroxyl group of salicylic acid and a neighboring carboxyl group of the bound
myristic acid are also pointing toward hydrophilic exterior (2i2z.pdb).
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as warfarin and ibuprofen. The improvement of the binding of the
drugs to the protein will increase drug absorption, distribution,
metabolism and elimination (ADME), and potency and stability.11


The better binding of HSA will also improve the pharmacodynamic
and pharmacokinetic properties for the drugs.12–17


Recently, some resveratrol derivatives have been synthesized
for better bioactivity. The resveratrol fatty alcohols showed benefi-
cial effects on the differentiation of neural stem cells and modula-
tion of neuroinflammation.18 Resveratrol analogues were used as
inhibitors of tyrosinase, and they also showed anti-inflammatory
activity.6,19 Resveratrol derivatives, such as esters and ethers, were
reported to have improved anti-cancer effects.20 To have better sol-
ubility for resveratrol in water and better meditation effects for hu-
mans, hydroxypropyl b-cyclodextrin was used to form a complex
with the resveratrol.21


To improve the binding affinity to HSA and solubility in water,
resveratrol aliphatic acids were designed rationally based on
known crystal structures of HSA and resveratrol,5 and synthesized
using direct alkylation of resveratrol using brominated aliphatic
acid esters, followed by saponification and acidification. The ester
derivatives of resveratrol aliphatic acids were also isolated and
characterized. The binding affinities of resveratrol and the synthe-
sized compounds were evaluated using HSA fluorescence quench-
ing method (Method 1). The chemical binding mechanism of 5
with HSA was investigated using fluorescence, UV–vis absorption,
and NMR spectroscopies.


2. Results and discussion


2.1. Design and synthesis of resveratrol aliphatic acids and
esters


Resveratrol has a trans-stilbene structure (Scheme 1), and it has
low water solubility.8 Besides b-hydroxypropylcyclodextrin, etha-
nol was also used to increase the solubility of resveratrol in the
form of liquors.1,21 Because of the toxicity of ethanol, alcohol has
multiple side effects as a solvent of drugs. Here, in order to increase
the solubility in water at pH 7 without any additive, different car-
boxyl groups were introduced into resveratrol, individually, to
make resveratrol aliphatic acids.


Human serum albumin was reported to carry resveratrol to the
tissues and human organs after consumption.9 Although resvera-
trol was a reported ligand for HSA, the co-crystal structure for
the compound and HSA is not available.9,22 The resveratrol did
form a co-crystal with human protein F1 ATPase, which showed
that it was sitting between two parallel a helices.5 It was also sur-
rounded by three b bends (Fig. 1A). Its 40-OH group was facing the
hydrophobic exterior. Human serum albumin was reported to have
two binding sites for salicylic acid.10 Both binding sites were adja-
cent to the binding pockets for myristates. One of them sat be-
tween two a helices and one b bend. In this domain of the
complex structure of HSA, both phenol hydroxyl groups of salicylic
acid and the carboxyl group of myristate were facing the exterior of
the protein (Fig. 1B). Thus, to have better binding of resveratrol
derivatives to human albumin, its 40-OH should be the best group
for derivatization. This is because monoalkylated ether at 40 posi-
tion showed the best results in the cell killing effects on the naso-
pharyngeal epidermoid tumor cell line KB.20a Thus, resveratrol
aliphatic acids were designed, and synthesized from the alkylation
of phenoxide at 40 position (Scheme 1).20


The synthesis of compounds 2 and 3 was carried out using res-
veratrol as a starting material. A weak base potassium carbonate
was used to abstract the proton from hydroxyl group at 40 position,
resulting in resveratrol phenoxide, which was alkylated with alkyl
bromoacetate and bromohexanate, respectively (Scheme 2).20 The

resulting esters 2 and 3 were hydrolyzed to carboxylic acids 4
and 5, respectively, using KOH in ethanol containing water
(Scheme 2).23a


2.2. Solubilities of resveratrol aliphatic acids and esters in
water and phosphate buffer


The solubilities of resveratrol and its derivatives 1–5 have been
measured in pure water and a phosphate buffer (50 mM, pH 7) at
295 K.23b In pure water and at 304 nm of UV absorbance, the
extinction coefficient of resveratrol was measured to be
33,913 M�1 cm�1, which was also used to determine the concen-
trations of its derivatives 2–5. After calculations, the solubilities
of the resveratrol and its derivatives are listed in Table 1. As ex-
pected, the formation of esters of resveratrol did not improve the
solubilities of compounds 2 and 3 in either water or phosphate
buffer at pH 7. After the hydrolysis of the resveratrol esters, the
resveratrol aliphatic acids 4 and 5 had improved water solubility,
compared to resveratrol, suggesting that the introduction of car-
boxyl groups did increase the water solubility. When the phos-
phate buffer (50 mM, pH 7) was used, the solubilities of
compounds 4 and 5 were improved further. In the phosphate buf-
fer the solubility of 4 was about 97-fold of resveratrol, and that of 5
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Scheme 2. Synthesis of compounds 2–5 from resveratrol 1.


Table 1
Solubilities of resveratrol and its derivatives 1–5 in water and phosphate buffera


Compound Water (mg/100 g) Phosphate buffer (mg/100 g)


1 3.24 (4.0)b 3.24
2 1.93 1.40
3 0.032 0.085
4 80.91 313.8 (867.8)c


5 4.52 10.54


a 295 K, 50 mM phosphate buffer, pH 7.
b Literature value.8
c Over-saturated solution, which was made by tapping a suspension of 4 in the


phosphate buffer for 2 min.


Table 2
Binding parameters for HSA with resveratrol derivatives (298 K)


Compound Ka � 105 M�1


Method 1 (literature)a Method 2b Method 3c


1 1.64 ± 0.07 (2.56)d nd nd
2 1.14 ± 0.08 nd nd
3 3.05 ± 0.10 nd nd
4 2.95 ± 0.10 nd nd
5 67.0 ± 1.0 31.2 ± 14.3 26.2 ± 12.5


a Based on HSA’s fluorescence intensity at 350 nm.
b Based on resveratrol’s fluorescence intensity at 388 nm.
c Based on resveratrol’s UV–vis absorption intensity at 318 nm.
d Literature value.22
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was about of 3.3-fold of resveratrol, indicating that compounds 4
and 5 were more soluble in the phosphate buffer (pH 7) than
resveratrol.


2.3. Binding of resveratrol aliphatic acids and esters revealed by
HSA fluorescence


The protein HSA is fluorescent because of a tryptophan residue,
Trp 217, and there is maximum emission at 350 nm under the exci-
tation at 280 nm (Fig. 2).9,22 The fluorescence of the HSA was
quenched during the binding of drugs (Fig. 2).9,22 Thus, the binding
of the resveratrol and derivatives to HSA was determined by the

1/[5] M-1
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Figure 2. Plot of Fo(Fo � F) as a function of 1/[5] (M�1) in the determination of the
association constant for 5 during binding with HSA (4 lM) using Method 1. There
was a decrease of HSA tryptophan fluorescence intensity during the binding with 5
from 4.0 to 62.5 lM (298 K).

quenching of the fluorescence at 350 nm. The association constants
were estimated using the modified Stern–Volmer equation (Table
2).9,22 The association constant for resveratrol was determined to
be Ka = (1.64 ± 0.07) � 105 M�1, which was close to a literature va-
lue of Ka = (2.56 ± 0.11) � 105 M�1.22 The association constant for
compound 5 was found to be Ka = (6.7 ± 0.1) � 106 M�1, which
was 40.8-fold higher than that for resveratrol, suggesting that com-
pound 5 was a much better ligand for HSA than resveratrol. This
can be explained in that HSA had high affinities to resveratrol
and aliphatic carboxylic acid individually,20 and compound 5 was
a derivative of both resveratrol and aliphatic carboxylic acid.


Another observation for binding between 5 and HSA was that
the tryptophan fluorescence of HSA was quenched severely (Fig.
2). The quenching of the fluorescence also showed the change of
conformation during the binding with resveratrol moiety of the
compound.


Furthermore, the association constant for 3 was found to be
(3.05 ± 0.10) � 105 M�1, which was about 1.9-fold higher than that
of resveratrol, suggesting that the introduction of a long chain car-
boxylate ester group to resveratrol will increase the binding to
HSA. The compound 4 also had better binding affinity to HSA than
resveratrol, suggesting that the additional carboxyl group should
assist the binding to HSA. The introduction of ester group in com-
pound 2 had little additive effect on the binding affinity. Overall,
the introduction of a long chain aliphatic acid to resveratrol greatly
increased its binding affinity to HSA.


2.4. Binding of resveratrol aliphatic acids with HSA revealed by
resveratrol fluorescence


Resveratrol is a fluorescent molecule with maximum emission
at 385 nm (Fig. 3A). Resveratrol has a binding affinity of KD = 1/
Ka = 6.1 lM; however, the binding of the resveratrol (4 lM) with
HSA (4 lM) resulted in little change of resveratrol fluorescence







Figure 3. Fluorescence spectra. (A) Free resveratrol (4 lM) and resveratrol complex
(4 lM resveratrol + 4 lM HSA). (B) Free 4 (4 lM) and 4’s complex (4 lM 4 + 4 lM
HSA). (C) Free 5 (4 lM) and 5’s complex (4 lM 5 + 4 lM HSA).


Figure 4. Plot of the relative fluorescence units as a function of [HSA] in the det-
ermination of the association constant for 5 (4 lM) during binding with HSA using
Method 2. There was an increase of resveratrol fluorescence intensity during the
binding (298 K).
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Figure 5. UV–vis spectra, free 5 (4 lM) and 5’s complex (4 lM 5 + 4 lM HSA). There
was blue shift for UV maximum absorption for 5 from 318 nm to 311 nm during the
binding with HSA.
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intensity (Fig. 3A). Interestingly, the binding of compound 4 (4 lM)
with HSA (4 lM) resulted in 50% increase of fluorescence intensity
(Fig. 3B), and the binding of compound 5 (4 lM) with HSA (4 lM)
resulted in a 3-fold increase of the fluorescence intensity at
385 nm, suggesting that compounds 4 and 5 were tightly bound
by HSA (Fig. 3C). These results also confirmed that compound 4
was a better ligand for HSA than resveratrol, and compound 5
was a much better ligand for HSA (Fig. 3). It was the first time that
the increase of fluorescence of resveratrol moiety was observed
during the binding to the protein HSA without an increased con-
centration of resveratrol or its derivatives.


Since fluorescence intensity of compound 5 will increase during
binding, the binding affinity to HSA was also estimated using res-

veratrol moiety fluorescence by fixing the concentration of
compound 5, but increasing the concentrations of HSA (Method
2) (Fig. 4). The binding affinity of compound 5 to HSA was
calculated using non-linear-fit24 (Grafit 6), which gave
Ka = (3.12 ± 1.43) � 106 M�1, which was close to the value
((6.70 ± 0.10) � 106 M�1) from Method 1. The results also indicated
that compound 5 can be bound to HSA very tightly.


2.5. Binding of resveratrol aliphatic acids with HSA revealed via
UV–vis spectroscopy


Resveratrol hexanoic acid (5) was found to have the maximum
UV absorbance at 318 nM. Surprisingly, the binding of 5 by HSA re-
sulted in a decrease of UV absorbance by 20% (Fig. 5). The maxi-
mum absorbance shifted from 318 to 311 nm. The results
suggested that the p–p conjugation of stilbene structure of 5
should be impaired during the binding. The planar geometry
should be altered.25–28


Molecular energy calculations were carried out using Spartan
software (Trident). Two stable conformers of 5, orthogonal







Figure 6. Conformers of 5. (A) Orthogonal conformer (E = �1.432 KJ/mol) and
(B) planar conformer (E = �0.128 KJ/mol), based on calculations using Spartan
(Trident) software.
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Figure 7. Job’s plot for the complex between HSA and 5.
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Figure 8. Molar ratio plot for the complex between HSA and 5.
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(Fig. 6A) and planar (Fig. 6B) ones, were found. The former was
found to have an energy level of �1.432 KJ/mol, whereas the latter
had an energy level of �0.128 KJ/mol, suggesting that the former
should be more stable than the latter. Therefore, the orthogonal
stilbene structure should be the conformer in the complexation
with HSA. There are three pieces of evidence for this structure;
one is the increase of fluorescence of stilbene structure of 5 during
the binding to HSA. The increase of fluorescence indicates that the
structure is changing from conjugated to unconjugated, and from a
flexible structure to a rigid one.29 The second evidence is the de-
crease of UV absorption. The third evidence is the shift of the max-
imum UV absorbance from 318 to 311 nm. This is because the
impaired p–p conjugation results in a shorter wavelength of UV
absorbance and lower intensity.25–28 This structure should be con-
sistent with the conformer structures of stilbene in the complexes
of resveratrol with F1 ATPase (Fig. 1A),5 and chalcone synthase
(1CGZ), respectively,30 in which resveratrol sat in the interior of
the proteins. The proteins have hydrophobic interior and the
hydrophobic stilbene structure should adopt orthogonal geometry
with maximum surface contact areas with the proteins.31 Resvera-
trol alone tended to adopt planar geometry in aqueous solution for
minimum hydrophobic surface areas according to a study with
NMR.32 The resveratrol also tended to adopt planar geometry when
it was in the exterior of proteins such as in the complex with trans-
thyretin (1DVS) for the same reason.33


How many molecules of 5 can be bound by HSA? Based on a re-
port, there was one binding site for resveratrol in HSA.9 To test
whether there is one binding site in HSA for compound 5, Job’s plot
was carried out by preparing 11 solutions covering the whole
range of molar fractions for 5 and HSA, keeping the total concentra-
tion constant (8 lM) (Fig. 7).34 The UV absorbance at 318 nm for
each solution was measured before and after the addition of a de-
signed amount of HSA. A plot of the molar fraction of HSA versus
the difference in UV absorbance was then carried out. Thus, Job’s
plot generated a curve, where two straight lines drawn through
initial and final points generated a crossed point, X = 0.33. The stoi-
chiometry of the complex was then calculated based on Eq. 1, giv-
ing m = 1 and n = 2, respectively.


mHSAþ n5�HSAm5n


X ¼ m=ðmþ nÞ
ð1Þ


To confirm the result from Job’s plot, a molar ratio plot was also
carried out (Fig. 8).35 A titration was done starting with a fixed con-
centration of 5 (8 lM) and increasing concentrations of HSA. All the
UV absorbances were measured. A plot of the molar fraction of HSA

relative to the concentration of 5 versus the UV absorbance was
then carried out. Thus, molar ratio plot generated a curve, where
two straight lines drawn through initial and final points generated
a crossed point, r = 0.5. The stoichiometry of the complex was then
calculated based on r = m/n. If m equals 1, n should be 2. Therefore,
both Job’s and molar ratio plots showed that HSA should bind two
molecules of 5. This was consistent with the crystal structure,
which showed that HSA can accommodate two salicylic acid
molecules.10


Based on the significant decrease of UV absorption of 5 during
the binding of HSA, the binding affinity was also calculated (Fig.
9). The KD was found to be (0.382 ± 0.182) lM. The Ka was then cal-
culated to be (26.2 ± 12.5) � 105 M�1, which was consistent with
the results from two other measurements using fluorescence (Ta-
ble 2). The results also suggested that the binding of 5 with HSA
was much more significant than the binding with 4 or 1, suggesting
that 5 was a greater ligand for HSA.


2.6. Binding of resveratrol aliphatic acids by HSA revealed by
NMR spectroscopy


A 1H NMR study was carried out to investigate how 5 was
bound to HSA in phosphate buffer in D2O. Higher concentration
of 5 (1.25 mM) and lower concentration of HSA (50 lM) were used







Figure 9. Plot of the UV absorbance of 5 as a function of [HSA] in the determination
of the association constant for 5 during binding with HSA using Method 3. There
was a decrease of resveratrol UV absorption intensity during the binding (298 K).
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for better signals of 5.36 The differences of chemical shifts for aro-
matic and vinylic hydrogens were calculated based on spectra for 5
in the absence and presence of HSA (Fig. 10). The results showed
that the chemical shifts of hydrogens 20/60 and 30/50 moved upfield
by 0.058 and 0.062 ppm, respectively, upon the addition of HSA,
suggesting that the ring B in the center of 5 should have significant
p–p stacking interactions with aromatic residues of HSA.37 The re-
sults also showed that the chemical shifts of hydrogens 2/6 and 4
moved upfield by 0.049 and 0.002 ppm, respectively, suggesting
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Figure 10. NMR spectra, free 5 (1.25 mM), an

that the ring A should have less significant p–p stacking interac-
tions with aromatic residues of HSA. The NMR data showed that
the hydrophobic linkage of two molecules of 5 should be in the
hydrophobic cavities, and their hydrophilic groups, including hy-
droxyl and carboxyl groups, should be exposed to the hydrophilic
exterior of the protein. The two molecules of 5 were likely to be
in the two salicylic acid binding pockets in HSA.10


3. Conclusions


The synthesized new resveratrol aliphatic acids 4 and 5
showed much better water solubility than resveratrol in phos-
phate buffer at pH 7, effectively solving the water solubility
problem of resveratrol. More importantly, they showed much
better binding affinity to HSA than resveratrol, as well. The
chemical binding mechanism of 5 with HSA was revealed using
fluorescence, UV–vis, and NMR spectroscopies. The binding of 5
with HSA resulted in a decrease of HSA fluorescence but increase
of resveratrol moiety fluorescence, suggesting that 5 was tightly
bound by the HSA, and the structure became very rigid. It was
the first time that an increase in fluorescence of resveratrol moi-
ety was observed during the measurement. It was also the first
time that a decrease of UV absorption of resveratrol was ob-
served with blue shift of UV absorption, suggesting the impair-
ment of the p–p conjugation during the binding of 5 to HSA.
According to molecular calculations with Spartan software, the
most stable conformer for resveratrol moiety should be orthogo-
nal. It should adopt this conformation in the binding site of HSA.
To test whether HSA just has one binding site for resveratrol,
Job’s and molar ratio plots were carried out. The results sug-
gested that there were two binding pockets for compound 5.
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To test how 5 was bound by HSA, NMR investigation was also
carried out. The results showed that the phenyl ring in the cen-
ter of the molecule was quenched severely by HSA’s aromatic
residues, suggesting that the linkage of 5 should be in the hydro-
phobic cavity of HSA, but the hydrophilic groups of 5, such as
hydroxyl and carboxyl groups, should be in the exterior of the
protein. Given the surprisingly high binding affinity of 5 to
HSA with multiple readings of structural information from this
investigation, 5 offers an exceptional example for designing, syn-
thesizing and evaluating strong ligands and tight binding inhib-
itors for human proteins using multiple spectroscopies.9

4. Materials and methods


4.1. Materials and instruments


Resveratrol and human serum albumin (HSA) were purchased
from Sigma (St. Louis, MO, USA). Other chemicals for the synthesis
and analysis were also from Sigma. The purity of HSA (molecular
weight 66,500 Da) was 99% according to the manufacturer. The
phosphate buffer (50 mM, pH 7) for assay contained 20 mM of
NaH2PO4 and 30 mM of Na2HPO4. During the preparation of the
buffer for NMR experiments, the NaH2PO4 and Na2HPO4 were ex-
changed to NaD2PO4 and Na2DPO4 with D2O (99.5%) three times
under lyopholyzer. Fluorescence spectroscopy measurements were
performed on FluoroMax-3 from HORIBA JOBIN YNON. Melting
points were determined using MEL-TEMP. IR spectra were re-
corded on Genesis II FTIR. UV–vis absorption spectra were recorded
on UV-1700 UV–vis spectrophotometer from Shimadzu and NMR
spectra were recorded on Varian 400 (400 MHz).


4.2. Synthesis of ethyl 2-{4-[(1E)-2-(3,5-dihydroxyphenyl)eth-
enyl]phenoxy}acetate (2) and 2-{4-[(1E)-2-(3,5-dihydroxyphen-
yl)ethenyl]phenoxy}acetic acid (4)


To a one-neck round-bottomed flask were added resveratrol
(0.50 g, 2.2 mmol), acetone (10 mL), potassium carbonate (0.607 g,
4.4 mmol), and ethyl 6-bromoacetate (244 lL, 2.2 mmol). The mix-
ture was stirred at 50–60 �C for 12 h in reflux under N2 atmosphere.
The resulting mixture was submitted for column chromatography
using a mixed solvent (3–30% of ethyl acetate in hexane in volume)
to give compound 2 (0.1 g, 14%). The compound was recrystallized
from ethyl acetate/hexane (1:1 volume). Rf value, 0.47 (EtOAc/hex-
ane, 50:50, v/v). Mp 140–141 �C (lit.20a 117–119 �C). 1H NMR
(CD3COCD3, ppm) d 1.24 (t, 3H, J = 7.2 Hz, CH3), 4.19 (q, 2 H,
J = 6.8 Hz, CH2), 4.60 (s, 2H, CH2), 6.23 (t, 1H, J = 2.2 Hz, Ar–H), 6.47
(d, 2H, J = 2.2 Hz, Ar–H), 6.84 (m, 4H, Ar–H), 7.38 (d, 2H, J = 8.8 Hz,
Ar–H), 7.61 (s, 2H, OH). UVmax in water, 304 nm.


To a 5 mL round-bottomed flask were added compound 2
(0.070 g, 0.22 mmol), methanol (3 mL), water (0.10 g), and potas-
sium hydroxide (0.6 g, 10.7 mmol). The resulting mixture was stir-
red for one day at room temperature.23 The mixture was acidified
to pH 2 using 6 N HCl. The resulting mixture was extracted with
ethyl acetate (2� 10 mL). After removal of the solvent, the residue
was purified with column chromatography using a mixed solvent
(0.2–0.4% of acetic acid in ethyl acetate in volume) to give com-
pound 4 (0.042 g, 67%). Rf value, 0.74 (HOAc/EtOAc, 2:98, v/v).
Mp 223–224 �C. 1H NMR (CD3OD, ppm) d 4.64 (s, 2H, CH2), 6.18
(s, 1H, Ar–H), 6.46 (d, 2H, J = 2.2 Hz, Ar–H), 6.90 (m, 4H, Ar–H),
7.52 (d, 2H, J = 8.4 Hz, Ar–H). 13C NMR (CD3OD, ppm) d 64.56,
126.91, 127.43, 127.59, 131.04, 138.69, 139.76, 157.67, 158.32,
171.46. IR (film, cm�1) 3239, 2918, 1731, 1597, 1511, 1355, 1261,
1228, 1161, 1972, 1008, 964, 841. UVmax in water, 318 nm. ESI-
TOE-high-acc (M+H) Calcd for C16H15O5: 287.0914. Found:
287.0914.

4.3. Synthesis of methyl 6-{4-[(1E)-2-(3,5-dihydroxyphenyl)-
ethenyl]phenoxy}hexanate (3) and 6-{4-[(1E)-2-(3,5-dihydroxy-
phenyl)ethenyl]phenoxy}hexanoic acid (5)


To a one-neck round-bottomed flask were added resveratrol
(0.684 g, 3 mmol), acetone (20 mL), potassium carbonate (0.828 g,
6 mmol), and methyl 6-bromohexanoate (0.627 g, 3 mmol). The
mixture was stirred at 50–60 �C for 16 h in reflux under N2 atmo-
sphere. The resulting mixture was submitted for column chroma-
tography using a mixed solvent (3–30% of ethyl acetate in
hexane in volume) to give a compound 3 (0.10 g, 9%). The com-
pound was recrystallized from ethyl acetate/hexane (1:1 volume).
Rf value, 0.71 (acetone/hexane, 50:50, v/v). Mp 182–183 �C. 1H
NMR (DMSO-d6, ppm) d 1.42 (m, 2H, CH2); 1.59 (m, 2H, CH2);
1.71 (m, 2H, CH2); 2.33 (t, 3H, J = 7.2 Hz, CH3), 3.62 (s, 3H, CH3);
3.96 (t, 2H, J = 6.4 Hz, CH2), 6.12 (t, 1H, J = 2.2 Hz, Ar–H), 6.40 (s,
2H, Ar–H), 6.92 (m, 4H, Ar–H), 7.56 (d, 2H, J = 8.4 Hz, Ar–H), 9.23
(s, 2H, OH). 13C NMR (DMSO-d6, ppm) d 24.78, 25.42, 28.93,
33.78, 51.77, 67.84, 102.36, 102.45, 104.84, 104.94, 115.15,
127.12, 128.05, 128.32, 130.08, 139.66, 158.85, 158.93, 159.07,
173.90. IR (film, cm�1) 3354, 3239, 2945, 2900, 2870, 1708, 1608,
1515, 1451, 1355, 1265, 1243, 1165, 1049, 1012, 960, 956, 729,
684. UVmax in water, 310 nm.


To a 5 mL round-bottomed flask were added compound 3
(0.070 g, 0.20 mmol), methanol (3 mL), water (0.10 g), and potas-
sium hydroxide (0.6 g, 10.7 mmol). The resulting mixture was stir-
red for one day at room temperature.23 The mixture was acidified
to pH 2 using 6 N HCl. The resulting mixture was extracted with
ethyl acetate (2� 10 mL). After removal of the solvent, the residue
was purified with column chromatography using a mixed solvent
(15–60% of acetone in hexane in volume) to give compound 5
(0.042 g, 62%). Rf value, 0.82 (HOAc/EtOAc, 0.4:99.6, v/v). Mp
196–197 �C. 1H NMR (CD3OD, ppm) d 1.48 (m, 2H, CH2); 1.65 (m,
2H, CH2); 1.75 (m, 2H, CH2); 2.30 (t, 3H, J = 7.2 Hz, CH3), 3.92 (t,
2H, J = 6.2 Hz, CH2), 6.17 (t, 1H, J = 2.2 Hz, Ar–H), 6.46 (d, 2H,
J = 2.2 Hz, Ar–H), 6.83 (m, 3H, Ar–H), 6.94 (d, 2H, J = 16.1 Hz, Ar–
H), 7.40 (d, 2H, J = 8.8 Hz, Ar–H). 1H NMR (CD3OD, ppm) d 24.56,
25.45, 28.79, 33.56, 67.52, 101.46, 104.56, 114.38, 126.32, 127.41,
127.85, 130.04, 139.87, 158.35, 158.90, 176.35. IR (film, cm�1)
3433, 3309, 2948, 2866, 1708, 1604, 1518, 1451, 1355, 1306,
1276, 1250, 1176, 1157, 997, 960, 841, 815, 733, 681. UVmax in
water, 318 nm. ESI-TOE-high-acc (M+H) Calcd for C20H23O5:
343.1540. Found: 343.1540.


4.4. Measurement of the solubilities of resveratrol and its
derivatives in water and phosphate buffer


Mixing of resveratrol or its derivatives with a solvent, either
pure water or phosphate buffer (50 mM, pH 7), resulted in a mix-
ture. The mixture was added in the internal sealed dual-wall flask.
Between the outer and inner walls of the flask, water at constant
temperature (295 K) was circulated.23b The mixture was stirred
for 1 h, transferred to a 1.5 mL Eppendorf tube, and centrifuged
for 2 min. The clear solution was transferred to a new 1.5 mL
Eppendorf tube and centrifuged again for 2 min. The resveratrol,
or its derivative content in the new clear solution was then mea-
sured using UV–vis spectrophotometer. The concentrations and
solubilities of resveratrol and its derivatives were then calculated
using the extinct coefficient 33,913 M�1 cm�1.


4.5. Fluorescence quenching measurements (Method 1)


The excitation wavelength of 280 nm was used, and the
emission spectra were recorded from 290 to 360 nm at 298 K.
Protein solution (4 lM) in phosphate buffer was used only once.
Buffers without a resveratrol derivative and with increasing
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concentrations of the resveratrol derivative were used as blanks for
the corresponding measurements. All the solutions were mixed
thoroughly and used 2 min after mixing for the measurements.22


The association constant (Ka) for binding of all the resvera-
trol derivatives to HSA indicated in Table 2 was determined
with fixed concentrations of the HSA and with increasing
amounts of the compounds. The binding data were fitted to
the modified Stern–Volmer equation 2. The fluorescence inten-
sity (F) at 350 nm was plotted against [resveratrol] to obtain
the slope from Eq. 2 using Grafit 6 linear fit. Ka was then cal-
culated based on the slopes and intercepts of the fittings,
Ka = intercept/slope.22


Fo=ðFo � FÞ ¼ 1=fKa½resveratrol� þ 1=f ð2Þ

4.6. Fluorescence enhancing measurements (Method 2)


The excitation wavelength of 300 nm was used, and the emis-
sion spectra were recorded from 370 to 420 nm at 298 K. Any res-
veratrol derivative (4 lM) in phosphate buffer was used only once.
Buffers without HSA and with increasing concentrations of HSA
were used as blanks for the corresponding measurements. All the
solutions were mixed thoroughly and used 2 min after mixing for
the measurements.


The association constant (Ka) and dissociation constants (KD = 1/
Ka) for binding of 5 to the HSA indicated in Table 2 were deter-
mined with fixed concentrations of 5 and with increasing amounts
of HSA. The binding data were fitted to Eq. 3. The fluorescence
intensity (F) at 385 nm was plotted against [HSA]tot to obtain the
KD from Eq. 3 using Grafit 6. This equation is based on the fact that
HSA will bind two molecules of 5.24c Ka was then calculated based
on Ka = 1/KD.24


F ¼ Fo � fðFo � Ff Þ½5�tot=2gfb� ðb2 � 8½HSA�tot½5�totÞ
1=2g


b ¼ KD þ 2½HSA�tot þ ½5�tot


ð3Þ

4.7. UV–vis measurements (Method 3)


The UV–vis measurements of a resveratrol derivative in the ab-
sence or presence of HSA were made in the range of 315–340 nm at
298 K. The resveratrol concentrations were fixed at 4 lM, while the
HSA’s concentrations were either fixed to 4 lM or increased from 2
to 16 lM. The phosphate buffer was used as a blank for all the
measurements.


The association constant (Ka) and dissociation constants (KD = 1/
Ka) for binding of 5 to the HSA indicated in Table 2 were also deter-
mined with fixed concentrations of 5 and with increasing amounts
of HSA. The binding data were fitted to Eq. 4, which is derived from
Eq. 3. The UV absorbance (A) at 318 nm was plotted against [HSA]tot


to obtain the KD from Eq. 4 using Grafit 6. This equation is based on
the fact that HSA will bind two molecules of 5.24c Ka was then cal-
culated based on Ka = 1/KD.


A ¼ Ao � fðAo � Af Þ½5�tot=2gfb� ðb2 � 8½HSA�tot½5�totÞ
1=2g


b ¼ KD þ 2½HSA�tot þ ½5�tot


ð4Þ

4.8. Job plots


Eleven solutions covering the whole range of molar fractions for
5 and HSA, keeping the total concentration constant (8 lM), were
prepared. The UV absorbance at 318 nm for each solution was
measured before and after the addition of a designated amount
of HSA. A plot of the molar fraction of HSA versus the difference
in UV absorbance was then carried out. Thus, Job’s plot generated
a curve, where two straight lines drawn through initial and final

points generated a crossed point, which indicated the stoichiome-
try of the complex.34


4.9. Molar ratio plot


A titration was carried out starting with a fixed concentration of
5 (8 lM) and increasing concentrations of HSA from 0, 0.4, 0.8, 1.6,
2.4, 3.2, 4.0, 4.8, 5.6, 6.4, 7.2, 8.0, 9.6, 12.8, 16, 20, 24, 30 and 38 lM.
All the UV absorptions were measured. A plot of the molar fraction
of HSA relative to the concentration of 5 versus the UV absorbance
was then carried out. Thus, molar ratio plot generated a curve,
where two straight lines drawn through initial and final points
generated a crossed point, which indicated the stoichiometry of
the complex.35


4.10. NMR measurements


The phosphate buffer was prepared using D2O as a solvent and
deuteriumated NaD2PO4 and Na2DPO4 as buffer components. Com-
pound 5’s concentrations were fixed to 1.25 mM. The solutions
from NMR study were prepared with or without the HSA
(50 lM). All the NMR studies were carried out at 298 K.36
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Endomorphin-2 (EM-2) is a putative endogenous l-opioid receptor ligand. To get insight into the impor-
tant role of C-terminal amide group of EM-2, we investigated herein a series of EM-2 analogs by substi-
tution of the C-terminal amide group with –NHNH2, –NHCH3, –N(CH3)2, –OCH3, –OCH2CH3, –OC(CH3)3,
and –CH2–OH. Their binding affinity and bioactivity were determined and compared. Despite similar
(analogs 1, 4, and 7) or decreased (analogs 2, 3,5, and 6) l affinity in binding assays, all analogs showed
low guinea pig ileum (GPI) and mouse vas deferens (MVD) potencies compared to their parent peptide.
Interestingly, as for analogs 2 and 3 (a single and double N-methylation of C-terminal amide), the potency
order with the Ki (l) values was 2 > 3; for the C-terminal esterified analogs 4–6, the potency order with
the Ki (l) values was 4 > 5 > 6. Thus, we concluded that the steric hindrance of C-terminus might play an
important role in opioid receptor affinity. We further investigated the conformational properties of these
analogs by 1D and 2D 1H NMR spectroscopy and molecular modeling. Evaluating the ratios of cis- and
trans-isomers, aromatic interactions, dihedral angles, and stereoscopic views of the most convergent con-
formers, we found that modifications at the C-terminal amide group of EM-2 affected these analog con-
formations markedly, therefore changed the opioid receptor affinity and in vitro bioactivity.


� 2008 Elsevier Ltd. All rights reserved.

1. Introduction


The endogenous peptide ligands for l-opioid receptor, endo-
morphin-1 (Tyr-Pro-Trp-Phe-NH2, EM-1), and endomorphin-2
(Tyr-Pro-Phe-Phe-NH2, EM-2) were discovered in 1997 by Zadina
et al.1 Both endomorphins (EMs) exhibited the highest affinity for
l-opioid receptor and extraordinarily high selectivity relative to
d- and j-opioid receptor systems of all known opioid substances.1


They are also important model peptides to determine the struc-
ture–activity relationship based on their typical characteristics of
backbones and aromatic side chains.2,3


Naturally occurring opioid peptides consist of two distinct bio-
logically important parts, a N-terminal tri- or tetrapeptide frag-
ment, the message sequence, and the remaining C-terminal
fragment, the address sequence. Structure–activity studies showed
that the message sequence needed strict requirements for a good
interaction with opioid receptors. Important feathers are the pres-
ence of cationic amino group and a phenolic group in position 1, a

ll rights reserved.


: +86 931 8911255.

spacer in position 2, lipophilic and aromatic residues in positions 3
and 4 for the message, and amidation at the C-terminus for the ad-
dress sequence, which seems to be determinant for peptide stabil-
ity.4,5 Thus, as for EM-2, there is a strict requirement for the amino
and phenolic groups of the Tyr1, an appropriate spacer (Pro2), and
an aromatic group (Phe3 and Phe4).6 According to the ‘message-ad-
dress’ concept,7 it is possible to consider that Tyr-Pro-Trp/Phe and
Phe-NH2 correspond to the message and address fragments,
respectively.6 These two sequences of EM-2 play an important role
in ligand recognition.6,8–11 Since the N-terminal tripeptide unit of
EM-2 is considered to be the ‘message’ fragments, their 3D struc-
tures may be important in the formation of bioactive conformation
and binding to opioid receptor, whereas, the C-terminal ‘address’
fragment may contribute to the stability of structure of the N-ter-
minal tripeptide unit, resulting in the biologically active form of
EM-2.11


A majority of bioactive peptides reveal their biological functions
by C-terminal a-amidation.12 As the deamination of such peptides
leads to considerable loss of activity, the amide group may be
strongly correlated with the bioactivity.13–15 C-Terminal amidation
would significantly associate with the bioactive conformation of a
bioactive peptide and its interaction with a receptor. Previous
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Figure 1. Schematic diagram of EM-2 and its analogs investigated in this study.
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study has demonstrated that substitution of a carboxyl group for
the C-terminal amide group makes the molecular conformation
of EM-2 much flexible in DMSO solution. The C-terminal free acid
of EM-2 leads to a considerable loss of its binding affinity and ago-
nist activity for the l-opioid receptor.6,9,16 A similar decrease in
activity was observed for morphiceptin and its C-terminal free
acid.17 However, the d-opioid receptor affinity of EM-2 was in-
creased by the substitution of a carboxyl group for the C-terminal
amide group.16 Therefore, the differentiation between the l- and
d-opioid receptor selectivities of EM-2 is related to C-terminal
region.16 Nevertheless, the –ol derivatives of EMs, with the
C-terminal amide to alcohol conversion, are high-affinity and low
intrinsic efficiency agonists in the pharmacological assays in
vitro.9,10 Our previous study indicated that the C-terminal amide
to alcohol conversion produced different effects on the vasodepres-
sor activity of EM-1 and EM-2.8 A recent review18 reported that the
replacement of the carboxamide group of EM-2 by ester (COOMe)
or hydrazide (CONHNH2) group produced analogs with equal or
slightly improved l-affinity compared with EM-2.


As a possible clue to the biological and structural implications
of C-terminal amidation, we investigated herein the modifications
of C-terminal amide group of EM-2 by substitution of the C-termi-
nal amide group with –NHNH2, –NHCH3, –N(CH3)2, –OCH3,
–OCH2CH3, –OC(CH3)3, and –CH2–OH (Fig. 1). In the present study,
we evaluated and compared the opioid receptor affinity and selec-
tivity of these analogs by radioligand-binding assays and in vitro
bioactivity assays. We further investigated the conformational
properties of these analogs by 1D and 2D 1H NMR spectroscopy
and molecular modeling to reveal the conformational function of
the C-terminal group of these analogs. We compared the confor-
mations of EM-2 and its analogs generated by nuclear overhauser
effect (NOE) restraints in several steric structural analysis includ-

Table 1
Analytical data of EM-2 and its analogs


Peptide No. Sequence RP-HPLC (tr)a


EM-2 Tyr-Pro-Phe-Phe-NH2 10.365
1 Tyr-Pro-Phe-Phe-NHNH2 9.086
2 Tyr-Pro-Phe-Phe-NHCH3 10.579
3 Tyr-Pro-Phe-Phe-N(CH3)2 11.229
4 Tyr-Pro-Phe-Phe-OCH3 10.709
5 Tyr-Pro-Phe-Phe-OCH2CH3 12.845
6 Tyr-Pro-Phe-Phe-OC(CH3)3 14.160
7 Tyr-Pro-Phe-Phe-CH2OH 11.114


a RP-HPLC elution on a Water Delta Park C18 column (3.9 � 150 mm; Waters, Milford,
TFA in acetonitrile. The column was eluted at a flow rate of 0.6 ml/min with a linear g
5 min.


b c = 0.3, MeOH (20 �C).
c ESI-MS.
d Values are cited from our group’s previous report.19

ing determining distances between two aromatic rings and the
dihedral angles of the backbone and side chains.


2. Results and discussion


2.1. Radioligand binding and in vitro bioactivity assays


The affinity and selectivity of EM-2 and all its analogs (charac-
terized in Table 1) were evaluated by radioligand binding assays
using rat brain membranes. In the binding assays, [H3]DAMGO
and [H3]DPDPE were used as l- and d-opioid receptor radioli-
gands, respectively. Their binding affinities for l- and d-opioid
receptor are summarized in Table 2. In the radioligand binding
assay, analog 1 in which the C-terminal amide group of EM-2
was modified into NHNH2 exhibited only slightly lower l affinity
than EM-2.19 A single and double N-methylation of C-terminal
amide of EM-2 (to give analogs 2 and 3) produced about 3- and
33-fold greater decrease in l affinity than EM-2, respectively. This
result indicated that N-methylation of C-terminal amide was not
liable to bind with l-opioid receptor. Moreover, previous studies
also reported that the EM-2 analogs, containing N-methylated
amino acids, displayed reduced l-opioid receptor affinity.20,21 In
previous study,19 our group changed the C-terminal amide group
of EM-2 into OCH3 to give analog 4 with high affinity, similar to
that of EM-2. In this study, we synthesized similar analogs 5 and
6 by changing the C-terminal amide into OCH2CH3 and OC(CH3)3,
respectively. Interestingly, the potency order with the Ki (l) val-
ues was 4 > 5 > 6, but the potency order with the Ki (d) values
was 6 > 5 > 4. Thus, we concluded that the increase in bulkiness
of the esterified group might decrease the binding of an analog
to l-opioid receptor, but increase the binding to d-opioid recep-
tor. The –ol derivatives of EMs, with the C-terminal amide to
alcohol conversion, exhibit high affinity and low intrinsic agonis-
tic efficiency in the pharmacological assays in vitro.9,10 Presently,
our result (analog 7) indicated similar high l affinity (Ki


(l) = 6.34 nM).
We also evaluated the in vitro pharmacological activities using


isolated guinea pig ileum (GPI) for the l-opioid receptor and mouse
vas deferens (MVD) for the d-opioid receptor. The potencies of
these analogs to inhibit an electrically evoked neurotransmitter re-
lease and the resulting muscle contractions in GPI and MVD prep-
arations are summarized in Table 2. In the GPI assays, analogs 3
and 6 were almost devoid of activity. Furthermore, despite similar
or decreased l affinity in binding assays, analogs 1, 2, 4, 5, and 7
displayed about 4- to 14-fold lower potencies than their parent
peptide. In the MVD assays, only analog 3 showed a significant de-
crease in MVD potency.

[a]D
b (�) Mp (�C) MS [M+H]+


Calculated Foundc


�26 130–132 571.3 572.0
�24 142–145 586.3 587.2d


�27 137–139 586.3 587.2
�28 121–124 599.3 600.3
�23 108–110 586.3 587.5d


�32 108–110 600.3 601.2
�27 126–128 628.3 629.3
�31 92–94 558.3 559.4


MA). The solvents for analytical HPLC were as follows: A, 0.1% TFA in water; B, 0.1%
radient of A/B = 80:20 to A/B = 20:80 for 30 min and A/B = 20:80 to A/B = 80:20 for







Table 2
Opioid receptor binding affinities and in vitro pharmacological activity of EM-2 and its analogs; data are given as means ± SEM


Peptide No. Ki (l) [nM] Ki (d) [nM] Ki (d)/Ki (l) IC50 [nM] GPI/MVD


GPI MVD Potency ratio


EM-2a 8.23 ± 0.48 8360 ± 1314 1016 9.67 ± 0.84 25.8 ± 5.2 0.37
1a 9.35 ± 2.43 >10,000 >1070 132 ± 42.4 185 ± 79.7 0.71
2 29.17 ± 2.81 8474 ± 1558 290.5 136.2 ± 31.8 54.61 ± 23.29 2.5
3 272.7 ± 37.2 >10,000 >36.7 1810 ± 252.7 2723 ± 545 0.66
4a 9.07 ± 0.77 >10,000 >1102.5 42.1 ± 16.1 37.2 ± 15.0 1.1
5 14.96 ± 1.71 2940 ± 825.5 196.5 64.41 ± 6.93 63.75 ± 6.06 1.0
6 50.35 ± 7.36 247 ± 56.2 4.9 3002 ± 1264 74.12 ± 5.16 40.5
7 6.34 ± 1.35 >10,000 >1577 29.3 ± 9.0 29.17 ± 21.44 1.0


a Values are cited from our group’s previous report.19


Figure 2. The assignment of 1H NMR spectroscopy of [Phe4-CH2OH]-EM-2 (analog 7).


Table 3
The ratiosa of cis- and trans-isomers of EM-2 and its analogs


No. Peptide cis:trans


EM-2 EM-2 1:2
1 [Phe4-NHNH2]-EM-2 2:5
2 [Phe4-NHCH3]-EM-2 5:6
3 [Phe4-N(CH3)2]-EM-2 7:6
4 [Phe4-OCH3]-EM-2 1:1
5 [Phe4-OCH2CH3]-EM-2 4:3
6 [Phe4-OC(CH3)3]-EM-2 1:1
7 [Phe4-CH2OH]-EM-2 1:1


a Determined by integration of 1H NMR.


C. Wang et al. / Bioorg. Med. Chem. 16 (2008) 6415–6422 6417

2.2. NMR resonance assignments


Conformational investigations of EM-2 and its analogs were
performed using standard one- and two-dimensional NMR spec-
troscopy in DMSO-d6 at 298 K. The 1H NMR spectra of analog 7
which had the highest l-opioid receptor affinity exhibited two sets
of conformers distinctly in the peaks of amide and aromatic pro-
tons (Fig. 2). The cis/trans isomers around the Tyr-Pro amide bond
were based on the characteristic sequential NOEs observed be-
tween Tyr1 CaH proton and Pro2 CaH/CdH protons, and the cis/trans
ratios of EM-2 and its analogs determined by the comparison of the
proton peak intensities are given in Table 3. The results indicated
that all the analogs had similar ratios (�1:1) in equilibrium be-
tween cis- and trans-isomers except analog 1. For analog 1, the ra-
tio of cis- and trans-isomers was 2:5. Nevertheless, it was reported
that EM-2 is in equilibrium between folded and open conformers
with cis/trans population ratio of 1:2 in DMSO-d6.6 A study with
C-terminal free acid of EM-2 in zwitterionic form indicated the
cis/trans population ratio of 1:2.16 It suggests that these modifica-
tions in C-terminal amide group of EM-2 distinguished from the
C-terminal free acid substitution might indicate a crucial structural
requisite of C-terminus in balancing the cis/trans ratio in solution,
since most of these analogs except analog 1 had higher ratios in
equilibrium between cis- and trans-isomers than that in EM-2.


All proton peak assignments were performed using a combina-
tion of connectivity information via scalar coupling in TOCSY

experiments and sequential NOE network cross-peaks along the
peptide backbone protons. Following the protocol of structural
determination in solution, the chemical shifts of all analogs are
summarized in Supplementary Material. NOE cross-peak restraint
determined from ROESY spectra using correlation between signal
strength and interatomic distances was applied in restraint struc-
tural calculation. Based on the scalar defining the distance between
two protons bonded in the same carbon atom as 1.70 Å, the NOE
cross-peaks for the cis- and trans- isomers were classified as weak
(1.6–5.0 Å), medium (1.6–3.6 Å), and strong (1.6–2.9 Å). All NOE
cross-peaks of these EM-2 analogs were transferred for restraint
data. The NOE cross-peaks and intensities of EM-2 analogs are dis-
played in Supplementary Material.
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2.3. Structural calculation with NOE restraints


Because of conformational flexibility, restrained molecular
dynamics was applied to determine conformation in the case of
peptides. We incorporated NOE restraints into theoretical confor-
mational analysis and molecular dynamics. To keep the peptide
bond preceding proline in the desired configuration (cis or trans),
the onefold torsional potential with the constant �100 and
100 kcal/mol was imposed to force the cis or the trans configura-
tion, respectively. For each analog, two sets of conformations were
generated, depending on the configuration of this peptide bond.
The cis and trans conformational ensembles of 10 least violated
structures of analog 7 are displayed in Figure 3, with mean back-
bone RMSD deviations 0.79 and 0.62 Å, respectively. The stereo-
scopic views of the most convergent conformers that belong to
the respective conformational groups are shown in Figure 4.


According to the conformational pattern of the backbone struc-
ture, all the NMR structures could be classified into two groups,
one was S- and reverse S-type, the other was bow-shaped type.
For analogs 2 and 3, they had the opposite type of backbone con-
formation regarding the cis and trans configurations, which were
S-type and bow-shaped type. The C-terminal esterified analogs
4–6, with C-terminus substituted by –OCH3, –OCH2CH3, and
–OC(CH3)3, took the S- or reverse S-type backbone except analog
4, which preferred bow-shaped backbone. As for the analog 7,
reverse S-type and bow-shaped type were preferred, compared
to the S- and reverse S-type of analog 1. Therefore, it suggested that
modifications in the C-terminus of EM-2 resulted in different
changes of the backbone conformation, and consequently showed
the binding affinities to l- and d-opioid receptor distinguished
considerably.


2.4. Distances between aromatic rings


With the abundance of aromatic amino acids and flexibility,
EM-2 structures were supposed to be stabilized by the close pack-
ing of aromatic interactions instead of H-bonds.22,23 If the distance
of an aromatic ring pair between two centroids was less than 5.5 Å,
an interaction of aromatic–aromatic was assumed to exist.22,24 In
this case, we analyzed the conformations of aromatic side chains
and summarized the average distances of all analogs between
the centroids of aromatic rings (Table 4).

Figure 3. Ensemble of the 10 most convergent and least violated structures of the family
molecular dynamics with NOE distance restraints. The mean backbone RMSD of conform

As the shorter distances indicate closer aromatic–aromatic
interactions, these isomers of analogs may exhibit more folded
structures compared with other ones. It is noted that the two most
percentage of aromatic interactions occurred in Phe3-Phe4 and
Tyr1-Phe4 of trans-isomer of analogs 2 and 4, respectively. There-
fore, the average distances were shorter related to other analogs.
Since few aromatic interactions were observed, the extended con-
formations were assumed to mainly exist in DMSO solution. For all
the analogs, only the trans-isomer of analog 4 had the shortest dis-
tances between the aromatic side chains, which may be responsi-
ble for the bow-shaped folded backbone structure.


2.5. The torsions of backbone conformation and side-chain
disposition


The conformational requirements of all the peptides were
determined by the conformational constraint of the peptide back-
bone template (/ and w angles) and topographical constraint (v1


and v2) of the side chains. As seen in Table 5, the various C-termi-
nus modifications resulted in different spatial orientations of Tyr1,
Phe3, and Phe4 in cis- and trans-isomers. Notably, the third and
fourth phenyl rings were forced to point in nearly the opposite
direction in the trans-isomers of analog 4 (v1


3 = �163� and
v1


4 = �150�) relative to analogs 5 (v1
3 = 100�; v1


4 = 169�) and 6
(v1


3=66, v1
4 = 101�). Interestingly, for cis-isomers of these analogs,


the situations were the same. Therefore, the substitution groups of
C-terminus with –OCH3, –OCH2CH3, and –OC(CH3)3 determined
the spatial orientation of phenyl rings in the fourth position to some
extent. In accordance with the best binding affinity to l-opioid
receptor, the –OCH3 substituted group had the bow-shaped back-
bone conformation and different spatial orientation, both
distinguished from the latter two substitutions (–OCH2CH3 and
–OC(CH3)3). Therefore, we concluded that the modification in C-ter-
minus of EM-2, influenced the backbone conformation and side-
chain disposition of the fourth residue, and consequently changed
the binding affinity to the l- and d-opioid receptor, respectively.


3. Conclusion


In the present study, to get insight into the important role of
C-terminal amide group of EM-2, we investigated a series of
EM-2 analogs by substitution of the C-terminal amide group with

of cis- and trans-[Phe4-CH2OH]-EM-2 (analog 7) determined by DG calculations and
ational clusters was labeled.







Figure 4. Stereoscopic views of the most convergent and least violated structure of the cis-[Phe4-NHNH2]-EM-2 (A1), trans-[Phe4-NHNH2]-EM-2 (A2), cis-[Phe4-NHCH3]-EM-
2 (B1), trans-[Phe4-NHCH3]-EM-2 (B2), cis-[Phe4-N(CH3)2]-EM-2 (C1), trans-[Phe4-N(CH3)2]-EM-2 (C2), cis-[Phe4-OCH3]-EM-2 (D1), trans-[Phe4-OCH3]-EM-2 (D2), cis-[Phe4-
OCH2CH3]-EM-2 (E1), trans-[Phe4-OCH2CH3]-EM-2 (E2), cis-[Phe4-OC(CH3)3]-EM-2 (F1), trans-[Phe4-OC(CH3)3]-EM-2 (F2), cis-[Phe4-CH2OH]-EM-2 (G1), and trans-[Phe4-
CH2OH]-EM-2 (G2). The backbone and side-chain are represented by the thick and thin lines, respectively.
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–NHNH2, –NHCH3, –N(CH3)2, –OCH3, –OCH2CH3, –OC(CH3)3, and
–CH2–OH. These analogs exhibited similar or reduced l-opioid
affinity in binding assays and showed low GPI and MVD potencies.
The N-methylation of C-terminal amide of EM-2 was not liable to
bind with l-opioid receptor since a single and double N-methyla-
tion of C-terminus decreased in l affinity. In addition, the increase
in bulkiness of the esterified group might decrease the binding of

an analog to l-opioid receptor. Thus, the steric hindrance of C-ter-
minus may play an important role in opioid receptor affinity. We
further investigated the conformational properties of these analogs
by 1D and 2D 1H NMR spectroscopy and molecular modeling. Eval-
uating the ratios of cis- and trans-isomers, aromatic interactions,
dihedral angles, and stereoscopic views of the most convergent
conformers, we found that modification at the C-terminal amide







Table 4
Average distance (Å) between the centroids of aromatic rings in EM-2 analog clusters
of 100 conformations


Peptides Tyr1-Phe3 Tyr1-Phe4 Phe3-Phe4


cis-EM-2a 7.11(11)b 9.52(8) 7.82(0)
trans-EM-2 8.54(7) 9.44(4) 7.69(2)
cis-[Phe4-NHNH2]-EM-2 (1) 7.54(0) 10.86(0) 8.42(1)
trans-[Phe4-NHNH2]-EM-2 (1) 11.33(0) 10.69(0) 8.73(0)
cis-[Phe4-NHCH3]-EM-2 (2) 8.06(2) 8.69(1) 7.32(11)
trans-[Phe4-NHCH3]-EM-2 (2) 11.57(0) 11.16(0) 6.38(30)
cis-[Phe4-N(CH3)2]-EM-2 (3) 7.04(12) 12.91(0) 9.11(0)
trans-[Phe4-N(CH3)2]-EM-2 (3) 10.14(0) 9.84(0) 9.01(0)
cis-[Phe4-OCH3]-EM-2 (4) 6.51(7) 11.89(0) 9.33(0)
trans-[Phe4-OCH3]-EM-2 (4) 7.53(9) 5.92(30) 5.85(9)
cis-[Phe4-OCH2CH3]-EM-2 (5) 9.31(1) 12.75(0) 8.67(0)
trans-[Phe4-OCH2CH3]-EM-2 (5) 9.90(1) 13.66(0) 9.09(0)
cis-[Phe4-OC(CH3)3]-EM-2 (6) 8.58(0) 12.20(0) 8.86(1)
trans-[Phe4-OC(CH3)3]-EM-2 (6) 10.64(1) 11.47(0) 8.36(1)
cis-[Phe4-CH2OH]-EM-2 (7) 7.87(11) 11.45(0) 8.15(9)
trans-[Phe4-CH2OH]-EM-2 (7) 8.25(11) 10.38(1) 7.30(1)


a Data from Ref. 23.
b The percentage of distance within 5.5 Å is given in bracket.
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group of EM-2 affected these analog conformations markedly,
therefore changed the opioid receptor affinity and in vitro bioactiv-
ity. On the basis of our present study, these results gave the evi-
dence that the C-terminal residue was essential for high-affinity
binding of EMs to l-opioid receptor and for the development of
suitable l-opioid therapeutics.


4. Experimental


4.1. Peptide synthesis


4.1.1. Synthesis of HCl�Phe-OCH3


H-Phe-OH (10 mmol) was dissolved into absolute methanol
(40 ml), then distilled SOCl2 (10 ml) was dropwise added to the
solution under ice-salt bath below �20 �C. The reaction mixture
was stirred at room temperature for 1 h, and refluxed for 4 h. Sol-
vents were then evaporated in vacuo. The residue was crystallized
from abundant ice-cold petroleum ether (PE). The product was
washed with ether for several times to obtain the white powder.


4.1.2. General procedure for the synthesis of Z-Phe-OCH2CH3/Z-
Phe-OC(CH3)3


Absolute ethanol (0.7 ml) or tertiary butyl alcohol (1.2 ml) was
added to distilled CH2Cl2 (8 ml) containing Z-Phe-OH (2 mmol)

Table 5
Torsion angles of DG-calculated structures of EM-2 analogs used in the structure compari


Peptide Tyr1 Pro2


W1 v1
1 U2 W2


cis-[Phe4-NHNH2]-EM-2 (1) �79 �121 2 �142
trans-[Phe4-NHNH2]-EM-2 (1) 162 38 �54 173
cis-[Phe4-NHCH3]-EM-2 (2) 180 �62 �71 �180
trans-[Phe4-NHCH3]-EM-2 (2) 82 �81 �49 106
cis-[Phe4-N(CH3)2]-EM-2 (3) 114 �165 �51 152
trans-[Phe4-N(CH3)2]-EM-2 (3) 139 �165 �87 91
cis-[Phe4-OCH3]-EM-2 (4) 142 147 �90 58
trans-[Phe4-OCH3]-EM-2 (4) �176 �78 �120 67
cis-[Phe4-OCH2CH3]-EM-2 (5) 164 93 �63 146
trans-[Phe4-OCH2CH3]-EM-2 (5) 82 �70 �84 156
cis-[Phe4-OC(CH3)3]-EM-2 (6) 152 94 �52 152
trans-[Phe4-OC(CH3)3]-EM-2 (6) 81 �59 �85 114
cis-[Phe4-CH2OH]-EM-2 (7) 80 �79 �73 158
trans-[Phe4-CH2OH]-EM-2 (7) 98 �44 �57 180


a All angles reported in degrees.

and DMAP (0.8 mmol) at 0 �C. After 5 min, a solution of DCC
(2.4 mmol) in distilled CH2Cl2 (4 ml) was added to the mixture.
The mixture was stirred for 30 min at 0 �C and at room tempera-
ture overnight. DCU was then removed by filtration. Solvents
were then evaporated in vacuo. After removal of the solvents,
the residue was extracted with EtOAc and washed with 5% citric
acid, saturated NaHCO3, and saturated NaCl. The organic phase
was dried over Na2SO4, and evaporated in vacuo. Crude products
were purified by silica gel column chromatography (eluent: PE/
EtOAc 2:1) with a yield of 81% for Z-Phe-OCH2CH3 and 78% for
Z-Phe-OC(CH3)3.


4.1.3. General procedure for the synthesis of Boc-Phe-NHCH3/
Boc-Phe-N(CH3)2


To a stirred suspension of Boc-Phe-OH (2 mmol) and HOSu
(2.4 mmol) in anhydrous THF (10 ml), DCC (2.4 mmol) in THF
was added to the solution at 0 �C. The reaction mixture was stirred
for 30 min at 0 �C and 6 h at room temperature. After DCU was re-
moved by filtration, the remaining solution was added to methyl-
amine alcoholic solution (4 ml) or 30% dimethylamine aqueous
solution (8 ml) at 0 �C. The mixture was stirred for 30 min at 0 �C
and at room temperature overnight. Solvents were then evapo-
rated in vacuo. After removal of the solvents, the residue was ex-
tracted with EtOAc and washed with 5% citric acid, saturated
NaHCO3, and saturated NaCl. The organic phase was dried over
Na2SO4, and evaporated in vacuo. The residue was dissolved in
EtOH (10 ml), and distilled H2O (150 ml) was added to the solution
at 4 �C to obtain a precipitate, which was collected by filtration and
dried in vacuo. The yield of Boc-Phe-NHCH3 is 96%, and the yield of
Boc-Phe-N(CH3)2 is 77%.


4.1.4. Synthesis of Boc-Phe-Phe-OCH3


Boc-Phe-OH (5 mmol) was dissolved into anhydrous THF
(25 ml), then NMM 0.56 ml (5 mmol) and IBCF 0.67 ml (5 mmol)
were dropwise added to the solution under ice-salt bath below
�20 �C. The reaction mixture was stirred at �20 �C for 5 min to
form mixed acid anhydride. HCl�Phe-OCH3 (5 mmol) was dis-
solved into distilled DMF (10 ml), then NMM 0.56 ml (5 mmol)
was added to neutralize. After that the solution was added to
the mixed acid anhydride and the reaction mixture stirred at
room temperature overnight. Solvents were then evaporated in
vacuo. After removal of the solvents, the residue was extracted
with EtOAc and washed with 5% citric acid, saturated NaHCO3,
and saturated NaCl. The organic phase was dried over Na2SO4,
and evaporated in vacuo. The residue was crystallized from
EtOAc/PE with a yield of 96%.

sona


Phe3 Phe4


U3 W3 v1
3 U4 W4 v1


4


�123 �61 �113 �137 78 �167
�86 50 49 �66 98 �108
180 �180 �58 180 180 �58
�24 93 159 54 68 175
�85 165 �76 �85 145 138
�3 93 65 �20 89 163


8 �150 �104 178 — �131
159 �169 �163 �176 — �150
�102 99 149 �60 — 135
�90 135 100 �9 — 169
�107 127 3 �117 — 115
�52 170 66 �115 — 101
�127 155 87 — — 55
�14 112 84 — — 57
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4.1.5. General procedure for the synthesis of Z-Phe-Phe-OCH2


CH3 /Z-Phe-Phe-OC(CH3)3


Z-Phe-OCH2CH3/Z-Phe-OC(CH3)3 (1 mmol) was dissolved in dis-
tilled MeOH (8 ml) containing Pd/C (80 mg) and H2, and the reac-
tion mixture was stirred at room temperature for 3 h. After the
catalyst Pd/C was removed by filtration, the solvent was evapo-
rated in vacuo, and the residue was dissolved in THF. The same
peptide-coupling procedure as for Boc-Phe-NHCH3/Boc-Phe-
N(CH3)2 was employed. Crude products were purified by silica
gel column chromatography (eluent: PE/EtOAc 2:1) with a yield
of 81% for Z-Phe-OCH2CH3 and 78% for Z-Phe-OC(CH3)3.


4.1.6. General procedure for the synthesis of Boc-Phe-Phe-NHCH3


/Boc-Phe-Phe-N(CH3)2


Boc-Phe-NHCH3/Boc-Phe-N(CH3)2 (1 mmol) was dissolved into
12.5 M HCl/EtOAc (1:4 v/v) and stirred for 2 h at room tempera-
ture. The pH of the solution was adjusted to 10 with 2 M NaOH.
The same peptide-coupling procedure as for Boc-Phe-NHCH3/
Boc-Phe-N(CH3)2 was employed. Crude products were purified by
silica gel column chromatography (eluent: PE/EtOAc 2:1).


4.1.7. General procedure for the synthesis of Boc-Phe-Phe-NH2/
Boc-Phe-Phe-CH2-OH


The pH of H-Phe-NH2�HCl/H-Phe-CH2-OH�HCl was adjusted to
10 with 2 M NaOH. The same peptide-coupling procedure as for
Boc-Phe-NHCH3/Boc-Phe-N(CH3)2 was employed. Crude products
were purified by silica gel column chromatography.


4.1.8. Synthesis of Z-Tyr-Pro-OH
The pH of H-Pro-OH (10.4 mmol) was adjusted to 10 with 2 M


NaOH. The same peptide-coupling procedure as for Boc-Phe-
NHCH3/Boc-Phe-N(CH3)2 was employed. The residue was crystal-
lized from PE/EtOAc/HOAc (60:10:1). The yield was 70.3%.


4.1.9. General procedure for the synthesis of Tyr-Pro-Phe-Phe-
OCH3/Tyr-Pro-Phe-Phe-NHCH3/Tyr-Pro-Phe-Phe-N(CH3)2/Tyr-
Pro-Phe-Phe-OCH2CH3/Tyr-Pro-Phe-Phe-OC(CH3)3/Tyr-Pro-Phe-
Phe-NH2/Tyr-Pro-Phe-Phe-CH2-OH


Deprotection of the Boc- and Z-group of C-terminal fragments
was performed with HCl/EtOAc and Pd/C, respectively. The same
peptide-coupling procedure as for Boc-Phe-NHCH3/Boc-Phe-
N(CH3)2 was employed. The crude protected tetrapeptides were
purified by silica gel column chromatography with a yield range
of 40–90%. The Z-group deprotection was performed by treatment
with Pd/C in MeOH containing H2 at room temperature. After 5 h
the solvent was evaporated in vacuo. The residue was easily puri-
fied by silica gel column chromatography.


4.1.10. Synthesis of Tyr-Pro-Phe-Phe-NHNH2


Z-Tyr-Pro-Phe-Phe-OCH3 (1.6 mmol) was dissolved into 5 ml of
absolute methanol, then H2N–NH2�H2O (0.6 ml) was dropwise
added to the solution. The mixture was stirred for 48 h at room
temperature until the precipitate was seen in the solution. Metha-
nol was evaporated in vacuo. The remainingss mixture was depos-
ited for 24 h. Then it was extracted with EtOAc. The extract was
washed with saturated NaCl to get the product with a yield of
85%. The Z-group deprotection was performed by treatment with
Pd/C in MeOH containing H2 at room temperature. After 5 h the
solvent was evaporated in vacuo. The residue was easily purified
by silica gel column chromatography.


4.2. Radioligand binding assays


Membranes were prepared from Wistar rat brain (without cere-
bellum) according to the literature methods.25,26 All binding exper-
iments were performed in 50 mM Tris–HCl buffer, pH 7.4, at a final

volume of 0.5 ml containing 300–500 lg/ml protein27 (protein con-
centration was determined by the method of Bradford28). In compe-
tition experiments, the following conditions were used for
incubations: [3H]DAMGO (0.5 nM), 1 h; and [3H]DPDPE (1 nM),
3 h.29 At first, [3H]DAMGO or [3H]DPDPE was added to membrane
protein suspension, then peptide samples of different concentra-
tions were rapidly added to separate suspension. Incubations were
started by the rapid addition of peptide samples to membrane sus-
pension in a rotating incubator at 25 �C and terminated by rapid vac-
uum filtration though GF/C filters using cell harvester. The filters
were washed thrice with 6 ml ice-cold buffer and then dried for
1 h at 80 �C. The radioactivity was measured by a Wallac Microbeta
1450 Trilux scintillation counter (GE Healthcare) after 12 h of incu-
bation in the scintillation cocktail. The extent of nonspecific binding
was determined in the presence of 10 lM naloxone. All experiments
were carried out in duplicate assays and repeated at least three
times. Affinity constants (Ki) were determined as described earlier.30


4.3. In vitro bioactivity assays


In vitro opioid activities of peptides were tested in the GPI and
MVD bioassays as reported elsewhere.31 The GPI and MVD tissues
were mounted in a 10-ml bath that contained aerated (95% O2, 5%
CO2) Krebs–Henseleit solution at 37 and 36�C, respectively. Twitch
contractions were evoked by rectangular pulses with the following
parameters: 0.1-Hz, 50-V, 0.5-ms pulse width for GPI assay; pairs
(100-ms pulse distance) of rectangular impulses (1-ms pulse
width, 9 V/cm, i.e., supramaximal intensity) were repeated by
10 s for MVD assays. Isometric responses were recorded using a
train gauge transducer linked to a recorder system (model BL-
420 F, Taimeng Technology and Market Corporation of Chengdu,
China). Dose–response curves were constructed, and IC50 values
(concentration causing a 50% reduction of the electrically induced
twitches) were calculated graphically. The values are arithmetic
means of five to eight measurements.


4.4. NMR experiments


Freeze–dried peptide samples were dissolved in dimethylsulf-
oxide-d6 (DMSO-d6) (99.9% isotopic purity; Cambridge Isotope Lab-
oratories, Andover, MA) at a concentration of 1–5 mg/500 lL. All
2D experiments were performed at 500 MHz on a Varian INOVA
NMR spectrometer with a constant temperature at 298 K. The
homonuclear correlation spectra, COSY, TOCSY, and ROESY were
obtained using standard pulse programs. The mixing times of 80
and 300 ms were used for TOCSY and ROESY spectra, respectively.


The 2D NMR matrixes were created and analyzed using the FE-
LIX 2004 computer program (Biosym Technologies Inc., San Diego,
VA). Each two-dimensional spectrum was acquired 1024 � 1024
data matrix complex points in t1 and t2. The assignments of chem-
ical shifts were carried out using standard protein database and
custom unusual amino acid database built artificially. NOE cross-
peak restraints determined from ROESY spectra using correlation
between signal strength and interatomic distance were applied
in restraint structural calculation by the criteria of 1.70 Å between
two Cb protons.


4.5. Computational molecular modeling


All the molecular modeling calculations were performed on an
Origin 2000 workstation running the Irix 6.5 operation system (Sil-
icon Graphics Inc., Mountain View, CA, USA). The initial random
molecular structures were built for two isomers with x torsion
angles of Tyr1-Pro2 bond in allowance of 0� ± 10� and 180� ± 10�,
respectively. Then energy minimizations with the CVFF force field
(Accelrys Inc.) were carried out on Discover 98 module in the
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Insight II 2000 package (Accelrys Inc.). The resulting coordinates
were applied in the generation of the distance-bound matrices. Cal-
culating by the standard protocol of the Distance Geometry (DG) II
package in NMR-Refine module of Insight II 2000 with NOE restraint
files exported from Felix2004. First, triangle-bound smoothing was
used to check out the correction of molecular structure by minimi-
zation. The force constant used for distance restraints was 50.0 kcal/
mol Å2. Second, the structures were used to generate in four dimen-
sions, then reduced to three dimensions with the EMBED algo-
rithm.32 Third, the assembly was optimized with a simulated
annealing (SA) step33 maintaining the distance constraints accord-
ing to the standard protocol of the DG II package. One hundred
structural ensembles were generated for every system.


In order to investigate the effect of solvents on the peptide con-
formations, the representative conformers generated by the above
SA calculations were further subjected to molecular dynamics-sim-
ulated annealing (MD-SA) using the Discover program. The simula-
tion was performed on the molecule in a 30 Å TIP3 water-box with
the CVFF force field. The energy of the system was minimized and
SA simulation was then performed, heating stepwise to a final tem-
perature of 600 K. Gradual temperature reduction to 300 K, 20 ps
equilibration, and a 10 ps production period followed. Restrained
MD simulations covering 100 ps were carried out, in which the en-
ergy term for distance restraint was treated in the same way as the
SA calculation. For each DG structure, MD simulation consisted of
10 ps at 300 K, time step 1.0 fs, temperature relaxation time
0.02 ps, and a period of update of nonbonded atom list 25 fs. On
the basis of the root mean square deviation (RMSD) of backbone,
each ensemble of the 10 most convergent and least violated con-
formations of EM-2 and its analogs was selected. Energies and
pharmacophoric distances were measured from these DG/MD-SA
structures.
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The 17b-hydroxysteroid dehydrogenase type 1 (17b-HSD1) catalyses the reduction of the weakly active
estrone (E1) into the most potent estrogen, 17b-estradiol (E2). E2 stimulates the growth of hormone-
dependent diseases via activation of the estrogen receptors (ERs). 17b-HSD1 is often over-expressed in
breast cancer cells. Thus, it is an attractive target for the treatment of mammary tumours. The combina-
tion of a ligand- and a structure-based drug design approach led to the identification of bis(hydroxy-
phenyl) azoles as potential inhibitors of 17b-HSD1. Different azoles and hydroxy substitution patterns
were investigated. The compounds were evaluated for activity and selectivity with regard to 17b-
HSD2, ERa and ERb. The most potent compound is 3-[5-(4-hydroxyphenyl)-1,3-oxazol-2-yl]phenol (18,
IC50 = 0.31 lM), showing very good selectivity, high cell permeability and medium CaCo-2 permeability.


� 2008 Elsevier Ltd. All rights reserved.

1. Introduction


The naturally occurring steroidal hormones, estrone (E1) and
17b-estradiol (E2), are responsible for the development and differ-
entiation of estrogen-sensitive tissues. It is well known, however,
that E2, the most active estrogen, also plays a pivotal role in the
growth of estrogen-dependent breast cancer,1 and is involved in
the pathophysiology of endometriosis.2


Until now three endocrine therapies have been established for
the treatment of breast cancer.3,4 Selective estrogen receptor mod-
ulators (SERMs) and pure antiestrogens5 like fulvestrant block the

ll rights reserved.


ehydrogenase type 1; 17b-
, estrone; E2, 17b-estradiol;


tification code; Papp, apparent
ity; SAR, structure–activity
-(morpholino)ethanesulfonic
DTA; FCS, foetal calf serum;
ea under the curve
x: +49 681 302 4386.
rtmann).


of Pharmaceutical Chemistry,

estrogen action at the receptor level whilst aromatase inhibitors
and GnRH-analogues restrain the formation of estrogens. This
strong reduction of systemic estrogen action is a rather radical
approach. A softer therapy could be the inhibition of the enzyme
catalysing the last step of the E2 biosynthesis: 17b-hydroxysteroid
dehydrogenase type 1 (17b-HSD1).


17b-HSD1 is a member of the 17b-hydroxysteroid dehydroge-
nase family which is responsible for the intracellular regulation
of steroidal sex hormones activities.6,7 Until now, fourteen mem-
bers of this enzyme class are known.8 In humans, eleven of them
regulate the concentration of active androgens and estrogens in a
tissue-specific manner.8,9


17b-HSD1 (EC1.1.1.62) is a cytosolic enzyme, which converts
the weakly active estrone (E1) into the highly potent E2 using
NAD(P)H as cofactor (Chart 1). The enzyme is expressed in differ-
ent organs like ovaries, placenta, breast, endometrium10 and often
over-expressed in many breast cancer tissues.11–14 Inhibition of
17b-HSD1 should be a good strategy to selectively reduce the E2
level in diseased tissues, and might therefore be a new therapeutic
approach with probably less side effects for the treatment of estro-
gen-dependent diseases.


As a biological counterpart, the membrane-bound 17b-
hydroxysteroid dehydrogenase type 2 (17b-HSD2) catalyses the
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Chart 1. Interconversion of estrone (E1) to 17b-estradiol (E2).
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NAD+-dependent oxidation of E2 into E1 (Chart 1). This enzyme
should not be affected by potential inhibitors of 17b-HSD1, as it
might protect the cell from excessively high concentrations of ac-
tive estrogen.15 Nor should 17b-HSD1 inhibitors show affinity to
the estrogen receptors a and b (ERa and ERb) to avoid intrinsic
estrogenic effects.


Over the last decade, several groups have reported on 17b-HSD1
inhibitors, most of them showing steroidal structures.6,16–30 Until
now, only three classes of non-steroidal compounds have been de-
scribed.31–34


In the following, we will report on the design, synthesis and bio-
logical evaluation of potent and selective non-steroidal inhibitors
of 17b-HSD1 that are appropriate for drug development.


2. Design of the inhibitors


2.1. Characterisation of the binding site


Sixteen crystal structures35–43 with different steroidal ligands
are available from the Protein Data Bank.44 The three dimensional
architecture of the enzyme was investigated using the ternary
complex of 17b-HSD1 with E2 and NADP+ (PDB-ID: 1FDT).35 A sub-
strate-binding site, a cofactor-binding pocket and an entry channel
can be defined. The former is a narrow hydrophobic tunnel show-
ing a high degree of complementarity to the steroid. Two polar re-
gions can be identified at each extremity of the substrate-binding
site corresponding to the binding positions of the 3- and 17-hydro-
xy group of E2. Each of them establish two hydrogen bonds with

Figure 1. Schematic presentation of the active site of 17b-HSD1 containing E2 (PDB-ID:
amino acids. Hydrogen bonds are marked in red and cofactor in purple.

His221/Glu282 and Ser142/Tyr155, respectively. This area also
contains a mainly apolar region, corresponding to the B/C ring of
the steroid (Leu149, Val225, Phe226, Phe259). Interestingly, two
polar amino acids (Tyr218, Ser222) are located in the same domain
(Fig. 1).


The catalytic centre of the enzyme is formed by a tetrad of ami-
no acids45 (Asn114, Ser142, Tyr155 and Lys159) which stabilises
the steroid and the nicotinamide moiety during hydride transfer.
The active site is limited by a flexible loop (amino acids 188–
201) which is not well resolved in all of the X-ray structures.


2.2. Design of steroidomimetics


In the design process, the substrate-binding site was defined as
a binding region for the potential inhibitors as a lack of selectivity
is expected for the compounds targeting only the cofactor-binding
pocket: this area consists of Rossmann fold motifs which are highly
conserved in the majority of dehydrogenases. We focused on non-
steroidal structures as it is known that steroidal compounds often
show side effects which are caused by agonistic or antagonistic ef-
fects at steroid receptors. As the compounds have to mimic the ste-
roidal substrate, they should contain two hydroxyphenyl (or two
methoxyphenyl) moieties to imitate the A-ring (interaction with
His221/Glu282) and the D-ring (interaction with Ser142/Tyr155)
of the steroid. Additionally, the O–O distance should be in the same
range as observed for the steroid (d = 11 Å). Different substitution
patterns concerning the position of the phenolic OH groups were
therefore investigated to find out the one which fits best into the
active site (Chart 2). To mimic the flat shape of the substrate, the
two substituted benzenes should be linked by an additional aro-
matic ring. The five-membered heterocycles imidazole, triazole,
pyrazole, isoxazole and oxazole seemed to be especially suitable
as their heteroatoms might be able to establish additional interac-
tions with the amino acids Tyr218 and/or Ser222, which are lo-
cated close to the C6 position of the steroidal B-ring. Position,
number and nature of the heteroatoms in the five-membered ring
were varied in order to identify the most appropriate heterocycle.
1,2- and 1,3-bis(hydroxyphenyl) and tris(hydroxyphenyl) azoles
have been described by Fink et al.46 as novel ER ligands. The fact

1FDT). Orange labels denote polar amino acids and white labels stand for lipophilic
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compound X Y Z R1 R2


1 SH C 4-OH 3-OH 
2 SH C 4-OH 4-OH 
3 SH C 3-OH 4-OH 
4 H C 4-OH 3-OH 
5 H C 4-OH 4-OH 
6 H C 3-OH 4-OH 
7 N 4-OH 3-OH 
8 N 3-OH 4-OH 
9 N NH CH 4-OH 3-OH 
10 N NH CH 4-OH 4-OH 
11 N NH CH 3-OH 4-OH 
12 NH CH N 4-OH 3-OH 
13 NH CH N 4-OH 4-OH 
14 O CH N 4-OH 3-OH 
15 O CH N 4-OH 4-OH 
16 O CH N 3-OH 4-OH 
17 N O CH 4-OH 4-OH 
18 N O CH 3-OH 4-OH 
19 O N CH 3-OH 4-OH 


Chart 2. Title compounds.
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that the compounds bearing two hydroxyphenyl moieties did not
show any binding affinity to the ERs46 is supportive of our design
concept. In the following, we describe the synthesis of compounds
1–19 (Chart 2) and their biological evaluation using human 17b-
HSD1, 17b-HSD2, ERa and ERb as well as T-47D and CaCo-2 cell
lines.


3. Chemistry


The synthesis of the title compounds is depicted in Schemes 1–
4. 1,4-Bis(hydroxyphenyl) imidazoles were synthesised according

O


Br


NH2 N


N
R


+


R =


R =


a, b3


4


R1


R2


R1


c


compound
1i
2i
3i
4i
5i
6i


Scheme 1. Synthesis of compounds 1–6. Reagents and conditions: (a) NEt3, DMF, rt, 7 h
20 min; (d) BF3�SMe2, CH2Cl2, rt, 20 h.

to the route presented in Scheme 1. Intermediates 1i–3i were pre-
pared by nucleophilic substitution followed by cyclisation with
potassium thiocyanate as described by Prakash et al.47 The sulfur
removal (4i–6i) was performed under strong acidic conditions
according to Dodson and Ross.48 Compounds 1i–6i were submitted
to ether cleavage with boron trifluoride dimethyl sulfide complex46


as reagent.
Synthesis of the 1,2,3-triazoles 7 and 8 was performed accord-


ing to the synthetic pathway shown in Scheme 2. Aromatic nucle-
ophilic substitution of iodophenol derivatives by sodium azide led
to intermediates 7i and 8ii. The resulting azides were converted to

N


N
R


 SH 1i to 3i


 H 4i to 6i


R = SH 1 to 3
R = H 4 to 6


d
R2


HO


OH


R1 R2


4-OMe 3-OMe 
4-OMe 4-OMe 
3-OMe 4-OMe 
4-OMe 3-OMe 
4-OMe 4-OMe 
3-OMe 4-OMe 


; (b) KSCN, cat. HCl, MeOH, reflux, 18 h; (c) HNO3, NaNO2, glacial acetic acid, 0 �C,
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8: 3-OH, R2= 4-OH


7i: 4-OH
8ii: 3-OH


7: 4-OH, R2= 3-OH
8i:3-OH, R2= 4-OMe
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R2
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I
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Scheme 2. Synthesis of compounds 7 and 8. Reagents and conditions: (a) NaN3, CuI, L-proline, NaOH, DMSO, 60 �C, 10 h; (b) Na-ascorbate, CuSO4, H2O/t-BuOH (1:1), 60 �C,
24 h; (c) BF3�SMe2, CH2Cl2, rt, 20 h.
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9ii to 11ii


9i to 11i


17i and 18i


X = NH 9 to 11
X= O 17 and 18


a


b


c


d


e


compound R1 R2 compound R1 R2


9ii 4-OMe 3-OMe 9i 4-OMe 3-OMe 
10ii 4-OMe 4-OMe 10i 4-OMe 4-OMe 
11ii 3-OMe 4-OMe 11i 3-OMe 4-OMe 


17i 4-OMe 4-OMe 
18i 3-OMe 4-OMe 


Scheme 3. Synthesis of compounds 9–11, 17 and 18. Reagents and conditions: (a) NEt3, rt, 30 min.; (b) NH4OAc, AcOH, reflux, 2 h; (c) POCl3, pyridine, reflux, 8 h; (d)
BF3�SMe2, CH2Cl2, rt, 20 h; (e) for 17i: pyridinium hydrochloride, 220 �C, 18 h, for 18i: BBr3, CH2Cl2, �78 �C to rt, 20 h.
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compounds 7 and 8i in the presence of the corresponding phenyl
acetylene derivative using the method of Sharpless.49 The methoxy
group of 8i was cleaved with boron trifluoride dimethyl sulfide
complex.


The synthesis of the 2,5-bis(hydroxyphenyl) imidazoles and
2,5-bis(hydroxyphenyl) oxazoles is presented in Scheme 3. The
commercially available amine derivatives were N-acylated with
two different acid chlorides to build the key intermediates 9ii–
11ii. The latter were cyclised to the 2,4-disubstituted imidazoles
(9i–11i) according to Suzuki et al.50 and to the 2,5-disubstituted
oxazoles (17i and 18i) following Nicolaou et al.51 Ether cleavage
was successful with boron trifluoride dimethyl sulfide complex
for the imidazole compounds 9–11, pyridinium hydrochloride for
17 and boron tribromide for 18.


The pyrazoles 12 and 13 and the isoxazoles 14 and 16 were syn-
thesised according to the route shown in Scheme 4. Key intermedi-
ates 12ii, 13ii and 16ii were prepared via Claisen condensation of
the commercially available methoxylated acetophenone deriva-
tives with the appropriate benzaldehydes under strong basic con-
ditions. The cyclisation step for the pyrazoles52 12i and 13i was
carried out with hydrazine monohydrate (Method A). For com-

pounds 14i–16i, the a,b-unsaturated ketones 12ii, 13ii and 16ii
were first activated with bromine and cyclised to isoxazole with
hydroxylamine hydrochloride (Method B). Ether cleavage was per-
formed with boron tribromide to yield 12–16.


The 2, 4 oxazole 19i was prepared in a one-pot synthesis following
the procedure of Lee et al.53 Briefly, 4-methoxyacetophenone, [hydro-
xy(2,4-dinitrobenzensulfonyloxy)iodo]benzene and 3-methoxybenz-
amide were heated under reflux in acetonitrile for 10 h to yield
the intermediate 19i. The ether groups of 19i were cleaved with
boron tribromide.


4. Biological results


4.1. Inhibition of human 17b-HSD1


Placental enzyme was isolated following a described proce-
dure.54 Tritiated E1 was incubated with 17b-HSD1, cofactor and
inhibitor. The amount of formed E2 was quantified by HPLC. All
methoxy compounds and para–paradi (hydroxylated) derivatives
are inactive (data not shown). In contrast, some of the unsymmet-
rically substituted compounds were active (Table 1). Interestingly







O


H


O


O
NX NX


OH


HO


R1


R1


R1


R2


R2
R2


a


b c


12ii and 13ii
16ii


X = NH 12i and 13i
X = O 14i to 16i


X = NH 12 and 13
X = O 14 to 16


compound R1 R2 method 
12i 4-OMe 3-OMe A 
13i 4-OMe 4-OMe A 
14i 4-OMe 3-OMe B 
15i 4-OMe 4-OMe B 
16i 3-OMe 4-OMe B 


Scheme 4. Synthesis of compounds 12–16. Reagents and conditions: (a) EtOH, Na, rt, 30 min; (b) Method A: hydrazine monohydrate, AcOH, EtOH, reflux, 24 h; Method B:
bromine, diethylether, 0 �C, 1 h, hydroxylamine hydrochloride, abs. EtOH, reflux 24 h; (c) BBr3, CH2Cl2, �78 �C to rt, 20 h.
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the para–meta disubstituted isoxazole 14 is inactive whilst its
meta–para analogue 16 (IC50 = 1.61 lM) shows inhibitory activity.
This exemplifies the importance of the positions of the OH groups.
The triazole 7, isoxazole 16 and 2,4-disubstituted oxazole 19 are
only weak inhibitors of 17b-HSD1, whilst derivatives 8 and 18
show IC50 values in the nanomolar range. The 2,5-disubstituted

Table 1
Inhibition of human 17b-HSD1 and 17b-HSD2 by selected inhibitors


Compound Structure


7


HO


N
N N OH


8


HO


N
N N OH


16


HO


ON OH


18


HO
O


N OH


19


HO
N


O OH


a Mean value of three determinations, standard deviation less than 10%.
b Human placental, cytosolic fraction, substrate E1, 500 nM, cofactor NADH, 500 lM.
c Human placental, microsomal fraction, substrate E2, 500 nM, cofactor NAD+, 1500 l
d IC50 HSD2/IC50 HSD1.

oxazole 18 was the most potent compound identified with an
IC50 value of 0.31 lM.


It is striking that only compounds containing a heterocycle
which can function as a hydrogen bond acceptor (nitrogen and/or
oxygen) are active. The position of the heteroatoms in the hetero-
cyclic skeleton is also a decisive criterion for inhibitory activity.

IC50
a (lM) Selectivity factorsd


17b-HSD1b 17b-HSD2c


1.32 8.12 6


0.84 7.28 9


1.61 0.27 0.2


0.31 17.5 56


1.85 0.25 0.1


M.
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The 2,5-disubstituted oxazole (18, IC50 = 0.31 lM) showed a stron-
ger inhibition of the enzyme as its 2,4-disubstituted oxazole (19,
IC50 = 1.85 lM) and 3,5-disubstituted isoxazole (16, IC50 = 1.61 lM)
analogues.


4.2. Selectivity


Since 17b-HSD2 catalyses the inactivation of E2 into E1, inhibi-
tory activity towards this enzyme must be avoided. The 17b-HSD2
inhibition was determined using an assay similar to the 17b-HSD1
test. Placental microsomes were incubated with tritiated E2 in the
presence of NAD+ and inhibitor. Quantification of labelled product
(E1) was performed by HPLC and following radio detection. IC50


values and selectivity factors (IC50 HSD2/ IC50 HSD1) are presented
in Table 1.


Compound 18 is only a weak inhibitor of the type 2 enzyme
(IC50 = 17.5 lM) with a selectivity factor of 56, whilst the isoxazole
16 (IC50 = 0.27 lM) and the oxazole 19 (IC50 = 0.25 lM) isomers
show stronger inhibition for the type 2 versus type 1 enzyme
(selectivity factors: 0.2 and 0.1, respectively).


Furthermore, as 17b-HSD1 inhibitors should have no or low
affinity to ERa and ERb, binding affinity was measured for selected
compounds. Using recombinant human protein, a competition as-
say applying tritium labelled E2 (RBA = 100%) and hydroxyapatite
was performed. The triazoles 7 and 8, isoxazole 16 and oxazole
19 show very low binding affinity to both ERs, whereas for the
most interesting compound, the 2,5-disubstituted oxazole 18, a
very low affinity to ERa (0.01 < RBA(%) < 0.1) and a marginally
higher affinity to ERb (RBA = 0.5%, Table 2) is observed.


4.3. Further biological evaluation of compound 18 using T-47D
and CaCo-2 cell lines


The most promising inhibitor of this series, compound 18 was
evaluated for estrogenic effects on the ER-positive, mammary tu-
mour T-47D cell line. No agonistic, that is no stimulatory effect,

Table 2
Binding affinities for the estrogen receptors a and b by selected compounds


Compound Structure


7


HO


N


NN OH


8


HO


N
NN OH


16


HO


N O OH


18


HO


N


O


OH


19


HO
N


O OH


a RBA: relative-binding affinity, E2: 100%, mean value of three determinations, standa

was observed after application of compound 18 even at a concen-
tration 1000-fold higher compared to E2.


Compound 18 was additionally evaluated using the same cell
line which expresses both 17b-HSD1 and 17b-HSD2. The oxazole
18 inhibits the formation of E2 after incubation with labelled E1
exhibiting an IC50 value of 0.38 lM. As this value is very similar
to the one observed in the cell free assay (0.31 lM, see Table 1) it
can be concluded that the compound is capable of unfolding its
activity in intact cells.


Further investigations were performed using CaCo-2 cells.
These cells exhibit morphological and physiological properties of
the human small intestine55 and are generally accepted to be an
appropriate model for the prediction of peroral absorption.
Depending on the Papp data obtained, compounds are usually clas-
sified as low (Papp (10�6 cm/s) < 1), medium (1 < Papp < 10) or
highly permeable (Papp > 10). Compound 18, showing a Papp value
of 7.9 10�6 cm/s, is a medium cell permeator like for example
acetyl salicylic acid.


5. Molecular modelling


In order to get a better insight into the molecular interactions
between the most potent steroidomimetic 18 and 17b-HSD1, the
compound was docked into the active site of the protein (PDB-
ID: 1FDT, E2 removed) using the docking software Gold 3.0 (rigid
protein, flexible ligand).


Two different binding modes can be expected because of the
pseudo-symmetry of our steroidomimetic: each hydroxyphenyl
group could mimic the A-ring of the steroid. The energetically most
favourable pose is depicted in Figure 2. The para-hydroxyphenyl
substituent and the heterocycle are in the same plane, whilst the
meta-hydroxyphenyl moiety is rotated 32� out of this plane. This
conformation allows the inhibitor to establish hydrogen bond
interactions with His221/Glu282 (para-hydroxyphenyl moiety)
and Ser142/Tyr155 (meta-hydroxyphenyl substituent). Interest-
ingly, the Noxazole–OTyr218 distance is 2.89 ÅA


0


making an additional
hydrogen bond interaction very likely. On the other hand, an inter-

RBAa (%)


ERa ERb


<0.01 <0.01


0.01 < RBA < 0.1 0.01 < RBA < 0.1


0.01 < RBA < 0.1 <0.01


0.01 < RBA < 0.1 0.5


0.01 < RBA < 0.1 0.01 < RBA < 0.1


rd deviation less than 10%.







Figure 2. 17b-HSD1-binding pocket (green amino acids) with docked compound 18 (yellow). Hydrogen bonding interactions are marked by violet lines. All distances are
expressed in Å. For clarity, only selected amino acids are represented.
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action with the OSer222 cannot be observed as in the rigid protein
structure the CH2OH moiety is turned away from the heterocycle.
However, it cannot be excluded that there is a conformational
change in that functional group after binding of this ligand. Addi-
tionally, it is likely that hydrophobic interactions (Van der Waals
and p–p stacking) are also involved in the binding of 18 into the ac-
tive site.


6. Discussion and conclusion


Looking at the SARs of the synthesised compounds, it becomes
apparent that the positions of the OH groups at the hydroxyphenyl
moieties are crucial for the activities of the corresponding deriva-
tives: all para–para substituted compounds are inactive, whilst
several of the meta–para/para–meta isomers are active. This sug-
gests that 17b-HSD1 is not as flexible to adjust its geometry to
the two OH groups as it is reported for the ERs,56 and is in agree-
ment with the non-flexibility already observed for 17b-HSD1
inhibitors in the class of 6-(hydroxyphenyl)naphthalenes.34 The
fact that not all meta–para/para–meta bis (hydroxyphenyl) deriva-
tives (with O–O distances comparable to E2) are active, indicates
that the nature of the heterocycle is also playing an important role
for the inhibitory potencies of the compounds.


Obviously hydrogen bond donors are unfavourable for activity
(e.g., imidazoles 9–11, pyrazoles 12 and 13), whilst several com-
pounds with only hydrogen bond acceptor groups show reasonable
activities (e.g., triazoles 7 and 8, isoxazole 16, oxazoles 18 and 19).


It is interesting to have a closer look at the inactive isoxazole 14
(para–meta) and its highly active isomer, the oxazole 18 (para–
meta). Provided that both compounds interact with the active site
in the same manner, for example, the para-hydroxyphenyl moiety
establishes hydrogen bond contacts with His221/Glu282, the
structure of the inhibitors only differ by the position of the oxygen
on the heterocycle. It has been described57 that only the nitrogen of
isoxazole and oxazole (and not the oxygen) is able to establish
hydrogen bond interaction. The position of the oxygen on the azole
structure seems to be determinant for the ability of the compound
for forming hydrogen bonds involving the nitrogen: in case of the
isoxazole, the electronic density on the nitrogen is reduced com-

pared to the oxazole. This is obviously due to the electronegative
effect of the oxygen. It can therefore be assumed that only in case
of compound 18, hydrogen bond interactions with Tyr218 and
Ser222 (Fig. 2) are possible making the latter compound a potent
inhibitor. These explanations are supported by the fact that the
oxazole 19 shows a weak inhibitory activity.


The insertion of a third nitrogen (triazoles 7 and 8) in the
heterocycle increases the inhibitory potency of the correspond-
ingly substituted imidazoles 4, 6 and imidazoles-2-thiol 1, 3 which
are inactive. Obviously, this nitrogen plays the same role for the
interaction with the amino acid residues in the binding site as
observed for compound 18.


The most interesting compound of the present study is 18
showing a high 17b-HSD1 inhibition and a good selectivity to-
wards 17b-HSD2. In addition, compound 18 exhibits very low
affinity to ERa and ERb. It is striking that the high-binding affinity
of similar ER ligands like the tris(hydroxyphenyl) pyrazoles
described by Katzenellenbogen’s group46,58–60 depends on the
presence of three hydroxyphenyl moieties. No polar amino acids
in the B/C ring region of E2 can be identified in the X-ray structures
of the ERs as groups to establish interactions with the heterocycle.
Obviously, the pyrazole is playing a passive role in this class of ER
ligands. In case of our bis(hydroxyphenyl) substituted azoles the
combination of at least two parameters is implicated in the
17b-HSD1 inhibitory potency: an optimal OH substitution pattern
and an appropriate heterocycle.


Activation of the ERs would be detrimental for the treatment of
estrogen-dependent diseases. Therefore, agonism must be avoided.
Antagonistic activity would be less critical. The diseased cells cer-
tainly could benefit from compounds with dual activity. However,
antiestrogens would also exert systemic effects in other healthy ste-
roidogenic tissues leading to unwanted effects. Consequently, we
focused on the discovery of compounds without affinity to the ERs.


The fact that the 2,5-disubstituted oxazole 18 inhibits the cellu-
lar formation of E2 with an IC50 value in the nanomolar range
shows that this compound is able to enter the cell and to be active
at the target enzyme. The fact that the inhibitor shows a good per-
meation is supported by the CaCo-2 data. These results are indica-
tive of a sufficient intestinal absorption.
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Compound 18 might therefore be a good lead compound for the
development of a clinically applicable therapeutic for the treat-
ment of estrogen-dependent diseases.

7. Experimental Section


7.1. Chemical methods


Chemical names follow IUPAC nomenclature. Starting materials
were purchased from Aldrich, Acros, Lancaster, Roth, Merck or Flu-
ka and were used without purification.


Column chromatography (CC) was performed on silica gel (70–
200 lm) coated with silica, preparative thin layer chromatography
(TLC) on 1 mm SIL G-100 UV254 glass plates (Macherey-Nagel) and
reaction progress was monitored by TLC on Alugram SIL G UV254


(Macherey-Nagel).
Melting points were measured on a Mettler FP1 melting point


apparatus and are uncorrected. IR spectra were recorded on a Bru-
ker Vector 33 spectrometer (neat sample).


1H NMR and 13C NMR spectra were measured on a Bruker
AM500 spectrometer (500 MHz) at 300 K. Chemical shifts are re-
ported in d (parts per million: ppm), by reference to the hydroge-
nated residues of deuteriated solvent as internal standard CDCl3:
d = 7.24 ppm (1H NMR) and d = 77 ppm (13C NMR), CD3OD:
d = 3.35 ppm (1H NMR) and d = 49.3 ppm (13C NMR), CD3COCD3:
d = 2.05 ppm (1H NMR) and d = 29.9 ppm (13C NMR), CD3SOCD3:
d = 2.50 ppm (1H NMR) and d = 39.5 ppm (13C NMR). Signals are
described as s, d, t, dd, m, dt, q for singlet, doublet, triplet, doublet
of doublets, multiplet, doublet of triplets and quadruplet, respec-
tively. All coupling constants (J) are given in hertz (Hz).


Mass spectra (ESI and APCI) were recorded on a TSQ Quantum
(Thermo Finnigan) instrument. Elemental analyses were per-
formed at the Department of Instrumental Analysis and Bioanaly-
sis, Saarland University.


The following compounds were prepared according to previously
described procedures: 1,4-bis(4-methoxyphenyl)-1H-imidazol-2-
thiol (2i),47 4-(3-methoxyphenyl)-1-(4-methoxyphenyl)-1H-imid-
azole (4i),61 1,4-bis(4-methoxyphenyl)-1H-imidazole (5i),62 4-azid-
ophenol (7i),63 3-[1-(4-hydroxyphenyl)-1H-1,2,3-triazol-4-yl]-
phenol (7),63 3-azidophenol (8ii),63 3-[4-(4-hydroxyphenyl)-1H-
1,2,3-triazol-1-yl]phenol (8),63 3-methoxy-N-[2-(4-methoxyphenyl)-
2-oxo-ethyl]benzamide (9ii),64 4-methoxy-N-[2-(4-methoxy-
phenyl)-2-oxo-ethyl]benzamide (10ii),65 2,5-bis(4-methoxy-
phenyl)-1H-imidazole (10i),66 3-methoxy-N-[2-(4-methoxyphenyl)-
2-oxo-ethyl]-benzamide (11ii),67 (2E)-1-(3-methoxyphenyl)-3-(4-
methoxyphenyl)prop-2-en-1-one (12ii),68 (2E)-1,3-bis(4-methoxy-
phenyl)prop-2-en-1-one (13ii),68 3,5-bis(4-methoxyphenyl)-1H-pyra-
zole (13i),69 4,40-(1H-pyrazol-3,5-diyl)diphenol (13),46 3-(3-methoxy-
phenyl)-5-(4-methoxyphenyl)isoxazole (14i),70 3-[5-(4-hydroxy-
phenyl)isoxazol-3-yl]phenol (14),71 3,5-bis(4-methoxyphenyl)-isox-
azole (15i),71 4,40-(isoxazol-3,5-diyl)diphenol (15),71 (2E)-3-(3-methoxy-
phenyl)-1-(4-methoxyphenyl)prop-2-en-1-one (16ii),72 3-[3-(4-
hydroxyphenyl)isoxazol-5-yl]phenol (16),71 2,5-bis(4-methoxy-
phenyl)-1,3-oxazole (17i).64


7.1.1. General synthesis procedure for compounds 1i–3i
A mixture of methoxyaniline (1 equiv), methoxyphenacyl bro-


mide (1 equiv) and triethylamine (1 equiv) was stirred at rt in
2 mL DMF for 7 h. The crude material was poured into ice water.
The resulting precipitate was filtered and dried overnight in a desic-
cator. To a stirred solution of the precipitate (1 equiv) in 20 mL meth-
anol, potassium thiocyanate (1 equiv) and 60 lL concentrated
chlorhydric acid were added. The resulting mixture was refluxed
for 18 h. After cooling to rt, the precipitate was filtered off and dried
overnight in a desiccator. The crude product was purified by CC.

7.1.1.1. 4-(3-Methoxyphenyl)-1-(4-methoxyphenyl)-1H-imidazol-
2-thiol (1i). The title compound was prepared by reaction of para-
methoxyaniline (751 mg, 6.11 mmol), 3-methoxyphenacyl bro-
mide (1.38 g, 6.11 mmol), triethylamine (0.89 mL, 6.11 mmol)
and potassium thiocyanate (593 mg, 6.11 mmol) according to the
procedure reported above. The product was purified by CC (hex-
ane/ethyl acetate 9:1); yield: 28% (500 mg); yellow powder; mp:
248 �C; 1H NMR (CDCl3): 7.36 (d, J = 9.40 Hz, 2H), 7.30–7.26 (m,
2H), 7.10 (d, J = 7.80 Hz, 2H), 6.84 (m, 1H), 6.81 (d, J = 8.80 Hz,
2H), 3.82 (s, 3H, OMe), 3.72 (s, 3H, OMe); 13C NMR (CDCl3):
175.45, 160.05, 159.65, 129.70, 127.55, 117.45, 114.15 (2C),
113.95, 110.00, 55.45, 55.40. IR: 1626, 1514, 1222, 1037,
824 cm�1; MS (APCI): 313 (M+H)+.


7.1.1.2. 1-(3-Methoxyphenyl)-4-(4-methoxyphenyl)-1H-imidazol-
2-thiol (3i). The title compound was prepared by reaction of meta-
methoxyaniline (356 mg, 2.90 mmol), 4-methoxyphenacyl bro-
mide (658 mg, 2.90 mmol) and triethylamine (0.37 mL,
2.90 mmol), potassium thiocyanate (282 mg, 2.90 mmol) according
to the procedure reported above. The product was purified
by CC (hexane/ethyl acetate 9:1); yield: 16% (140 mg); white
powder; mp: 250 �C; 1H NMR (CDCl3): 7.51 (d, J = 8.50 Hz, 2H),
7.38 (t, J = 7.80 Hz, 1H), 7.27 (s, 1H), 7.18 (d, J = 7.80 Hz, 1H), 7.02
(m, 1H), 6.97 (dd, J = 2.50 and 8.50 Hz, 1H), 6.89 (d, J = 8.50 Hz,
2H), 3.84 (s, 3H, OMe), 3.79 (s, 3H, OMe); 13C NMR (CDCl3):
188.00, 160.00, 129.95, 126.50, 118.00, 114.65 (2C), 111.80,
55.60, 55.35; IR: 3055, 1601, 1455, 1181, 825 cm�1; MS (ESI):
313 (M+H)+.


7.1.2. 4-(4-Methoxyphenyl)-1-(3-methoxyphenyl)-1H-
imidazole (6i)


The title compound was prepared by reaction of sodium ni-
trite (11 mg, 0.16 mmol, 1 equiv), nitric acid (152 lL, 87 lmol,
0.5 equiv) and 1-(3-methoxyphenyl)-4-(4-methoxyphenyl)-1H-
imidazol-2-thiol (3i) (150 mg, 0.48 mmol, 3 equiv) mixed in gla-
cial acetic acid (15 mL) at 0 �C and stirred for 20 min. The reac-
tion was quenched with ammonium hydroxide (20 mL) and the
resulting precipitate was filtered, dried overnight in a desicca-
tor. The crude product was purified by CC (ethyl acetate/meth-
anol 98:2); yield: 48% (22 mg); yellow powder; mp: 246 �C; 1H
NMR (CDCl3): 8.90 (s, 1H) 7.60 (s, 1H), 7.53 (s, 1H), 7.48 (m,
3H), 7.32 (t, J = 7.80 Hz, 1H), 7.02 (d, J = 8.50 Hz, 2H), 6.99 (dd,
J = 1.80 and 8.20 Hz, 1H), 3.95 (s, 3H, OMe), 3.85 (s, 3H,
OMe); 13C NMR (CDCl3): 161.15, 160.55, 136.15, 133.10,
130.20, 127.20, 123.85, 117.90, 117.15, 115.85, 110.50, 56.25,
55.60; IR: 3200, 2966, 1520, 1255, 855 cm�1; MS (ESI): 281
(M+H)+.


7.1.3. 3-[4-(4-Methoxyphenyl)-1H-1,2,3-triazol-1-yl]phenol (8i)
3-Azidophenol (8ii) (500 mg, 3.70 mmol, 1 equiv) and 1-ethy-


nyl-4-methoxybenzene (489 mg, 3.70 mmol, 1 equiv) were stirred
in a mixture of water/tert-butanol (1:1, 20 mL) for 2 min. Cop-
per(II)sulfate (9.24 mg, 0.04 mmol, 0.01 equiv) was suspended in
a freshly prepared solution of sodium ascorbate (1 M, 73.7 mg,
0.37 mmol, 0.1 equiv) and added dropwise to the latter mixture.
The reaction mixture was stirred at 60 �C for 24 h. After cooling
to rt, the mixture was washed with water and the aqueous layer
washed with ethyl acetate. The combined organic layers were
dried over sodium sulfate and solvent was removed under reduced
pressure. The crude product was purified by CC (ethyl acetate/
methanol 9:1); yield: 37% (350 mg); yellow powder; 1H NMR
(CD3COCD3): 8.80 (s, 1H) 7.91 (d, J = 8.80 Hz, 2H), 7.46 (s, 1H),
7.41 (d, J = 7.90 Hz, 2H), 7.04 (d, J = 8.80 Hz, 2H), 6.96 (m, 1H),
3.85 (s, 3H, OMe); 13C NMR (CD3COCD3): 170.90, 159.45, 131.60,
127.80 (2C), 118.50, 116.30, 115.10 (2C), 111.80, 108.10, 55.65;
IR: 3148, 2928, 1614, 1499, 1257, 833 cm�1.
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7.1.4. General synthesis procedure for compounds 9i–11i
Benzamides 9ii–11ii (1 equiv) were refluxed in acetic acid


(10 mL) with ammonium acetate (8 equiv) for 2 h. Solvent was
evaporated under reduced pressure and the crude product was
suspended in a mixture of ethanol/water/dichloromethane
(1:1:1). The dichloromethane layer was separated, washed with
brine, dried over magnesium sulfate, evaporated under reduced
pressure and purified by CC.


7.1.4.1. 2-(4-Methoxyphenyl)-5-(3-methoxyphenyl)-1H-
imidazole (9i). The title compound was prepared by reaction of 3-
methoxy-N-[2-(4-methoxyphenyl)-2-oxo-ethyl]benzamide (9ii)
(917 mg, 3.20 mmol) and ammonium acetate (1.90 g, 25.6 mmol)
according to the procedure reported above. The product was puri-
fied by CC (hexane/ethyl acetate 5:5); yield: 25% (224 mg); white
powder; mp: 198 �C; 1H NMR (CD3SOCD3): 8.07 (d, J = 2.50 Hz,
1H), 7.98 (d, J = 8.50 Hz, 2H), 7.78 (d, J = 8.50 Hz, 1H), 7.57 (s,
1H), 7.37 (s, 1H), 7.12–7.08 (m, 2H), 6.75 (s, 1H), 3.83 (s, 3H,
OMe), 3.82 (s, 3H, OMe); 13C NMR (CD3SOCD3): 162.10, 160.85,
151.40, 137.50, 128.65 (2C), 127.25, 125.40, 123.35, 120.75,
115.75 (2C), 113.70, 56.80, 56.50; IR: 3070, 2950, 1578, 1242,
742 cm�1; MS (ESI): 281 (M+H)+.


7.1.4.2. 2-(3-Methoxyphenyl)-5-(4-methoxyphenyl)-1H-
imidazole (11i). The title compound was prepared by reaction
of 3-methoxy-N-[2-(4-methoxyphenyl)-2-oxo-ethyl]benzamide
(11ii) (917 mg, 3.20 mmol) and ammonium acetate (1.90 g,
25.6 mmol) according to the procedure reported above. The prod-
uct was purified by CC (hexane/ethyl acetate 5:5); yield: 6%
(54 mg); white powder; mp: 202 �C; 1H NMR (CDCl3): 8.04 (s,
1H), 7.85 (d, J = 8.20 Hz, 2H), 7.28–7.24 (m, 3H), 6.88 (d,
J = 8.20 Hz, 2H), 6.78 (dq, J = 1.50 and 7.60 Hz, 1H), 3.79 (s, 3H,
OMe), 3.77 (s, 3H, OMe); 13C NMR (CDCl3): 164.00, 132.35 (2C),
130.15, 120.60, 119.85, 113.75, 112.65, 55.60, 55.50; IR: 3077,
2965, 1678, 1468, 1240, 1031, 742 cm�1; MS (ESI): 281 (M+H)+.


7.1.5. 5-(4-Methoxyphenyl)-2-(3-methoxyphenyl)-1,3-oxazole
(18i)


The title compound was prepared by reaction of 3-methoxy-N-
[2-(4-methoxyphenyl)-2-oxo-ethyl]benzamide (9ii) (347 mg,
1.16 mmol, 1 equiv) and phosphorous oxychloride (12 mL,
0.89 mmol, 0.8 equiv) in pyridine (20 mL) and refluxed for 8 h.
After cooling to rt, ethyl acetate (40 mL) was added and the crude
material was poured into a saturated sodium hydrogencarbonate
solution. The aqueous layer was extracted two times with ethyl
acetate. The combined organic layers were washed with brine,
dried over magnesium sulfate, evaporated under reduced pres-
sure and purified by CC (hexane/ethyl acetate 5:5); yield: 36%
(117 mg); yellow oil; 1H NMR (CD3COCD3): 7.79 (d, J = 8.80 Hz,
2H), 7.70 (dt, J = 1.00 and 8.80 Hz, 1H), 7.64 (q, J = 1.00 Hz, 1H),
7.53 (s, 1H, H-oxazole), 7.44 (t, J = 7.90 Hz, 1H), 7.08 (m, 3H),
3.90 (s, 3H, OMe), 3.86 (s, 3H, OMe); 13C NMR (CD3COCD3):
161.05, 160.95, 152.40, 130.95, 129.85, 126.65, 123.15, 121.65,
119.15, 116.95, 115.40, 111.85, 55.75, 55.70; IR: 2937, 1612,
1253, 1010, 872 cm�1.


7.1.6. General synthesis procedure for compounds 12i and 13i
(Method A)


A solution of hydrazine monohydrate (4 equiv) in glacial acetic
acid (4 equiv) was added dropwise to the propenone intermediate
12ii and 13ii (1 equiv). The reaction mixture was heated at reflux
for 24 h. After cooling to rt, the precipitate was filtered off. A mix-
ture of water/ethyl acetate (1:1) was added to the filtrate.
The combined organic layers were washed with brine, dried over
magnesium sulfate, evaporated under reduced pressure and
purified by CC.

7.1.6.1. 3-(4-Methoxyphenyl)-5-(3-methoxyphenyl)-1H-
pyrazole (12i). The title compound was prepared by reaction of
(2E)-1-(3-methoxyphenyl)-3-(4-methoxyphenyl)prop-2-en-1-one
(12ii) (250 mg, 0.93 mmol) and hydrazine monohydrate (212 lL,
3.72 mmol) according to described Method A. The product was
purified by CC (hexane/ethyl acetate 5:5) followed by preparative
TLC (dichloromethane/methanol 99:1); yield: 25% (60 mg); yellow
oil; 1H NMR (CDCl3): 7.55 (d, J = 8.80 Hz, 2H), 7.21–7.19 (m, 2H),
7.18 (t, J = 7.80 Hz, 1H), 6.78–6.75 (m, 3H), 6.62 (s, 1H), 3.74 (s,
3H, OMe), 3.62 (s, 3H, OMe); 13C NMR (CDCl3): 159.85, 159.55,
129.70, 126.85, 126.85, 118.10, 114.15 (2C), 114.10, 110.50,
99.35, 55.20, 55.05; IR: 2933, 2837, 1601, 1439, 1250, 1033,
834 cm�1.


7.1.7. General synthesis procedure for compounds 14i–16i
(Method B)


Propenone intermediate (12ii, 13ii and 16ii, 1 equiv) was stir-
red at 0 �C in 5 mL dry diethylether and bromine (1 equiv) was
added dropwise. After 1 h at 0 �C, the reaction was warmed up to
rt, precipitate was filtered and washed with diethylether. The
resulting di-brominated propenone was obtained in quantitative
yield and used without further purification. The latter (1 equiv)
was refluxed in 10 mL absolute ethanol with 1 equiv hydroxyl-
amine hydrochloride and 1 equiv potassium hydroxide for 24 h.
After cooling to rt, the mixture was poured into a cold water solu-
tion. The resulting precipitate was filtered, washed with cold
water, dried overnight in a desiccator and purified by CC.


7.1.7.1. 5-(3-Methoxyphenyl)-3-(4-methoxyphenyl)isoxazole
(16i). The title compound was prepared by reaction of (2E)-3-(3-
methoxyphenyl)-1-(4-methoxyphenyl)prop-2-en-1-one (16ii)
(275 mg, 1.03 mmol), bromine (52 lL, 1.03 mmol), hydroxylamine
hydrochloride (71.6 mg, 1.03.mmol) and potassium hydroxide
(57.8 mg, 1.03 mmol) according to Method B. The product was
purified by CC (hexane/ethyl acetate 9:1) followed by preparative
TLC (dichloromethane/methanol 1%); yield: 45% (130 mg); yellow
powder; mp: 161 �C; 1H NMR (CDCl3): 7.20 (m, 2H), 6.75 (dd,
J = 2.00 and 7.50 Hz, 1H), 6.80 (d, J = 7.50 Hz, 1H), 6.76 (s, 1H),
6.74 (s, 1H), 6.70 (m, 1H), 6.45 (d, J = 7.50 Hz, 2H), 3.72 (s, 3H,
OMe), 3.56 (s, 3H, OMe); 13C NMR (CDCl3): 171.65, 164.15,
162.40, 161.25, 131.80, 131.20, 128.70 (2C), 121.60, 120.60,
117.35, 115.70, 113.00, 97.50; IR: 2925, 2853, 1602, 1248,
746 cm�1.


7.1.8. 4-(4-Methoxyphenyl)-2-(3-methoxyphenyl)-1,3-oxazole
(19i)


4-Methoxyacetophenone (500 mg, 3.33 mmol, 1 equiv) was re-
fluxed for 2 h together with [hydroxy(2,4-dinitrobenzensulfonyl-
oxy)-iodo]benzene (1.88 g, 3.99 mmol, 1.2 equiv) in acetonitrile
(20 mL). After cooling to rt, 3-methoxybenzamide (1.52 g,
9.99 mmol, 3 equiv) was added and the reaction mixture was re-
fluxed for 10 h. Acetonitrile was evaporated under reduced pres-
sure. The crude product was suspended in dichloromethane. The
resulting organic layer was washed with a saturated sodium bicar-
bonate solution and dried over magnesium sulfate. Solvent was re-
moved under reduced pressure and the product was purified by CC
(hexane/ethyl acetate 7:3); yield 50% (465 mg); white powder;
mp: 165 �C; 1H NMR (CD3COCD3): 8.23 (s, 1H, H-oxazole), 7.90
(d, J = 9.20 Hz, 2H), 7.32 (m, 2H), 7.20 (t, J = 7.50 Hz, 1H), 6.93 (d,
J = 9.20 Hz, 2H), 6.76 (m, 1H), 3.73 (s, 3H, OMe), 3.70 (s, 3H,
OMe); IR: 3015, 2925, 1625, 789 cm�1.


7.1.9. Ether cleavage—General procedure for compounds 1–6
and 9–11


To a solution of bis (methoxyphenyl) derivative (1 equiv) in dry
dichloromethane was added dropwise boron trifluoride dimethyl
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sulfide complex (75 equiv). The reaction mixture was stirred at rt
for 20 h. To quench the reaction, water was added and the aqueous
layer was washed with ethyl acetate. The combined organic layers
were washed with brine, dried over sodium sulfate, evaporated un-
der reduced pressure and purified by preparative TLC.


7.1.9.1. 3-[1-(4-Hydroxyphenyl)-2-sulfanyl-1H-imidazol-4-yl]-
phenol (1). The title compound was prepared by reaction of 4-(3-
methoxyphenyl)-1-(4-methoxyphenyl)-1H-imidazol-2-thiol (1i)
(100 mg, 0.32 mmol) according to the procedure reported above.
The product was purified by preparative TLC (ethyl acetate);
yield: 61% (55 mg); orange powder; mp: 265 �C; 1H NMR
(CD3SOCD3): 12.76 (s, 1H, SH), 7.64 (s, 1H), 7.39 (d, J = 8.50 Hz,
2H), 7.19–7.15 (m, 2H), 7.09 (s, 1H), 6.84 (d, J = 8.50 Hz, 2H),
6.71–6.69 (m, 1H); 13C NMR (CD3SOCD3): 162.30, 157.60,
156.85, 129.90, 129.20, 128.95, 127.15, 116.15, 115.10 (2C),
114.85, 111.10; IR: 3214, 1604, 1514, 1395, 1101, 833,
750 cm�1; MS (APCI): 284 (M)+; Anal. Calcd C15H12N2O2S: C,
63.36; H, 4.25; N, 9.85. Found: C, 63.20; H, 3.99; N, 9.80.


7.1.9.2. 4,40-(2-Sulfanyl-1H-imidazol-1,4-diyl)diphenol (2). The
title compound was prepared by reaction of 1,4-bis(4-methoxy-
phenyl)-1H-imidazol-2-thiol (2i) (100 mg, 0.32 mmol) according
to the procedure reported above. The product was purified by pre-
parative TLC (ethyl acetate); yield: 36% (35 mg); white powder;
mp: 268 �C; 1H NMR (CD3OD): 7.49 (d, J = 8.80 Hz, 2H) 7.42 (d,
J = 8.80 Hz, 2H), 7.34 (s, 1H), 6.92 (d, J = 8.80 Hz, 2H), 6.87 (d,
J = 8.80 Hz, 2H); 13C NMR (CD3OD): 162.00, 159.05, 158.80,
131.20, 131.10, 131.00, 128.55, 127.30, 120.55, 116.90, 116.50,
115.95; IR: 3135, 2469, 2072, 1511, 1116, 973, 836 cm�1; MS
(APCI): 284 (M)+, 285 (M+H)+; Anal. Calcd C15H12N2O2S: C, 63.36;
H, 4.25; N, 9.85. Found: C, 63.40; H, 4.24; N, 9.95.


7.1.9.3. 3-[4-(4-Hydroxyphenyl)-2-sulfanyl-1H-imidazol-1-yl]-
phenol (3). The title compound was prepared by reaction of 1-(3-
methoxyphenyl)-4-(4-methoxyphenyl)-1H-imidazol-2-thiol (3i)
(100 mg, 0.32 mmol) according to the procedure reported above.
The product was purified by preparative TLC (ethyl acetate); yield:
37% (40 mg); yellow powder; 1H NMR (CD3SOCD3): 12.75 (s, 1H,
SH), 7.62 (s, 1H), 7.40 (d, J = 8.50 Hz, 2H), 7.18–7.13 (m, 2H),
7.07 (s, 1H), 6.83 (d, J = 8.50 Hz, 2H), 6.69–6.66 (m, 1H); 13C
NMR (CD3SOCD3): 162.35, 157.65, 156.95, 129.85, 129.00,
128.90, 127.20, 116.20 (2C), 115.05, 114.90, 111.25; IR: 3213,
1600, 1514, 1392, 1100, 845, 750 cm�1; MS (APCI): 284 (M)+; Anal.
Calcd C15H12N2O2S: C, 63.36; H, 4.25; N, 9.85. Found: C, 63.12; H,
4.22; N, 9.84.


7.1.9.4. 3-[1-(4-Hydroxyphenyl)-1H-imidazol-4-yl]phenol (4). The
title compound was prepared by reaction of 4-(3-methoxyphenyl)-1-
(4-methoxyphenyl)-1H-imidazole (4i) (100 mg, 0.36 mmol) accord-
ing to the procedure reported above. The product was purified by pre-
parative TLC (ethyl acetate); yield: 28% (25 mg); yellow oil; 1H NMR
(CD3COCD3): 9.32 (d, J = 1.20 Hz, 1H), 8.33 (d, J = 1.20 Hz, 1H), 7.70
(dd, J = 2.20 and 8.80 Hz, 2H), 7.36–7.33 (m, 2H), 7.29 (t, J = 1.90 Hz,
1H), 7.06 (dd, J = 2.20 and 8.80 Hz, 2H), 6.99 (m, 1H); 13C NMR
(CD3COCD3): 159.70, 158.95, 134.95, 131.60, 129.10, 128.10, 124.95,
118.25, 117.95, 117.80, 117.35, 113.35; IR: 3563, 1684, 1629, 1048,
836 cm�1; MS (ESI): 253 (M+H)+; Anal. Calcd C15H12N2O2: C, 71.42;
H, 4.79; N, 11.10. Found: C, 71.11; H, 4.62; N, 11.01.


7.1.9.5. 4,40-bis(1H-Imidazol-1,4-diyl)-diphenol (5). The title
compound was prepared by reaction of 1,4-bis(4-methoxy-
phenyl)-1H-imidazole (5i) (100 mg, 0.36 mmol) according to the
procedure reported above. The product was purified by preparative
TLC (ethyl acetate), yield: 26% (24 mg); yellow powder; 1H NMR
(CD3COCD3): 9.43 (d, J = 1.50 Hz, 1H), 8.32 (d, J = 1.50 Hz, 1H),

7.74 (dd, J = 2.20 and 8.80 Hz, 2H), 7.71 (dd, J = 2.20 and 8.80 Hz,
2H), 7.10 (dd, J = 2.20 and 8.80 Hz, 2H), 7.08 (dd, J = 2.20 and
8.80 Hz, 2H); 13C NMR (CD3COCD3): 160.40, 128.70 (2C), 125.30,
117.70 (2C), 117.45 (2C), 117.25; IR: 3563, 3155, 1684, 1048,
931, 836 cm�1; MS (ESI): 253 (M+H)+; Anal. Calcd C15H12N2O2: C,
71.42; H, 4.79; N, 11.10. Found: C, 71.43; H, 4.85; N, 11.11.


7.1.9.6. 3-[4-(4-Hydroxyphenyl)-1H-imidazol-4-yl]phenol (6). The
title compound was prepared by reaction of 4-(4-methoxyphenyl)-1-
(3-methoxyphenyl)-1H-imidazole (6i) (100 mg, 0.36 mmol) accord-
ing to the procedure reported above. The product was purified by pre-
parative TLC (ethyl acetate); yield: 26% (24 mg); yellow oil; 1H NMR
(CD3COCD3): 9.50 (d, J = 1.50 Hz, 1H), 8.40 (d, J = 1.50 Hz, 1H), 7.77
(m, 2H), 7.50 (t, J = 8.20 Hz, 1H), 7.36–7.34 (m, 2H), 7.16 (dd, J = 2.20
and 8.80 Hz, 1H), 7.04 (dt, J = 2.20 and 8.20 Hz, 2H); 13C NMR
(CD3COCD3): 137.45, 132.50, 128.80 (2C), 118.35, 117.50, 114.35,
110.70; IR: 3542, 3160, 2955, 1699, 1630, 1062, 841 cm�1; MS (ESI):
253 (M+H)+; Anal. Calcd C15H12N2O2: C, 71.42; H, 4.79; N, 11.10.
Found: C, 71.59; H, 4.92; N, 10.97.


7.1.9.7. 3-[2-(4-Hydroxyphenyl)-1H-imidazol-5-yl]phenol
(9). The title compound was prepared by reaction of 2-(4-
methoxyphenyl)-5-(3-methoxyphenyl)-1H-imidazole (9i) (40 mg,
0.14 mmol) according to the procedure reported above. The
product was purified by preparative TLC (hexane/ethyl acetate
5:5); yield: 45% (15 mg); yellow powder; 1H NMR (CD3COCD3):
8.58 (s, 1H), 7.42 (t, J = 7.80 Hz, 2H), 7.40 (m, 1H), 7.33 (m, 1H),
7.27 (t, J = 7.80 Hz, 2H), 7.05 (dd, J = 0.90 and 1.50 Hz, 1H), 6.90
(dd, J = 0.90 and 1.50 Hz, 1H), 6.47 (s, 1H, NH); 13C NMR
(CD3COCD3): 168.95, 168.90, 158.25, 137.90, 136.95, 130.10 (2C),
119.40, 119.10, 118.70, 115.25; IR: 3450, 2950, 1604, 1580,
785 cm�1. MS (ESI): 253 (M+H)+; Anal. Calcd C15H12N2O2: C,
71.42; H, 4.79; N, 11.10. Found: C, 71.23; H, 4.64; N, 10.98.


7.1.9.8. 4,40-(1H-Imidazol-2,5-diyl)diphenol (10). The title com-
pound was prepared by reaction of 2,5-bis(4-methoxyphenyl)-
1H-imidazole (10i) (82 mg, 0.29 mmol) according to the procedure
reported above. The product was purified by preparative TLC
(dichloromethane/methanol 99:1); yield: 17% (12 mg); yellow
powder; 1H NMR (CD3OD): 7.83 (d, J = 8.70 Hz, 2H), 7.62 (d,
J = 8.70 Hz, 2H), 7.60 (s, 1H), 7.03 (d, J = 8.70 Hz, 2H), 6.92 (d,
J = 8.70 Hz, 2H); 13C NMR (CD3OD): 131.30, 129.15, 120.15 (2C),
119.80 (2C), 115.55 (2C), 114.75 (2C), 114.30; IR: 2590, 1645,
1488, 1114, 841 cm�1; MS (ESI): 253 (M+H)+; Anal. Calcd
C15H12N2O2: C, 71.42; H, 4.79; N, 11.10. Found: C, 71.30; H, 4.52;
N, 11.00.


7.1.9.9. 3-[5-(4-Hydroxyphenyl)-1H-imidazol-2-yl]phenol
(11). The title compound was prepared by reaction of 2-(3-
methoxyphenyl)-5-(4-methoxyphenyl)-1H-imidazole (11i)
(40 mg, 0.14 mmol) according to the procedure reported above.
The product was purified by preparative TLC (hexane/ethyl acetate
5:5); yield: 45% (15 mg); yellow powder; 1H NMR (CD3COCD3):
8.56 (s, 1H), 7.40 (t, J = 7.80 Hz, 2H), 7.39 (m, 1H), 7.37 (m, 1H),
7.25 (t, J = 7.80 Hz, 2H), 6.99 (dd, J = 0.90 and 1.50 Hz, 1H), 6.97
(dd, J = 0.90 and 1.50 Hz, 1H), 6.47 (s, 1H, NH); 13C NMR
(CD3COCD3): 168.95, 168.90, 158.25, 137.95, 136.90, 130.15 (2C),
119.30 (2C), 118.95, 115.40; IR: 3350, 3045, 2922, 1664, 1582,
760 cm�1; MS (ESI): 253 (M+H)+; Anal. Calcd C15H12N2O2: C,
71.42; H, 4.79; N, 11.10. Found: C, 71.42; H, 4.89; N, 11.08.


7.1.10. Ether cleavage—General synthesis for compounds 12, 18
and 19


To a solution of bis(methoxyphenyl) derivative (1 equiv) in dry
dichloromethane at �78 �C (dry ice/acetone bath), boron tribro-
mide (1 M in dichloromethane, 6 equiv) was added dropwise and
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the reaction mixture was stirred for 20 h. To quench the reaction,
water was added and the aqueous layer was washed with ethyl
acetate. The combined organic layers were washed with brine,
dried over sodium sulfate, evaporated under reduced pressure
and purified by preparative TLC.


7.1.10.1. 3-[3-(4-Hydroxyphenyl)-1H-pyrazol-5-yl]phenol (12). The
title compound was prepared by reaction of 3-(4-methoxyphenyl)-5-
(3-methoxyphenyl)-1H-pyrazole (12i) (82 mg, 0.29 mmol) according
to the procedure reported above. The product was purified by prepara-
tive TLC (dichloromethane/methanol 92:8); yield: 55% (40 mg); orange
powder; mp: 262 �C; 1H NMR (CD3OD): 7.65 (d, J = 8.50 Hz, 2H), 7.22
(m, 1H), 6.83 (d, J = 8.50 Hz, 2H), 6.81 (s, 1H), 6.72–6.74 (m, 3H); 13C
NMR (CD3OD): 160.50, 131.85, 122.10 (2C), 117.05, 116.80, 116.00,
113.30 (2C), 102.15; IR: 3500, 2935, 1620, 790 cm�1; MS (ESI): 253
(M+H)+; Anal. Calcd C15H12N2O2. C, 71.42; H, 4.79; N, 11.10. Found: C,
71.38; H, 4.71; N, 11.25.


7.1.10.2. 3-[5-(4-Hydroxyphenyl)-1,3-oxazol-2-yl]phenol (18). The
title compound was prepared by reaction of 5-(4-methoxyphenyl)-2-
(3-methoxyphenyl)-1,3-oxazole (18i) (100 mg, 0.35 mmol) according
to the procedure reported above. The product was purified by prepara-
tive TLC (hexane/ethyl acetate 5:5); yield: 65% (59 mg); yellow pow-
der; 1H NMR (CD3COCD3): 8.80 (s, 1H, OH), 8.75 (s, 1H, OH), 7.69 (d,
J = 8.20 Hz, 2H), 7.60 (m, 2H), 7.46 (s, 1H, H-oxazole), 7.35 (t,
J = 8.20 Hz, 1H), 6.98–6.95 (m, 3H); 13C NMR (CD3COCD3): 160.90,
158.95, 158.75, 152.55, 130.95, 129.80, 126.80, 122.50, 120.65,
118.25 (2C), 118.15, 116.85, 115.40, 113.55; IR: 3480, 1602, 1510,
852 cm�1; MS (ESI): 254 (M+H)+; Anal. Calcd C15H11NO3: C, 71.14; H,
4.38; N, 5.53. Found: C, 70.92; H, 4.35; N, 5.60.


7.1.10.3. 3-[4-(4-Hydroxyphenyl)-1,3-oxazol-2-yl]phenol (19). The
title compound was prepared by reaction of 4-(4-methoxy-
phenyl)-2-(3-methoxyphenyl)-1,3-oxazole (19i) (100 mg, 0.36 mmol)
according to the procedure reported above. The product was puri-
fied by preparative TLC (hexane/ethyl acetate 5:5); yield: 82%
(74 mg); yellow powder; 1H NMR (CD3COCD3): 8.27 (s, 1H, H-oxa-
zole), 7.93 (d, J = 8.50 Hz, 2H), 7.37 (s, 1H), 7.33 (d, J = 7.60 Hz, 1H),
7.20 (t, J = 7.60 Hz, 1H), 6.97 (d, J = 8.50 Hz, 2H), 6.79 (m, 1H); 13C
NMR (CD3COCD3): 161.80, 159.70, 157.75, 141.55, 133.70,
132.90, 129.70, 128.05, 119.25, 116.70, 115.75, 114.90, 112.35;
IR: 3300, 1595, 1259, 804 cm�1; MS (ESI): 252 (M�H)�; Anal. Calcd
C15H11NO3: C, 71.14; H, 4.38; N, 5.53. Found: C, 71.00; H, 4.48; N,
5.58.


7.1.11. 4,40-(1,3-Oxazol-2,5-diyl)diphenol (17)
The title compound was prepared by reaction of 2,5-bis(4-


methoxyphenyl)-oxazole (17i) (260 mg, 0.90 mmol, 1 equiv) and
pyridinium hydrochloride (2.90 g, 25.7 mmol, 37 equiv) heated to
220 �C for 18 h. After cooling to rt, water (10 mL) and ethyl acetate
(20 mL) were added. The aqueous layer was washed with ethyl ace-
tate. The combined organic layers were dried over sodium sulfate,
filtered, evaporated under reduced pressure and purified by pre-
parative TLC (hexane/ethyl acetate 5/5); yield: 82% (186 mg), yellow
powder; mp: 163 �C; 1H NMR (CD3OD): 7.89 (d, J = 7.80 Hz, 2H), 7.60
(d, J = 8.80 Hz, 2H), 7.32 (s, 1H), 6.91–6.86 (m, 4H); 13C NMR
(CD3OD): 162.35, 161.30, 159.35, 152.78, 132.80, 129.00 (2C),
126.80 (2C), 125.80 (2C), 116.90 (2C); IR: 3387, 1611, 1506, 1170,
834 cm�1; MS (ESI): 254 (M+H)+; Anal. Calcd C15H11NO3: C, 71.14;
H, 4.38; N, 5.53. Found: C, 71.02; H, 4.18; N, 5.63.


7.2. Biological methods


[2,4,6,7-3H]-E2 and [2,4,6,7-3H]-E1 were bought from Perkin El-
mer, Boston. Quickszint Flow 302 scintillator fluid was bought
from Zinsser Analytic, Frankfurt.

17b-HSD1 and 17b-HSD2 were obtained from human placenta
according to previously described procedures.40,73 Fresh human
placenta was homogenised and the enzymes were separated by
centrifugation. For the purification of 17b-HSD1, the cytosolic frac-
tion was precipitated with ammonium sulfate. 17b-HSD2 was ob-
tained from the microsomal fraction.


7.2.1. Inhibition of 17b-HSD1
Inhibitory activities were evaluated by an established method


with minor modifications.54,74,75 Briefly, the enzyme preparation
was incubated with NADH [500 lM] in the presence of potential
inhibitors at 37 �C in a phosphate buffer (50 mM) supplemented
with 20% of glycerol and EDTA 1 mM. Inhibitor stock solutions
were prepared in DMSO. The final concentration of DMSO was ad-
justed to 1% in all samples. The enzymatic reaction was started by
addition of a mixture of unlabelled- and [2,4,6,7-3H]-E1 (final con-
centration: 500 nM, 0.15 lCi). After 10 min, the incubation was
stopped with HgCl2 and the mixture was extracted with diethyl-
ether. After evaporation, the steroids were dissolved in acetonitrile.
E1 and E2 were separated using acetonitrile/water (45:55) as mo-
bile phase in a C18 reverse phase chromatography column (Nucle-
odur C18 Gravity, 3 lm, Macherey-Nagel, Düren) connected to a
HPLC-system (Agilent 1100 Series, Agilent Technologies, Wald-
bronn). Detection and quantification of the steroids were per-
formed using a radioflow detector (Berthold Technologies, Bad
Wildbad). The conversion rate was calculated after analysis of
the resulting chromatograms according to following equation:
%conversion ¼ AUCðE2Þ


AUCðE2ÞþAUCðE1Þ � 100. Each value was calculated from
at least three-independent experiments.


7.2.2. Inhibition of 17b-HSD2
The 17b-HSD2 inhibition assay was performed similarly to the


17b-HSD1 procedure. The microsomal fraction was incubated with
NAD+ [1500 lM], test compound and a mixture of unlabelled- and
[2,4,6,7-3H]-E2 (final concentration: 500 nM, 0.11 lCi) for 20 min
at 37 �C. Further treatment of the samples and HPLC separation
was carried out as mentioned above. The conversion rate was cal-
culated after analysis of the resulting chromatograms according to
following equation: %conversion ¼ AUCðE1Þ


AUCðE1ÞþAUCðE2Þ � 100.


7.2.3. ER affinity
The binding affinity of select compounds to the ERa and ERb


was determined according to Zimmermann et al.76 Briefly,
0.25 pmol of ERa or ERb, respectively, was incubated with
[2,4,6,7-3H]-E2 (10 nM) and test compound for 1 h at room tem-
perature. The potential inhibitors were dissolved in DMSO (5% fi-
nal concentration). Non-specific-binding was performed with
diethylstilbestrol (10 lM). After incubation, ligand–receptor com-
plexes were selectively bound to hydroxyapatite (5 g/60 mL TE-
buffer). The complex formed was separated, washed and resus-
pended in ethanol. For radiodetection, scintillator cocktail
(Quickszint 212, Zinsser Analytic, Frankfurt) was added and sam-
ples were measured in a liquid scintillation counter (Rack Beta
Primo 1209, Wallac, Turku). For determination of the relative
binding affinity (RBA), inhibitor and E2 concentrations required
to displace 50% of the receptor bound labelled E2 were deter-
mined. RBA values were calculated according to the following
equation: RBA½%� ¼ IC50ðE2Þ


IC50ðcompoundÞ � 100. The RBA value for E2 was
arbitrarily set at 100%.


7.2.4. T-47D cell assays
7.2.4.1. Evaluation of the estrogenic activity. Phenol red-free
medium was supplemented with sodium bicarbonate (2 g/L),
streptomycin (100 lg/mL), insulin zinc salt (10 lg/mL), sodium
pyruvate (1 mM), L-glutamine (2 mM), penicillin (100 U/mL) and
DCC-FCS 5% (vol/vol). RPMI 1640 (without phenol red) was used
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for the experiments. Cells (7500 cells/96-well plate) were grown
for 48 h in phenol red-free medium. Compound 18 was added at
a final concentration of 100 nM. Inhibitors and E2 were diluted in
ethanol (final ethanol concentration was adjusted to 1%). As a po-
sitive control E2 was added at a final concentration of 0.1 nM. Eth-
anol was used as negative control. Medium was changed every 2–3
days and supplemented with the respective additives. After 8 days
of incubation, the cell viability was evaluated measuring the
reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetra-
zoliumbromide (MTT). The cleavage of MTT to a blue formazan
by mitochondrial succinat-dehydrogenase was quantified
spectrophotometrically at 590 nm as described by Denizot and
Lang77 with minor modifications. The control proliferation
was arbitrarily set at 1 and the stimulation induced by the inhibi-
tor was calculated according to following equation:
%stimulation ¼ ½proliferationðcompound-inducedÞ�1�


½proliferationðE2-inducedÞ�1� � 100%. Each value is
calculated as a mean value of at least three independent
experiments.


7.2.4.2. Evaluation of the 17b-HSD1 activity. A stock culture of T-
47D cells was grown in RPMI 1640 medium supplemented with
10% FCS, L-glutamine (2 mM), penicillin (100 IU/mL), streptomycin
(100 lg/mL), insulin-zinc-salt (10 lg/mL) and sodium pyruvate
(1 mM) at 37 �C under 5% CO2 humidified atmosphere.


The cells were seeded into a 24-well plate at 1 � 106 cells/well
in DMEM medium with FCS, L-glutamine and the antibiotics added
in the same concentrations as mentioned above. After 24 h the
medium was changed for fresh serum free DMEM and a solution
of test compound in DMSO was added. Final concentration of
DMSO was adjusted to 1% in all samples. After a pre-incubation
of 30 min at 37 �C with 5% CO2, the incubation was started by addi-
tion of a mixture of unlabelled- and [2,4,6,7-3H]-E1 (final concen-
tration: 50 nM, 0.15 lCi). After 2.5 h incubation, the enzymatic
reaction was stopped by removing the supernatant medium. The
steroids were extracted into diethylether. Further treatment of
the samples was carried out as mentioned for the 17b-HSD1 assay.


7.2.5. CaCo-2 assay
CaCo-2 cell culture and transport experiments were performed


according to Yee78 with small modifications. Cell culture time was
reduced from 21 to 10 days by increasing seeding density from
6.3 � 104–1.65 � 105 cells per well. Four reference compounds
(atenolol, testosterone, ketoprofen, erythromycin) were used in
each assay for validation. The compounds were applied to the cells
as a mixture (cassette dosing) to increase the throughput. The initial
concentration of the compounds in the donor compartment was
50 lM (0.2 M MES, pH 6.5, containing either 1% ethanol or DMSO).
Samples were taken from the acceptor side after 0 min, 60, 120
and 180 min and from the donor side after 0 and 180 min. Each
experiment was run in triplicate. The integrity of the monolayers
was checked by measuring the transepithelial electrical resistance
(TEER) before the transport experiments and by measuring lucifer
yellow permeability after each assay. All samples of the CaCo-2
transport experiments were analysed by LC/MS/MS after dilution
with buffer of the opposite transwell chamber (1:1, containing 2%
acetic acid). The apparent permeability coefficients (Papp) were cal-
culated using equation Papp ¼ dQ


dtAc0
, where dQ


dt is the appearance rate
of mass in the acceptor compartment, A the surface area of the trans-
well membrane and c0 the initial concentration in the donor
compartment.


7.3. Molecular modelling


The X-ray structure of 17b-HSD1 (PDB-ID: 1FDT) was obtained
from the Protein Data Bank.44 Water molecules, E2 and sulfate ions
were removed from the PDB file and hydrogen atoms and neutral

end groups were added. Close contacts were fixed (Arg37) and cor-
rect atom types were set.


Docking of inhibitors into the substrate-binding site was per-
formed by the automated docking program GOLD 3.0.79
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Cell cycle arrest of malignant cells is an important option for cancer treatment. In this study, we modified
the structure of antimitotic 2-phenylindole-3-carbaldehydes by condensation with hydrazides of various
benzoic and pyridine carboxylic acids. The resulting hydrazones inhibited the growth of MDA-MB 231
and MCF-7 breast cancer cells with IC50 values of 20–30 nM for the most potent derivatives. These 2-
phenylindole derivatives also exerted an inhibitory effect on the growth of both proliferating and resting
U-373 MG glioblastoma cells. Though the hydrazones exhibited similar structure–activity relationships
as the aldehydes, they did not inhibit tubulin polymerization as the aldehydes but were capable of block-
ing the cell cycle in G2/M phase. The cell cycle arrest was accompanied by apoptosis as demonstrated by
the activation of caspase-3. Since these 2-phenylindole-based hydrazones display no structural similarity
with other antitumor drugs they are interesting candidates for further development.


� 2008 Elsevier Ltd. All rights reserved.
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Figure 1. Chemical structures of 2-phenylindole-3-carbaldehydes 1 and analogues
2–7 with antimitotic activity.

1. Introduction


In previous studies, the 2-phenylindole skeleton has proved to
be a versatile structure for the development of compounds with
antiproliferative activity against breast cancer cells. Depending
on the type and position of the substituents the 2-phenylindoles
inhibit the growth of tumor cells by different mechanisms. In our
first studies, we synthesized a variety of 2-phenylindoles that
acted as estrogen antagonists and inhibited the growth of estro-
gen-sensitive breast cancer cells by a total estrogen receptor block-
ade.1,2 A similar inhibitory effect can be achieved by the inhibition
of the enzyme estrone sulfatase by sulfamoyloxy-substituted 2-
phenylindoles.3,4 This enzyme catalyzes the conversion of estrogen
sulfates to the free estrogens which are essential for maintaining
the growth of hormone-dependent mammary tumors.


More recently, we showed that 2-phenylindoles which carry an
aldehyde function in 3-position (1, Fig. 1) bind to tubulin and inhi-
bit tubulin polymerization.5,6 This action blocks the cell cycle in G2/
M phase and gives rise to an antimitotic effect. Unfortunately,
these 2-phenylindole derivatives were inactive in vivo probably
due to the presence of the metabolically unstable aldehyde group.
In order to overcome this problem the aldehyde function was mod-
ified by condensation with malononitrile to give the corresponding
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methylene propanedinitriles 2 (Fig. 1).7 These derivatives have re-
tained their antimitotic activity but have lost their ability of inhib-
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iting tubulin polymerization. Preliminary investigations showed
that they are active in vivo and inhibit the growth of MXT mouse
mammary tumors.7 A careful analysis of the biological effects of
these agents revealed that they might act by two competing mech-
anisms which both result in an inhibition of cell growth. Both
modes of action involve a cell cycle arrest in G2/M phase and the
induction of apoptosis. In order to get a deeper insight into these
processes, other derivatives of 2-phenylindole-3-carbaldehyde
were synthesized for more extended studies. Besides the conden-
sation reactions with C–H-acidic compounds such as malononitri-
le, reactions with amino compounds were considered as
appropriate modifications.


In preliminary investigations, we converted some of the alde-
hydes to imines, for example, 3a (Fig. 1) and oximes such as 3b.6


Derivative 3a proved to be only a prodrug of 1a (Fig. 2), whereas
3b was stable and showed strong antimitotic activity. These results
prompted us to synthesize a number of hydrazones that derive
from various aromatic carboxylic acid hydrazides. These com-
pounds were studied for their stability to hydrolysis and for their
antiproliferative activities in two different human breast cancer
cell lines (MDA-MB 231, MCF-7), in the human U-373 MG glioblas-
toma cell line, and against human HL-60 leukemia cells. Our expe-
rience from previous investigations suggested that these agents
interfere with the cell cycle either by inhibition of tubulin poly-
merization or by targeting other processes involved in cell cycle
progression. Therefore, assays on tubulin polymerization and flow-
cytometric analyses were performed. Also, the activation of cas-
pase-3 involved in the apoptotic pathway to cell death was
determined.

2. Results and discussion


2.1. Chemistry


In previous investigations, we elaborated the most favorable
substitution pattern of the starting 2-phenylindole-3-carbaldehy-
des 1 in respect to antimitotic activity.6 The structure–activity rela-
tionships in this series of compounds exhibited a close analogy to
those of the corresponding methylene propanedinitriles 2. The
most favorable substitution pattern was provided by linear alkyl
chains of 4–6 carbon atoms in 5-position of the indole and a small
lipophilic group in para-position of the 2-phenyl ring. In the pres-
ent study, we kept the 5-n-butyl group in the indole moiety as the
most favorable substituent constant and modified only the para-
substituent in the phenyl ring slightly (OMe, CF3, and Et). For struc-
ture–activity analyses, we replaced the butyl group in one particu-
lar derivative by a methyl substituent (5d).


The main variations concerned the aryl group in the hydrazide
component. Both a (un)substituted phenyl ring and the three iso-

meric pyridine rings were employed. The conversion of the alde-
hydes 1a–d to the corresponding aroyl hydrazones 4–7 was
readily accomplished by the reaction with the respective carbox-
ylic acid hydrazides (Fig. 2). The C@N double bond can give rise
to the formation of E/Z isomers. The dominating isomer possesses
E-configuration and was often isolated as the only form. By the
structural modifications of the carbonyl group the physico-chemi-
cal properties of the indole core and the electronic character of the
a-carbon atom in 3-position remained unchanged, whereas the
structure of the whole molecule was altered considerably by the
aroyl hydrazone fragment. Thus, these molecules have to be con-
sidered as completely new entities rather than simple derivatives
of the parent aldehydes.


An important aspect in the biological investigations is the sta-
bility of the hydrazone function toward hydrolysis. Thus, we
checked the stability of some of the hydrazones during prolonged
heating in aqueous solution by HPLC. Derivatives 4a and 6a
showed no hydrolysis or other degradation after heating at 70 �C
for 48 h. This result, however, does not exclude an enzymatic
cleavage of the C@N bond in a biological system. The observed dif-
ferences between the aldehydes and the corresponding hydrazones
in various assays confirm the stability of the hydrazone function
toward hydrolysis at least under in vitro conditions.


2.2. Antiproliferative activity


All of the compounds synthesized were first evaluated for anti-
proliferative activity using hormone-independent human MDA-MB
231 breast cancer cells in a microplate assay. In this assay, cell
growth was determined by crystal violet staining of viable cells
that were harvested in the log phase after 4 days of incubation
(Fig. 3B). As reference compounds the four starting aldehydes
(1a–d), the oxime 3b, and the established anticancer drug vincris-
tine were used. First, the benzoyl hydrazones 4 with various sub-
stituents at the phenyl ring were studied. All of the hydrazones
inhibited the growth of MDA-MB 231 cells, but there was a signif-
icant difference between the derivatives with a methoxy group in
the phenyl moiety of the 2-phenylindole and those carrying a tri-
fluoromethyl group as the substituent (Table 1). The latter com-
pounds were much less active than the corresponding methoxy
derivatives which exhibited IC50 values between 19 and 115 nM.
In the methoxy series, no strong influence of the substituents in
the benzoyl group could be detected (Fig. 3A). Obviously, both nat-
ure and position of these phenyl substituents are of minor impor-
tance in respect to the antiproliferative potency of the hydrazones,
except for the combination of a nitro group in the benzoyl frag-
ment and a trifluoromethyl group at the 2-phenyl ring (4k), which
abolished most of the activity.


The positive results obtained with the benzoyl hydrazones
prompted us to replace the phenyl group by a pyridine ring to
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Figure 3. Inhibitory effects of benzoic acid [(2-phenylindol-3-yl)methylene]hydrazides 4 with different benzoyl substituents on the growth of MDA-MB 231 breast cancer
cells (A). Inhibition of cell growth was determined after incubation for 4 days and subsequent crystal violet staining of viable cells. Vincristine (Vin) and the parent aldehyde
1a were used as reference drugs. The growth of untreated cells is shown on (B).


Table 1
Antiproliferative activities of 2-phenylindole-3-carbaldehyde benzoylhydrazones 4
and reference compounds 1a, 1b, 3b, and vincristine


N
H


R2


H9C4


N
NH


OH


R3


Compound R2 R3 MDA-MB 231a IC50 (nM) MCF-7b IC50 (nM)


1ac OMe 6.7 22
1bc CF3 33 66
3bc OMe 40 212
4a OMe H 32 130
4b CF3 H 300 460
4c OMe 4-Cl 90 220
4d CF3 4-Cl 329 1062
4e OMe 4-F 19 84
4f OMe 4-Ome 61 226
4g CF3 4-Ome 284 618
4h OMe 3-Ome 55 n.d.d


4i OMe 2-Ome 21 71
4j OMe 4-NO2 115 312
4k CF3 4-NO2 2035 6335
4l OMe 3-OH 30 n.d.
Vincristine 6 2


a Inhibition of cell growth determined after incubation for 4 days and subsequent
crystal violet staining of viable cells. Mean values of two independent experiments
with 16–24 replicates, SD are generally less than 25%.


b Analogous experiment as described for MDA-MB 231 cells with one exception:
the incubation period was 5 days.


c For structures see Figure 1.
d Not determined.
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avoid additional steric effects by substituents. All three regioisom-
ers 5a, 6a, and 7a with a methoxy group at phenyl ring proved to
be potent inhibitors of cell proliferation with IC50 values of about
30 nM (Table 2). This value is only fivefold higher than that of
the established anticancer drug vincristine (IC50, 6 nM). A minor
decrease in activity was noticed when the methoxy group had been
replaced by ethyl or trifluoromethyl except for 7b which is charac-
terized by a considerably reduced potency. The importance of the
butyl group in the indole part is underlined by the dramatic de-

crease in potency upon replacement of this group by a methyl
group (5d). This effect was similar as in the aldehyde series (1a
vs 1d).


In parallel to the investigations with MDA-MB 231 cells, all
hydrazones were also tested for antiproliferative activity against
estrogen-sensitive MCF-7 breast cancer cells. Generally, the hydra-
zones were less active against MCF-7 cells than against MDA-MB
231 cells. In the benzoyl hydrazone series (4), the IC50 values in
the latter cell line were lower by a factor of about 2–4 (Table 1),
while the difference in the pyridine series was less pronounced
(Table 2). This difference between the two cell lines was also ob-
served for the parent aldehydes 1a–d and the oxime 3b. A similar
variability in sensitivity between these two cell lines was also ob-
served for mitoxantrone.8 An additional mode of action that in-
volves the estrogen receptor, present in MCF-7 cells, would
increase rather than decrease the inhibitory effects of the com-
pounds tested in these cells. Owing to the chemical structures of
the compounds, a binding affinity for the estrogen receptor ap-
pears to be unlikely. The comparison of the inhibitory effects of
the hydrazones with those of the corresponding 2-phenylindole-
3-carbaldehydes 1a–d revealed that the latter are more active by
a factor of 3–17.


The high potency of some of the hydrazones makes them inter-
esting candidates for the treatment of malignant tumors from
other tissues such as the brain. Therefore, another set of experi-
ments was initiated in which two of the hydrazones were tested
for growth inhibition of human U-373 MG human glioblastoma
cells. In these experiments, the effect of treatment at various dose
levels was monitored over time. Similar as in the assays with
breast cancer cells a strong inhibition of cell proliferation was ob-
served. Compound 4e at a concentration of 50 nM suppressed cell
growth already after 72 h completely (Fig. 4A). A similar result was
obtained with the pyridine derivative 6a, which showed already
good activity at 10 nM but the SDs for this concentration were
rather high (Fig. 4B).


A major problem in cancer treatment arises from the fact that
quiescent tumor cells do not respond to the majority of cytostatic
agents. A way to mimic the situation of a solid tumor in which
most of the cells do not proliferate in vitro is the use of confluent
cell cultures. Both compounds, 4e and 6a, inhibited the growth of
confluent U-373 MG cells after 100 h of incubation at 200 nM
(Fig. 5). The established antitumor drug paclitaxel was inactive
and showed the same dose–response curve as untreated control
cells. Rotenone, an ubiquinone reductase inhibitor that blocks
ATP synthesis, was used as positive control. It killed most of the
cells within 72 h of treatment.







Table 2
Antiproliferative activities of 2-phenylindole-3-carbaldehyde pyridoylhydrazones 5–
7


N
H


R2


N


NH


O


ArH


R1


Compound Ar R1 R2 MDA-MB
231a IC50 (nM)


MCF-7b


IC50 (nM)


1c n-Bu Et 27 58
1d Me OMe 86 140
5a 4-Pyridyl n-Bu OMe 29 69
5b 4-Pyridyl n-Bu CF3 94 100
5c 4-Pyridyl n-Bu Et 80 150
5d 4-Pyridyl Me OMe 290 200
6a 3-Pyridyl n-Bu OMe 35 75
6b 3-Pyridyl n-Bu CF3 97 260
6c 3-Pyridyl n-Bu Et 53 100
7a 2-Pyridyl n-Bu OMe 34 160
7b 2-Pyridyl n-Bu CF3 260 310
Vincristine 6 2


a Inhibition of cell growth determined after incubation for 4 days and subsequent
crystal violet staining of viable cells. Mean values of two independent experiments
with 16–24 replicates, SD are generally less than 25%.


b Analogous experiment as described for MDA-MB 231 cells with one exception:
the incubation period was 5 days.
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2.3. Cell cycle arrest in G2/M-phase


Previous studies with 2-phenylindole-3-carbaldehydes 1 have
shown that these aldehydes exert their cytotoxic effects through
inhibition of tubulin polymerization and cell cycle arrest in G2/
M-phase. The structural analogy of the hydrazones and the alde-
hydes suggested a similar mode of action. Therefore, we studied
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Figure 4. Proliferation of U-373 MG glioblastoma cells during permanent incubation w
untreated control cells is shown on the insert.

the effect of the most active hydrazones (4a) on the cell cycle
in comparison with vincristine, a vinca alkaloid that acts by inhi-
bition of tubulin polymerization. The cell cycle dependent DNA
content was determined by flow cytometry using propidium io-
dide in permeabilized cells. Treatment of the cells with 4a led
to a decrease of the peak for cells in the G1/G0 phase and the par-
allel increase of the number of cells in G2/M phase due to the
blockade of the cell cycle in G2/M phase (Fig. 6). This change in
cell cycle distribution was accompanied by the appearance of a
significant fraction of cells with a DNA content lower than that
in G1/G0 cells (sub-G1 fraction). A cell cycle arrest similar to that
of vincristine (0.1 lM) was reached at a concentration of 0.5 lM
of the hydrazone. The comparison with the corresponding alde-
hyde 1a showed that the potency had dropped by one order of
magnitude upon the conversion to the hydrazone (Fig. 7A). Simi-
lar activity was observed for the nicotinoyl hydrazone 6a,
whereas the corresponding trifluoromethyl derivative 6b was
somewhat less potent (Fig. 7B)


The cell cycle arrest can be rationalized by the interference with
the formation of microtubules. Thus, two representative hydra-
zones (4a and 6a) were tested for their effects on tubulin polymer-
ization in a microplate assay. The progression of tubulin
polymerization was measured turbidimetrically at 350 nm over
28 min after the temperature had been raised from 2 to 37 �C. At
a concentration of 5 lM, both hydrazones displayed identical
curves slightly above the control curve (Fig. 8). In this assay, the
reference drug colchicine (5 lM) strongly inhibited tubulin poly-
merization whereas paclitaxel (2 lM) rapidly converted tubulin
to microtubules. Obviously, the hydrazones did not interfere with
the process of tubulin polymerization.


This finding was confirmed by the images obtained by confocal
fluorescence microscopy of U-87 glioma cells treated with 4e
(50 nM). Untreated U-87 MG human glioma cells display the nor-
mal distribution of microtubules (Fig. 9A). In dividing cells their
functional role can be demonstrated (Fig. 9A-a, -b, and -c). Treat-
ment of cells with 10 nM vincristine gave rise to a disruption of
the microtubule network and a loss of its function in the mitotic
process (Fig. 9B). When the cells were treated with the hydrazone
4e (50 nM), the microtubule network was rather similar to that of
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the control cells. The chromosomes showed correct orientation and
mitotic spindles were formed (Fig. 9C).

Figure 6. Flow cytometry analysis of cell cycle. MDA-MB 231 breast cancer cells were ex
content was quantified by the standard propidium iodide procedure, as described in Se
(label d), and to sub-G1 cells (label a), respectively, according to their DNA content.

2.4. Activation of caspase-3


The inhibition of cell growth by the hydrazones 4a and 6a is
accompanied by the occurrence of a substantial sub-G1 fraction
in the cell cycle analysis. This effect is probably due to apoptotic
processes induced in G1 and/or G2 phase. The apoptotic path to cell
death is characterized by the release of cytochrome c from the
mitochondria, the induction of various caspase enzymes, conden-
sation of the chromosomes, and the fragmentation of nuclear
DNA.9 In this study, the cleavage of the fluorogenic caspase-3
selective substrate, acetyl-DMQD-AMC, in HL-60 human leukemia
cells was used as biochemical marker of apoptosis. In a preliminary
experiment, one of the hydrazones (5b) was tested for its ability to
increase caspase-3 and -9 activities within 24 h in HL-60 cells. It
strongly enhanced the cleavage of the caspase-3 and -9 substrates
when applied in a 1 lM concentration. In more detailed investiga-
tions, we studied the effect of four different hydrazones and of eto-
poside on the activation of caspase-3 at dose levels of 100 nM
which is close to the IC50 values, and 500 nM which is two to four-
fold higher than the IC90 values in this cell line (Table 3). At
100 nM, only compound 6a induced caspase activity significantly
while at 500 nM all compounds except 7a and etoposide exerted
a strong increase of caspase activity (Fig. 10). Obviously, the induc-
tion of caspase-3 parallels the antiproliferative effects because at
100 nM only derivative 6a with the lowest IC50 value (50 nM;
IC90, 115 nM) was active, whereas at 500 nM all hydrazones except
7a with the highest IC50 were active. As expected from the IC50 va-
lue (315 nM), etoposide was inactive at both concentrations. The
differences between these two assays regarding the concentrations
required for activity are probably due to the different periods of
treatment (24 h for apoptosis studies vs 48 h for cytoxicities).
These studies together with the flow cytometry data provide

posed to compound 4a in various concentrations and vincristine for 24 h. The DNA
ction 4. Cells are assigned to those in G0/G1- (label b), S- (label c), and G2/M-phase
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strong evidence that apoptosis is the dominant mechanism of cell
death for the title compounds.


2.5. Discussion


The objective of present and previous studies was the replace-
ment of the carbonyl group in the 2-phenylindole-3-carbaldehyde
structure 1 by new structural elements in order to avoid possible
metabolic inactivation reactions and to increase the antimitotic
potency of the 2-phenylindole pharmacophore. The results of this

study showed that the aldehyde function can be converted to
hydrazones by the reaction with aroyl hydrazine without abolish-
ing the antiproliferative activity on cancer cells. Though the var-
iation of substituents in the 2-phenyl ring was restricted to a
small number of aldehydes, we could show that the influence of
these substituents on the antitumor activity of the hydrazones
is parallelled by analogous results in the aldehyde series. The
similarity of the structure–activity relationships suggested a com-
mon mode of action for both aldehydes 1 and the corresponding
hydrazones 5–7. However, when we investigated the mode of ac-
tion of the aroyl hydrazones we found that they must act through
a different mechanism. The aldehydes 1 were shown to inhibit
tubulin polymerization and this action was assumed to be
responsible for the strong antimitotic effects of this class of com-
pounds.6 The corresponding aroyl hydrazones 4–7, however, were
unable of inhibiting tubulin polymerization, but blocked the cell
cycle in G2/M phase as the aldehydes did. This cell cycle arrest
eventually leads to an apoptotic cell death as shown by the
appearance of a substantial sub-G1 fraction in the FACS analysis
and the strong induction of caspase-3 activity at concentration
close to the IC50 values.


The evidence of apoptotic processes, however, does not ex-
clude a competing necrotic death of some of the cells.7 The
images of HL-60 cells obtained by light microscopy exhibited
morphological changes typical for apoptotic processes following
the treatment with the hydrazones at submicromolar concentra-
tions (see Supplementary Material). When HL-60 cells were trea-
ted with 1.0 lM 5b they showed similar morphologies to those
treated with 8.0 lM etoposide after 24 h. It is interesting to note
that a number of the HL-60 cells treated with compounds 4e, 4i,
6a, and 7a developed elongated structures and appear unable to
divide (see Supplementary Material). This is consistent with the
observation that the hydrazones block the cells at the G2/M
interface.


Another interesting aspect of the hydrazones is their activity
against quiescent cells as shown in the experiments with confluent
U-373 MG glioblastoma cells. In this respect their antiproliferative
profile differs from most other cytotoxic drugs.


From the data obtained in this study, the growth inhibitory ef-
fects of the indoles 4–7 can be rationalized as the result of an
apoptotic cell death following the cell cycle arrest in G2/M phase.
However, the reason for the cell cycle blockade is not evident be-
cause the primary target of these indole derivatives is still un-
known. The structure of the 2-phenylindole-based aroyl
hydrazones is unique and does not resemble other compounds
with antimitotic activity. There have been some hydrazones with
antiproliferative activity described in the literature. Most of them
are iron chelators such as 810 or 911 (Fig. 11) that derive from pyr-
idoxal isonicotinoyl hydrazone and inhibit the enzyme ribonucle-
otide reductase, which is essential for cell growth. They usually
arrest cells at the G1/S interface. The aroyl hydrazones 4–7 of this
study, however, are unlikely to form stable complexes with iron
ions because they cannot form a six-membered chelate structure
with the metal. When the cell cycle arrest in G2/M phase is con-
sidered as the important criterion, other hydrazones such as the
2-benzimidazolyl hydrazones of 2-acetylpyridine12 can also be
excluded from the compounds with a related mode of action.


On the basis of the biological profile of the 2-phenylindole-
based hydrazones other compounds were considered as potential
analogues in respect with their biological action. Candidates are
histone deacetylase inhibitors such as trichostatin A13,14 or geni-
stein15 which both increase p21WAF1/CIP1 expression, but they
are only active at very high concentrations. An interesting com-
pound in this respect is ellipticine (10, Fig. 11), a natural product
with an indole substructure that inhibits the growth of MDA-MB
231 breast cancer cells. A variety of mechanisms have been dis-







Figure 9. Effects of vincristine and hydrazone 4e on the organization of cellular microtubule network and nuclear structure of U-87 MG human glioblastoma cells, visualized
by confocal laser fluorescence microscopy. (A) Untreated control cells which undergo normal mitoses as shown in (a–c) ((a) stained tubulin; (b) stained nucleus; (c) merged
images). (B) Vincristine (10 nM) leads to a disturbed and partially degraded tubulin network that has lost its function (a–c). (C) Hydrazone 4e (50 nM) shows an unchanged
microtubule network and normal mitotic spindles (a and c).
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cussed as the reason for its antitumor activity including (i) DNA
intercalation, (ii) inhibition of topoisomerase II, (iii) covalent
alkylation of macromolecules, and (iv) induction of endoplasmic
reticulum stress. Eventually all these actions lead to cell growth
inhibition by cell cycle arrest in G2/M phase and apoptosis by
the activation of caspase-3 and -9.16 It has been postulated that
the cell cycle arrest occurs by reducing the activity of the Cdc2-
cyclin B kinase complex due to down-regulation of multiple G2/
M regulating proteins.16 Though the effect of ellipticine on the
growth of MCF-7 breast cancer cells is nearly identical to that
of MDA-MB 231 cells, significant differences in signal transduc-

tion pathways exist.17 More recently, a carbazole sulfonamide
11 (Fig. 11) was discovered that exhibited a strong antimitotic ef-
fect on various tumor cell lines.18 It also involves an arrest of the
cell cycle in M-phase and induces apoptosis without inhibiting
tubulin polymerization.


The lack of structural analogy of the 2-phenylindole-based aroyl
hydrazones to known compounds with a similar biological profile
makes it difficult to assign a definite molecular target to this class
of compounds. Thus, further investigations are required to analyze
cellular parameters controlling the cell cycle in cells treated with
these 2-phenylindole derivatives.







Table 3
Antiproliferative activities of hydrazones 4e, 4i, 6a, and 7a on HL-60 human leukemia
cells


Compound IC50 ± SDa (nM) IC90 ± SDb (nM)


4e 91 ± 21 164 ± 58
4i 74 ± 24 142 ± 40
6a 50 ± 16 115 ± 59
7a 213 ± 64 333 ± 129
Etoposide 315 ± 72 n.d.c


a 50% inhibition of cell growth after 48 h of treatment as determined by the MTT
assay.


b 90% inhibition of cell growth after 48 h of treatment as determined by the MTT
assay.


c Not determined.
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3. Conclusion


Four different 2-phenylindole-3-carbaldehydes 1a–d which
have previously been characterized as antimitotic agents of high
potency were converted to the corresponding aroyl hydrazones
4–7 to render them stable to possible metabolic transformations
of the aldehyde function and to explore the effect of nitrogen
functionalities in 3-position. The in vitro assays on antiprolifera-
tive activity in human MDA-MB 231 and MCF-7 breast cancer cell
lines revealed that the potencies of the 2-phenylindole-3-carbal-
dehydes decreased only by about one order of magnitude upon
this structural modification. Interestingly, the structure of the ar-
oyl group, benzoyl with various substituents in different posi-
tions, and nicotinoyl and isomers, had only a minor influence
on the potency. Obviously, the (2-phenylindol-3-yl)methylene
imine structure determines the antimitotic activity of these
compounds.


Though the aroyl hydrazones share the same structure–activ-
ity relationships with the aldehydes, their molecular target(s) ap-
pear to be different because they do not interfere with the
polymerization of tubulin, the dominant molecular action of the
2-phenylindole-3-carbaldehydes. Similar as the aldehydes, the ar-
oyl hydrazones block the cell cycle in G2/M phase and drive the
tumor cells into apoptosis as demonstrated by the strong increase
of caspase-3 activity by submicromolar concentrations. The ques-
tion whether the necrotic cell death also plays a role cannot yet
be clearly answered. Contrary to most other cytostatic agents
the aroyl hydrazones of this study are also active against quies-
cent tumor cells as demonstrated in experiments with confluent
U-373 MG glioblastoma cells. The biological characteristics of
these new compounds make them interesting candidates for fur-
ther development as anticancer agents.

4. Experimental


4.1. General methods


Melting points were determined on a Büchi 510 apparatus and
are uncorrected. 1H NMR spectra were recorded in DMSO-d6 on
AC-250, AVANCE300, and AVANCE400 spectrometers (Bruker) with
TMS as internal standard and were in accord with the assigned
structures. Mass spectra were obtained with a MAT SSQ 710A spec-
trometer (Finnigan). Purity of all compounds was checked by TLC.
Elemental analyses were performed by the Mikroanalytisches
Laboratorium, University of Regensburg. The syntheses of the
starting aldehydes 1a5 and 1b–d6 have been described previously.
The required carboxylic acid hydrazides were commercially
available.


4.2. Preparation of 2-phenylindole-3-carbaldehyde aroyl
hydrazones (4–7)


The 2-phenylindole-3-carbaldehydes 1a, 1b, 1c, or 1d (1 mmol),
and the respective carboxylic acid hydrazide (1.2 mmol) were dis-
solved in EtOH (99%; 20 mL). After the addition of anhydrous acetic
acid (4 mL), the mixture was heated under reflux for 1 h. Water
was added to the hot reaction mixture until it turned opaque. On
standing, the product precipitated and was recrystallized from
EtOH.


4.2.1. Benzoic acid [[5-n-butyl-2-(4-methoxyphenyl)indol-3-yl]
methylene]hydrazide (4a)


Light yellow solid (72% yield), mp 218 �C. 1H NMR d 0.93 (t,
3J = 7.3 Hz, 3H, –CH2–CH3); 1.37 (sext, 3J = 7.3 Hz, 2H, –CH2–CH2–
CH3); 1.63 (quin, 3J = 7.5 Hz, 2H, –CH2–CH2–CH2–); 2.70 (t,
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3J = 7.5 Hz, 2H, –CH2–CH2–); 3.85 (s, 3H, –OCH3); 7.07 (dd,
3J = 8.3 Hz, 4J = 1.5 Hz, 1H, indole-H6); 7.15, 7.92 (AA0BB0,
3J = 8.5 Hz, 4H, phenyl-H); 7.33 (d, 3J = 8.2 Hz, 1H, indole-H7);
7.48–7.58 (m, 5H, benzoyl-H); 8.24 (s, 1H, indole-H4); 8.71 (s,
1H, –CH@N); 11.50 (s, 1H, N–H); 11.68 (s, 1H, N–H). Anal. Calcd
for C27H27N3O2: C, 76.21; H, 6.40; N, 9.87. Found: C, 75.48; H,
6.36; N, 9.61.


4.2.2. Benzoic acid [[5-n-butyl-2-[4-(trifluoromethyl)phenyl]
indol-3-yl]methylene]hydrazide (4b)


Light yellow crystals (33% yield), mp 214–216 �C. 1H NMR d 0.94
(t, 3J = 7.3 Hz, 3H, –CH2–CH3); 1.37 (sext, 3J = 7.3 Hz, 2H, –CH2–
CH2–CH3); 1.63 (quin, 3J = 7.6 Hz, 2H, –CH2–CH2–CH2); 2.72 (t,
3J = 7.6 Hz, 2H, –CH2–CH2); 7.14 (dd, 3J = 8.3 Hz, 4J = 1.5 Hz, 1H, in-
dole-H6); 7.39 (d, 3J = 8.3 Hz, 1H, indole-H7); 7.49–7.58 (m, 3H,
benzoyl-H); 7.87, 7.96 (AA0BB0, 3J = 8.3 Hz, 4H, phenyl-H); 7.90–
7.94 (m, 2H, benzoyl-H); 8.28 (s, 1H, indole-H4); 8.73 (s, 1H,
–CH@N); 11.54 (s, 1H, N–H); 11.97 (s, 1H, N–H). Anal. Calcd for
C27H24F3N3O: C, 69.97; H, 5.22; N, 9.07. Found: C, 69.70; H, 5.30;
N, 8.62.


4.2.3. 4-Chlorobenzoic acid [[5-n-butyl-2-(4-methoxyphenyl)
indol-3-yl]methylene]hydrazide (4c)


Light yellow crystals (63% yield), mp 223–226 �C. 1H NMR d 0.93
(t, 3J = 7.3 Hz, 3H, –CH2–CH3); 1.36 (sext, 3J = 7.3 Hz, 2H, –CH2–
CH2–CH3); 1.63 (quin, 3J = 7.5 Hz, 2H, –CH2–CH2–CH2); 2.70 (t,
3J = 7.5 Hz, 2H, –CH2–CH2–); 3.85 (s, 3H, –OCH3); 7.07 (dd,
3J = 8.3 Hz, 4J = 1.6 Hz, 1H, indole-H6); 7.16, 7.95 (AA0BB0,
3J = 8.7 Hz, 4H, phenyl-H); 7.33 (d, 3J = 8.2 Hz, 1H, indole-H7);
7.58 (m, 4H, benzoyl-H); 8.22 (s, 1H, indole-H4); 8.69 (s, 1H,
–CH@N); 11.54 (s, 1H, N–H); 11.68 (s, 1H, N–H). Anal. Calcd for
C27H26N3O2Cl: C, 70.50; H, 5.70; N, 9.14. Found: C, 69.70; H,
5.54; N, 8.97.


4.2.4. 4-Chlorobenzoic acid [[5-n-butyl-2-[4-(trifluoromethyl)
phenyl]indol-3-yl]methylene]hydrazide (4d)


Light yellow solid (69% yield), mp 218 �C. 1H NMR d 0.93 (t,
3J = 7.3 Hz, 3H, –CH2–CH3); 1.37 (sext, 3J = 7.4 Hz, 2H, –CH2–CH2–
CH3); 1.63 (quin, 3J = 7.5 Hz, 2H, –CH2–CH2–CH2–); 2.71 (t,
3J = 7.5 Hz, 2H, –CH2–CH2); 7.14 (dd, 3J = 8.3 Hz, 4J = 1.5 Hz, 1H, in-
dole-H6); 7.39 (d, 3J = 8.3 Hz, 1H, indole-H7); 7.61, 7.95 (AA0BB0,
3J = 8.6 Hz, 4H, phenyl-H); 7.93 (m, 4H, benzoyl-H); 8.26 (s, 1H,
indole-H4); 8.71 (s, 1H, –CH@N); 11.59 (s, 1H, N–H); 11,98 (s, 1H,
N–H). Anal. Calcd for C27H23F3N3OCl: C, 65.13; H, 4.66; N, 8.44.
Found: C, 64.89; H, 5.14; N, 7.50.


4.2.5. 4-Fluorobenzoic acid [[5-n-butyl-2-(4-methoxyphenyl)
indol-3-yl]methylene]hydrazide (4e)


Brownish solid (37% yield), mp 210 �C. 1H NMR d 0.93 (t,
3J = 7.4 Hz, 3H, –CH2–CH3); 1.37 (sext, 3J = 7.4 Hz, 2H, –CH2–CH2–
CH3); 1.63 (quin, 3J = 7.3 Hz, 2H, –CH2–CH2–CH2–); 2.70 (t,
3J = 7.5 Hz, 2H, –CH2–CH2–); 3.85 (s, 3H, –OCH3); 7.07 (dd,
3J = 8.2 Hz, 4J = 1.6 Hz, 1H, indole-H6); 7.16, 7.58 (AA0BB0,
3J = 8.8 Hz, 4H, phenyl-H); 7.23–7.40 (m, 3H, phenyl-H, indole-
H7); 7.86–8.03 (m, 2H, phenyl-H); 8.22 (s, 1H, indole-H4); 8.39,
8.69 (2s, 1H, –CH@N); 11.32, 11.49 (2s, 1H, N–H); 11.58; 11.67
(2s, 1H, N–H). Anal. Calcd for C27H26FN3O2: C, 73.12; H, 5.91; N,
9.47. Found: C, 73.18; H, 5.97; N, 9.44.


4.2.6. 4-Methoxybenzoic acid [[5-n-butyl-2-(4-methoxyphenyl)
indol-3-yl]methylene]hydrazide (4f)


White crystals (71% yield), mp 226–228 �C. 1H NMR d 0.93 (t,
3J = 7.3 Hz, 3H, –CH2–CH3); 1.36 (sext, 3J = 7.4 Hz, 2H, –CH2–CH2–
CH3); 1.63 (quin, 3J = 7.5 Hz, 2H, –CH2–CH2–CH2–); 2.69 (t,
3J = 7.6 Hz, 2H, –CH2–CH2–); 3.83 (s, 3H, –OCH3); 3.85 (s, 3H,
–OCH3); 7.05, 7.16 (AA0BB0, 3J = 8.8 Hz, 4H, phenyl-H); 7.06 (dd,

3J = 6.8 Hz, 4J = 1.6 Hz, 1H, indole-H6); 7.32 (d, 3J = 8.2 Hz, 1H, in-
dole-H7); 7.58, 7.91 (AA0BB0, 3J = 8.7 Hz, 4H, benzoyl-H); 8.23 (s,
1H, indole-H4); 8.69 (s, 1H, –CH@N); 11.38 (s, 1H, N–H); 11.65
(s, 1H, N–H). Anal. Calcd for C28H29N3O3: C, 73.82; H, 6.42; N,
9.22. Found: C, 73.10; H, 6.32; N, 9.10.


4.2.7. 4-Methoxybenzoic acid [[5-n-butyl-2-[4-(trifluoromethyl)
phenyl]indol-3-yl]methylene]hydrazide (4g)


Light yellow solid (73% yield), mp 232 �C. 1H NMR d 0.93 (t,
3J = 7.3 Hz, 3H, –CH2–CH3); 1.37 (sext, 3J = 7.4 Hz, 2H, –CH2–CH2–
CH3); 1.63 (quin, 3J = 7.5 Hz, 2H, –CH2–CH2–CH2–); 2.71 (t,
3J = 7.4 Hz, 2H, –CH2–CH2–); 3.83 (s, 3H, –OCH3); 7.06, 7.91
(AA0BB0, 3J = 8.8 Hz, 4H, phenyl-H); 7.13 (dd, 3J = 8.3 Hz,
4J = 1.4 Hz, 1H, indole-H6); 7.39 (d, 3J = 8.2 Hz, 1H, indole-H7);
7.91 (m, 4H, benzoyl-H); 8.28 (s, 1H, indole-H4); 8.72 (s, 1H,
–CH@N); 11.42 (s, 1H, N–H); 11.94 (s, 1H, N–H). Anal. Calcd for
C28H26F3N3O2: C, 68.14; H, 5.31; N, 8.51. Found: C, 67.54; H,
5.42; N, 8.07.


4.2.8. 3-Methoxybenzoic acid [[5-n-butyl-2-(4-methoxyphenyl)
indol-3-yl]methylene]hydrazide (4h)


Light yellow solid (65% yield), mp 213 �C. 1H NMR d 0.93 (t,
3J = 7.4 Hz, 3H, –CH2–CH3); 1.37 (sext, 3J = 7.4 Hz, 2H, –CH2–CH2–
CH3); 1.63 (quin, 3J = 7.7 Hz, 2H, –CH2–CH2–CH2–); 2.70 (t,
3J = 7.7 Hz, 2H, –CH2–CH2–); 3.83 (s, 3H, –OCH3); 3.85 (s, 3H,
–OCH3); 7.07 (dd, 3J = 8.2 Hz, 4J = 1.6 Hz, 1H, indole-H6); 7.15,
7.59 (AA0BB0, 3J = 8.8 Hz, 4H, phenyl-H); 7.33 (d, 3J = 8.2 Hz, 1H, in-
dole-H7); 7.46 (m, 4H, phenyl-H); 8.24 (s, 1H, indole-H4); 8.71 (s,
1H, –CH@N); 11.45 (s, 1H, N–H); 11.66 (s, 1H, N–H). Anal. Calcd
for C28H29N3O3: C, 73.82; H, 6.42; N, 9.22. Found: C, 73.69; H,
6.36; N, 9.13.


4.2.9. 2-Methoxybenzoic acid [[5-n-butyl-2-(4-methoxyphenyl)
indol-3-yl]methylene]hydrazide (4i)


Light yellow solid (60% yield), mp 179 �C. 1H NMR d 0.87–0.97
(m, 3H, –CH2–CH3); 1.22–1.44 (m, 2H, –CH2–CH2–CH3); 1.63
(quin, 3J = 7.4 Hz, 2H, –CH2–CH2–CH2–); 2.38, 2.70 (t, 3J = 8.0 Hz,
2H, –CH2–CH2–); 3.71, 3.86 (m, 6H, OCH3); 6.90, 7.28 (2dd, 3J = 8.2/
7.4 Hz, 4J = 1.6 Hz, 1H, indole-H6); 7.03, 7.20 (2d, 3J = 8.2/ 7.4 Hz,
indole-H7); 7.12, 7.56 (AA0BB0, 3J = 8.8 Hz, 4H, phenyl-H); 7.05–
7.15 (m, 2H, phenyl-H); 7.30–7.58 (m, 2H, phenyl-H); 8.21, 7.41–
7.58 (s + m, 1H, indole-H4); 8.29, 8.54 (2s, 1H, –CH@N); 11.17,
11.22 (s, 1H, N–H); 11.47, 11.65 (s, 1H, N–H). Anal. Calcd for
C28H29N3O3: C, 73.82; H, 6.42; N, 9.22. Found: C, 73.07; H, 6.37; N,
8.93.


4.2.10. 4-Nitrobenzoic acid [[5-n-butyl-2-(4-methoxyphenyl)
indol-3-yl]methylene]hydrazide (4j)


Brownish solid (87% yield), mp 233 �C (dec). 1H NMR d 0.79,
0.93 (t, 3J = 7.3 Hz, 3H, –CH2–CH3); 1.37 (sext, 3J = 7.3 Hz, 2H,
–CH2–CH2–CH3); 1.63 (quin, 3J = 7.5 Hz, 2H, –CH2–CH2–CH2–);
2.37, 2.70 (t, 3J = 7.6 Hz, 2H, –CH2–CH2–); 3.85 (s, 3H, –OCH3);
6.94, 7.08 (dd, 3J = 8.2 Hz, 4J = 1.5 Hz, 1H, indole-H6); 7.16, 7.59
(AA0BB0, 3J = 8.7 Hz, 4H, phenyl-H); 7.24, 7.34 (d, 3J = 8.1 Hz,
1H, indole-H7); 8.15–8.18 (m, 2H, benzoyl-H); 8.23 (s, 1H, in-
dole-H4); 8.36–8.39 (m, 2H, benzoyl-H); 8.71 (s, 1H, –CH@N);
11.74 (s, 1H, N–H); 11.77 (s, 1H, N–H). Anal. Calcd for
C27H26N4O4: C, 68.92; H, 5.57; N, 11.91. Found: C, 68.57; H,
5.50; N, 11.92.


4.2.11. 4-Nitrobenzoic acid [[5-n-butyl-2-[4-(trifluoromethyl)
phenyl]indol-3-yl]methylene]hydrazide (4k)


Orange solid (80% yield), dec > 235 �C. 1H NMR d 0.79, 0.94 (t,
3J = 7.3 Hz, 3H, –CH2–CH3); 1.18, 1.37 (sext, 3J = 7.3 Hz, 2H, –CH2–
CH2–CH3); 1.64 (quin, 3J = 7.5 Hz, 2H, –CH2–CH2–CH2); 2.38, 2.72
(t, 3J = 7.5 Hz, 2H, –CH2–CH2–); 7.02, 7.15 (dd, 3J = 8.3 Hz,
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4J = 1.5 Hz, 1H, indole-H6); 7.31, 7.40 (d, 3J = 8.3 Hz, 1H, indole-H7);
7.88, 7.97 (AA0BB0, 3J = 8.3 Hz, 4H, phenyl-H); 8.16, 8.38 (AA0BB0,
3J = 8.8 Hz, 4H, benzoyl-H); 8.28 (s, 1H, indole-H4); 8.73 (s, 1H, –
CH@N); 11.65, 11.81 (s, 1H, N–H); 11.91, 12.03 (s, 1H, N–H). Anal.
Calcd for C27H23F3N4O3: C, 63.78; H, 4.56; N, 11.02. Found: C,
63.54; H, 4.54; N, 11.00.


4.2.12. 3-Hydroxybenzoic acid [[5-n-butyl-2-(4-methoxyphenyl)
indol-3-yl]methylene]hydrazide (4l)


White solid (56% yield), mp 181 �C. 1H NMR d 0.93 (t, 3J = 7.3 Hz,
3H, –CH2–CH3); 1.37 (sext, 3J = 7.4 Hz, 2H, –CH2–CH2–CH3); 1.63
(quin, 3J = 7.5 Hz, 2H, –CH2–CH2–CH2–); 2.70 (t, 3J = 7.5 Hz, 2H,
–CH2–CH2–); 3.85 (s, 3H, –OCH3); 6.92–6.97 (m, 1H, phenyl-H);
7.06 (dd, 3J = 8.2 Hz, 4J = 1.6 Hz, 1H, indole-H6); 7.15, 7.58 (AA0BB0,
3J = 8.8 Hz, 4H, phenyl-H); 7.23–7.37 (m, 4H, phenyl-H, indole-
H7); 8.22 (s, 1H, indole-H4); 8.70 (s, 1H, –CH@N); 9.72 (s, 1H,
O–H); 11.40 (s, 1H, N–H); 11.65 (s, 1H, N–H). Anal. Calcd for
C27H27N3O3�H2O: C, 70.57; H, 6.36; N, 9.14. Found: C, 70.40; H,
6.23; N, 9.02.


4.2.13. Pyridine-4-carboxylic acid [[5-n-butyl-2-(4-methoxyphe-
nyl)indol-3-yl]methylene]hydrazide (5a)


Light yellow solid (79% yield), dec > 145 �C. 1H NMR d 0.93
(t, 3J = 7 Hz, 3H, –CH2–CH3); 1.36 (sext, 3J = 7 Hz, 2H,
–CH2–CH2–CH3); 1.63 (quin, 3J = 7 Hz, 2H, –CH2–CH2–CH2–);
2.70 (t, 3J = 7 Hz, 2H, –CH2–CH2–); 3.85 (s, 3H, –OCH3); 7.07 (dd,
3J = 8 Hz, 4J = 2 Hz, indole-H6); 7.33, 7.58 (AA0BB0, 3J = 9 Hz, 4H,
phenyl-H); 7.33 (d, 3J = 8 Hz, 1H, indole-H7); 7.81, 8.77 (AA0BB0,
3J = 6 Hz, 4H, pyridyl-H); 8.22 (s, 1H, indole-H4); 8.70 (s, 1H,
–CH@N); 11.67 (s, 1H, N–H). Anal. Calcd for C26H26N4O2�H2O: C,
70.25; H, 6.35; N, 12.60. Found: C, 70.68; H, 5.99; N, 12.69.


4.2.14. Pyridine-4-carboxylic acid [[5-n-butyl-2-[4-(trifluoro-
methyl)phenyl]indol-3-yl]methylene]hydrazide (5b)


Yellow powder (50% yield), mp 158–160 �C. 1H NMR d 0.93 (t,
3H, 3J = 7 Hz, –CH2–CH3); 1.33 (m, 2H, –CH2–CH2–CH3); 1.63 (m,
2H, –CH2–CH2–CH2–); 2.71 (t, 2H, 3J = 7 Hz, –CH2–CH2–); 7.13
(dd, 1H, 3J = 8 Hz, 4J = 2 Hz, indole-H6); 7.39 (d, 1H, 3J = 8 Hz, in-
dole-H7); 7.89 (m, 4H, phenyl-H); 8.26 (s, 1H, indole-H4); 8.75
(m, 5H, pyridyl-H, –CH@N–); 11.73 (s, br, 1H, N–H); 12.02 (s, br,
1H, N–H). MS; m/z (%) 465 (100, [MH]+); 463 (100, [M�H]�). Anal.
Calcd for C26H23F3N4O�H2O: C, 64.72; H, 5.22; N, 11.61. Found: C,
65.75; H, 4.92; N, 11.01.


4.2.15. Pyridine-4-carboxylic acid [[5-n-butyl-2-(4-ethylphenyl)
indol-3-yl]methylene]hydrazide (5c)


Yellow powder (66% yield), mp 203–204 �C. 1H NMR d 0.93 (t,
3H, 3J = 7 Hz, –CH2–CH3); 1.24 (t, 3J = 7 Hz, –CH2–CH3); 1.36 (m,
2H, –CH2–CH2–CH3); 1.63 (m, 2H, –CH2–CH2–CH2–); 2.70 (m, 4H,
–CH2–CH3 and –CH2–CH2–); 7.08 (dd, 1H, 3J = 8 Hz, 4J = 2 Hz, in-
dole-H6); 7.34 (d, 1H, 3J = 8 Hz, indole-H7); 7.43, 7.55 (AA0BB0, 4H,
3J = 8 Hz, phenyl-H); 8.23 (s, 1H, indole-H4); 8.72 (s, 1H, –CH@N);
7.83, 8.76 (AA0BB0, 4H, 3J = 6 Hz, pyridyl-H); 11.70 (s, br, 1H, N–
H); 11.77 (s, br, 1H, N–H). MS m/z (%) 425 (100, [MH]+), 423
(100, [M�H]�). Anal. Calcd for C27H28N4O�H2O: C, 73.27; H, 6.83;
N, 12.66. Found: C, 74.57; H, 6.77; N, 12.15.


4.2.16. Pyridine-4-carboxylic acid [[2-(4-methoxyphenyl)-5-
methylindol-3-yl]methylene]hydrazide (5d)


Light green solid (84% yield), dec > 145 �C. 1H NMR d 2.45 (s, 3H,
–CH3); 3.85 (s, 3H, –OCH3); 7.06 (d, 3J = 8 Hz, 1H, indole-H6); 7.15,
7.59 (AA0BB0, 3J = 9 Hz, 4H, phenyl-H); 7.31 (d, 3J = 8 Hz, 1H, indole-
H7); 8.22 (s, 1H, indole-H4); 7.83, 8.76 (AA0BB0, 3J = 6 Hz, 4H, pyri-
dyl-H); 8.70 (s, 1H, –CH@N); 12.86 (s, br, 1H, N–H). Anal. Calcd
for C23H20N4O2: C, 71.86; H, 5.24; N, 14.57. Found: C, 70.83; H,
4.97; N, 14.24.

4.2.17. Pyridine-3-carboxylic acid [[5-n-butyl-2-(4-methoxy-
phenyl)indol-3-yl]methylene]hydrazide (6a)


Yellow solid (65% yield), dec > 125 �C. 1H NMR d 0.93 (t,
3J = 7.3 Hz, 3H, –CH2–CH3); 1.37 (sext, 3J = 7.4 Hz, 2H, –CH2–CH2–
CH3); 1.63 (quin, 3J = 7.5 Hz, 2H, –CH2–CH2–CH2–); 2.70 (t,
3J = 7.6 Hz, 2H, –CH2–CH2–); 3.86 (s, 3H, –OCH3); 7.07 (dd,
3J = 8.3 Hz, 4J = 1.6 Hz, 1H, indole-H6); 7.16, 7.58 (AA0BB0,
3J = 8.8 Hz, 4H, phenyl-H); 7.33 (d, 3J = 8.2 Hz, 1H, indole-H7);
7.53 (m, 1H, pyridine-H5); 8.23 (m, 1H, indole-H4); 8.27 (m, 1H,
pyridine-H4); 8.69 (s, 1H, –CH@N–); 8.73 (m, 1H, pyridine-H6);
9.07 (s, 1H, pyridine-H2); 11.64 (s, 1H, N–H); 11.70 (s, 1H, N–H).
Anal. Calcd for C26H26N4O2�H2O: C, 70.25; H, 6.35; N, 12.60. Found:
C, 69.94; H, 5.80; N, 12.44.


4.2.18. Pyridine-3-carboxylic acid [[5-n-butyl-2-[4-(trifluorome-
thyl)phenyl]indol-3-yl]methylene]hydrazide (6b)


Light yellow solid (85% yield), mp 240–241 �C. 1H NMR d 0.94 (t,
3J = 7.3 Hz, 3H, –CH2–CH3); 1.37 (sext,3J = 7.5 Hz, 2H, –CH2–CH2–
CH3); 1.64 (quin, 3J = 7.5 Hz, 2H, –CH2–CH2–CH2–); 2.72 (t,
3J = 7.5 Hz, 2H, –CH2–CH2–); 7.14 (dd, 3J = 8.4 Hz, 4J = 1.3 Hz, 1H,
indole-H6); 7.40 (d, 3J = 8.2 Hz, 1H, indole-H7); 7.57 (m, 1H, pyri-
dine-H5); 7.87, 7.96 (AA0BB0, 3J = 8.4 Hz, 4H, phenyl-H); 8.24–8.44
(m, 2H, pyridine-H4, indole-H4); 8.71 (s, 1H, –CH@N–); 8.73–8.76
(m, 1H, pyridine-H6); 9.08 (s, 1H, pyridine-H2); 11.69 (s, 1H, N–
H); 12.01 (s, 1H, N–H). MS: m/z (%): 465 (100, [MH]+), 463 (100,
[M�H]�). Anal. Calcd for C26H23F3N4O�H2O: C, 64.72; H, 5.22; N,
11.61. Found: C, 64.69; H, 5.33; N, 10.95.


4.2.19. Pyridine-3-carboxylic acid [[5-n-butyl-2-(4-ethylphe-
nyl)indol-3-yl]methylene]hydrazide (6c)


Yellow powder (30% yield), dec > 135 �C. 1H NMR d 0.93 (t, 3H,
3J = 7 Hz, –CH2–CH3); 1.24 (t, 3J = 7 Hz, –CH2–CH3); 1.36 (m, 2H, –
CH2–CH2–CH3); 1.63 (m, 2H, –CH2–CH2–CH2–); 2.70 (m, 4H, –
CH2–CH3 and –CH2–CH2–); 7.08 (dd, 1H, 3J = 8 Hz, 4J = 2 Hz, in-
dole-H6); 7.34 (d, 1H, 3J = 8 Hz, indole-H7); 7.48 (m, 5H, phenyl-
H, pyridine-H5); 8.26 (m, 2H, indole-H4, pyridine-H4); 8.71 (s, 1H,
–CH@N); 8.73 (dd, 1H,3J = 6 Hz, 4J = 2 Hz, pyridine-H6); 9.07 (d,
1H, 4J = 2 Hz, pyridine-H2); 11.64 (s, br, 1H, N–H); 11.74 (s, br,
1H, N–H). MS m/z (%) 425 (100, [MH]+), 423 (100, [M�H]�). Anal.
Calcd for C27H28N4O�H2O: C, 73.27; H, 6.83; N, 12.66. Found: C,
72.66; H, 6.67; N, 12.35.


4.2.20. Pyridine-2-carboxylic acid [[5-n-butyl-2-(4-methoxy-
phenyl)indol-3-yl]methylene]hydrazide (7a)


Light yellow solid (76% yield), mp 182–184 �C. 1H NMR d 0.94 (t,
3J = 7.3 Hz, 3H, –CH2–CH3); 1.37 (sext, 3J = 7.4 Hz, 2H, –CH2–CH2–
CH3); 1.64 (quin, 3J = 7.5 Hz, 2H, –CH2–CH2–CH2–); 2.70 (t,
3J = 7.6 Hz, 2H, –CH2–CH2–); 3.86 (s, 3H, –OCH3); 7.06 (dd,
3J = 8.3 Hz, 4J = 1.6 Hz, 1H, indole-H6); 7.15, 7.62 (AA0BB0,
3J = 8.8 Hz, 4H, phenyl-H); 7.33 (d, 3J = 8.2 Hz, 1H, indole-H7);
7.65 (m, 1H, pyridine-H5); 8.05 (m, 1H, pyridine-H4); 8.13 (m,
1H, pyridine-H6); 8.27 (s, 1H, indole-H4); 8.69 (m, 1H, pyridine-
H3); 8.89 (s, 1H, –CH@N–); 11.66 (s, 1H, N–H); 11.94 (s, 1H, N–
H). Anal. Calcd for C26H26N4O2: C, 73.22; H, 6.14; N, 13.14. Found:
C, 71.96; H, 5.72; N, 12.51.


4.2.21. Pyridine-2-carboxylic acid [[5-n-butyl-2-[4-(trifluorome-
thyl)phenyl]indol-3-yl]methylene]hydrazide (7b)


Yellow solid (71% yield), mp 204 �C. 1H NMR d 0.94 (t,
3J = 7.3 Hz, 3H, –CH2–CH3); 1.37 (sext, 3J = 7.4 Hz, 2H, –CH2–CH2–
CH3); 1.64 (quin, 3J = 7.5 Hz, 2H, –CH2–CH2–CH2–); 2.72 (t,
3J = 7.6 Hz, 2H, –CH2–CH2–); 7.14 (dd, 3J = 8.3 Hz, 4J = 1.6 Hz, 1H,
indole-H6); 7.39 (d, 3J = 8.3 Hz, 1H, indole-H7); 7.65 (m, 1H, pyri-
dine-H5); 7.90, 7.95 (AA0BB0, 3J = 8.8 Hz, 4H, phenyl-H); 8.06 (m,
1H, pyridine-H4); 8.14 (m, 1H, pyridine-H6); 8.32 (s, 1H, indole-
H4); 8.69 (m, 1H, pyridine-H3); 8.96 (s, 1H, –CH@N–); 11.96 (s,
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1H, N–H); 12.04 (s, 1H, N–H). Anal. Calcd C26H23F3N4O: C, 67.23; H,
4.99; N, 12.06. Found: C, 67.24; H, 4.94; N, 11.52.


4.3. Materials and reagents for bioassays


Drugs and biochemicals were obtained from Sigma (Deisenhofen,
Germany) except where noted. All cell lines used (MDA-MB 231 and
MCF-7 breast cancer cells, U-373 glioblastoma cells, and HL-60 leu-
kemia cells) were of human origin, and were obtained from the
American Type Culture collection (ATCC, Rockville, MD, USA).


4.4. Determination of antiproliferative activity


Hormone-independent human MDA-MB 231 breast cancer cells
were grown in McCoy-5a medium, supplemented with L-glutamine
(73 mg/L), gentamycin sulfate (50 mg/L), NaHCO3 (2.2 g/L), and 5%
sterilized fetal calf serum (FCS). At the start of the experiment, the
cell suspension was transferred to 96-well microplates (100 lL/
well). After the cells had grown for 2–3 days in a humidified incuba-
tor with 5% CO2 at 37 �C, medium was replaced by one containing the
test compounds (200 lL/well). Control wells (16/plate) contained
0.1% of DMF that was used for the preparation of stock solutions. Ini-
tial cell density was determined by addition of glutaric dialdehyde
(1% in PBS; 100 lL/well) instead of test compound. After incubation
for about 4 days, the medium was removed and 100 lL of glutaric
dialdehyde in PBS (1%) was added for fixation. After 15 min, the solu-
tion of aldehyde was decanted. Cells were stained by treating them
for 25 min with 100 lL of an aqueous solution of crystal violet
(0.02%). After decanting, cells were washed several times with water
to remove adherent dye. After addition of 100 lL EtOH (70%), plates
were gently shaken for 2 h. Optical density of each well was mea-
sured in a microplate autoreader EL 309 (Bio-tek) at 578 nm.


For hormone-sensitive MCF-7 human breast cancer cells a sim-
ilar procedure to that described for MDA-MB 231 cells was applied
with modifications: Cells were grown in EMEM supplemented with
sodium pyruvate (110 mg/L), gentamycin sulfate (50 mg/L), NaH-
CO3 (2.2 g/L), phenol red, and 10% FCS.


U-373 MG glioblastoma/astrocytoma cells were cultivated under
similar conditions as the MCF-7 cells except that the concentration
of FCS was reduced to 5%. In the experiments with U-373 MG cells
were fixed with glutaric dialdehyde after various times of incubation
and stored in a refrigerator. At the end of the experiment, all plates
were processed simultaneously. For the time–response curves drug
effects were expressed as corrected T/C-values for each group
according to the formula: T/C = (T � C0)/(C � C0) � 100 (%), where T
is the mean absorbance of treated cells, C the mean absorbance of un-
treated cells, and C0 the mean absorbance of control cells at the time
when the test compound was added.


4.5. Flow cytometry


MDA-MB 231 cells were grown to 70–80% confluence on the bot-
tom of a 75 cm2 culture flask. Test substances were dissolved in DMF
and diluted to the required concentrations. The content of DMF in
medium and in controls after 1000 times dilution was set to 0.1%.
For each concentration one culture flask was used. Cells were ex-
posed to test substances for 24 h. This incubation time was necessary
to obtain a sufficient number of cells (5 � 106 cells). After incubation
the cells were trypsinized, centrifuged (250g) in an excess of serum
containing medium for 10 min, and washed with PBS.


The pellets of cells were resuspended in 1 mL of PBS and 9 mL of
70% EtOH (ice cold). EtOH and PBS were removed by centrifuga-
tion, and the cells were washed with PBS. After the addition of
0.5 mL of PBS and 0.5 mL of DNA extraction buffer, the cells were
transferred into Eppendorf cups (2 mL), incubated for 5 min at
room temperature, and centrifuged again. The cells are stained

with 1 mL of propidium iodide solution for at least 30 min at room
temperature and then analyzed by flow cytometry using a FACS-
CaliburTM. For analysis, data files for four parameters were collected
for 8000–15,000 events from each sample. The flow rate was ad-
justed to ca. 300 cells/s for appropriate accuracy. Data were ana-
lyzed by the WinMDI 2.8 software.


4.6. Tubulin polymerization assay on microplates


This assay was performed according to the vendor’s protocol.
Stock solutions of test compounds in DMSO were diluted 1:10 with
G-PEM buffer. Ten microliters of this solution was added to the
corresponding well of a microplate which was warmed in a micro-
plate reader (Tecan) to 37 �C. Ice-cold tubulin was suspended in
cold G-PEM buffer + glycerol (5%) and depolymerized at 0 �C with-
in 1 min. Within 30 s, 100 lL of this solution was added to the
warm solutions of the test compounds on the microplate and the
plate returned to the reader. Absorbance at 355 nm was recorded
at 37 �C for 30 min. Reference drugs were paclitaxel and colchicine;
control wells contained only the solvent (1%).


4.7. Confocal laser scanning microscopy


U-87 MG cells were seeded into 8-well Lab-Tek Chamber Slides
(Nunc, Wiesbaden, Germany). At 75% confluence the culture med-
ium was replaced with medium containing vincristine (10 nM),
hydrazone 4e (50 nM), or the corresponding vehicle (EtOH). The
cells were incubated at 37 �C for 3 h. After removal of the culture
medium the cells were fixed with 4% paraformaldehyde solution
in PBS for 20 min at room temperature. Thereafter each well was
washed three times with PBS supplemented by 0.5% BSA. For per-
meabilization cells were incubated with PBS (+0.5% BSA) contain-
ing 1% Triton-X 100 (Serva, Heidelberg, Germany) for 10 min at
room temperature, and washed three times with PBS (+0.5% BSA).


Nuclei and chromosomes were stained with SYTOXGreen� nu-
cleic acid stain (Molecular Probes, Eugene, OR, USA). Microtubules
were stained using mouse antihuman a-tubulin primary antibody
(Dianova, Hamburg, Germany) and Cy5-conjugated goat anti-
mouse secondary antibody (Molecular Probes). All antibodies were
used in a 1:200 dilution in PBS, containing 0.5% BSA. A Carl Zeiss
Axiovert 200 M LSM510 confocal laser scanning microscope was
employed for acquisition of fluorescence images.


4.8. Caspase-3 activation studies


HL-60 human acute myeloid leukemia cells (DSMZ, Braun-
schweig, FRG) were maintained in logarithmic growth in RPMI
1640 supplemented with 10% FCS, 30 mg/L of penicillin G and
40 mg/L of streptomycin sulfate. For each experiment, apoptosis
was induced by treatment of 3 million cells at 5 � 105 cells/mL
with either an indole derivative or etoposide at either 100 or
500 lM. Cells were incubated in a humid atmosphere of 5% CO2


at 37 �C and the cell lysates were prepared 24 h after treatment.
For the preparation of the cell-free extracts, all steps were per-


formed at 0 �C. Cells were pelleted at 500g for 4 min, washed with
PBS, once again pelleted at 500g for 4 min, and resuspended in
hypotonic Hepes buffer (10 mM Hepes, pH 7.0; 5 mM D,L-dithio-
threitol (DTT); 2 mM Na–EDTA; 0.1% (w/v) CHAPS). After a
20 min incubation on ice, lysates were centrifuged at 10,000g for
10 min. The supernatant was removed while taking care to avoid
the pellet. Forty microliter of aliquots containing 3–7 lg of cyto-
solic protein (estimated by a modified Bradford method) were
pre-incubated with 100 nM of the protease inhibitor benzyloxycar-
bonyl-Asp-Glu-Val-Asp-chloromethylketone (Bachem, Heidelberg,
Germany). The samples were frozen at �32 �C. All experiments
were performed within three weeks of extract preparation.
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Caspase-3 activities were assessed by monitoring by HPLC
the cleavage of a fluorochrome tagged synthetic substrates acet-
yl-Asp-Met-Gln-Asp-7-amino-4-methyl-coumarin (Ac-DMQD-
AMC), synthesized as previously described.19 After thawing of
lysates, 3 lL of the substrate was added (final concentration of
Ac-DMQD-AMC was 1.0 lM). The samples were incubated for
60 min at 30 �C. After this time, 20 lL of sample was injected di-
rectly into an RP-HPLC system (Merck-Hitachi) and the AMC
was separated on a C18 column (Macherey-Nagel CC250/4
Nucleosil 120-5 C18) with a mobile phase of 1:1 acetonitrile/
water containing 0.1% trifluoroacetic acid and set at a flow rate
of 0.7 mL/min. Column temperature was 30�C. Retention time of
AMC was 4.3 min. Quantification of AMC took place with a fluo-
rescence detector (L-7485, Merck) that used an excitation wave-
length of 355 or 400 nm and emission wavelength of 435 nm.
Control experiments (data not shown) confirmed that the re-
lease of AMC was linear for at least 60 min at the conditions
specified. AMC standards of 20–1500 fmol were used to con-
struct a calibration curve so that the amounts of AMC released
could be quantified.


To estimate the specific caspase activity, measurements of
blank (substrate only), negative samples (substrate + cell
lysate + inhibitor), and positive samples (substrate + cell lysate
without inhibitor) were performed. The difference between the
amount of AMC released in the positive and negative samples con-
stituted the specific amount of AMC released by caspase-3. From
each result obtained as fluorescence units (peak area), the blank
values were subtracted. Thus, the final results are presented as
amount of cleaved AMC (pmol/mg min) that can be suppressed
by the selective caspase inhibitor benzyloxycarbonyl-Asp-Glu-
Val-Asp-chloromethylketone.
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Predictive quantitative structure–activity relationship (QSAR) models of anabolic and androgenic activi-
ties for the testosterone and dihydrotestosterone steroid analogues were obtained by means of multiple
linear regression using quantum and physicochemical molecular descriptors (MD) as well as a genetic
algorithm for the selection of the best subset of variables. Quantitative models found for describing
the anabolic (androgenic) activity are significant from a statistical point of view: R2 of 0.84 (0.72 and
0.70). A leave-one-out cross-validation procedure revealed that the regression models had a fairly good
predictability [q2 of 0.80 (0.60 and 0.59)]. In addition, other QSAR models were developed to predict ana-
bolic/androgenic (A/A) ratios and the best regression equation explains 68% of the variance for the exper-
imental values of AA ratio and has a rather adequate q2 of 0.51. External validation, by using test sets, was
also used in each experiment in order to evaluate the predictive power of the obtained models. The result
shows that these QSARs have quite good predictive abilities (R2 of 0.90, 0.72 (0.55), and 0.53) for anabolic
activity, androgenic activity, and A/A ratios, respectively. Last, a Williams plot was used in order to define
the domain of applicability of the models as a squared area within ±2 band for residuals and a leverage
threshold of h = 0.16. No apparent outliers were detected and the models can be used with high accuracy
in this applicability domain. MDs included in our QSAR models allow the structural interpretation of the
biological process, evidencing the main role of the shape of molecules, hydrophobicity, and electronic
properties. Attempts were made to include lipophilicity (octanol–water partition coefficient (log P))
and electronic (hardness (g)) values of the whole molecules in the multivariate relations. It was found
from the study that the log P of molecules has positive contribution to the anabolic and androgenic activ-
ities and high values of g produce unfavorable effects. The found MDs can also be efficiently used in sim-
ilarity studies based on cluster analysis. Our model for the anabolic/androgenic ratio (expressed by
weight of levator ani muscle, LA, and seminal vesicle, SV, in mice) predicts that the 2-aminomethyl-
ene-17a-methyl-17b-hydroxy-5a-androstan-3-one (43) compound is the most potent anabolic steroid,
and the 17a-methyl-2b,17b-dihydroxy-5a-androstane (31) compound is the least potent one of this ser-
ies. The approach described in this report is an alternative for the discovery and optimization of leading
anabolic compounds among steroids and analogues. It also gives an important role to electron exchange
terms of molecular interactions to this kind of steroid activity.
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1. Introduction


Testosterone is the primary male sex hormone. Anabolic and
androgenic steroids are synthetics derived from testosterone,
which is secreted by the testicles as well as, in a small quantity,
by the ovaries and the suprarenal cortex. The masculine (andro-
genic) effects are coupled with an anabolic effect (tissue building).
Testosterone is converted to dihydrotestosterone upon interaction
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with the 5-a reductase enzyme; more specifically, this enzyme re-
moves the C4–5 double bond of testosterone by the addition of
hydrogen atoms to its structure. The removal of this more labile
p bond is important, as in this case it creates a steroid that binds
to the androgen receptor much more avidly than testosterone.1


The general chemical structure of testosterone is based upon
the androstane C19 steroid, consisting of the fused four-ring ste-
roid nucleus (17 carbon atoms, rings A–D) and the two axial
methyl groups (carbon 18 and 19) and the A/B and C/D ring junc-
tions (see Fig. 1).2


Anabolic steroids cause retention of nitrogen, calcium, potas-
sium, chloride, phosphate, and water, as well as the growth of
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Figure 1. Testosterone and dihy

bones.3 These drugs are used in the fast recovery from protein-
wasting disorders. In HIV patients, anabolic steroids are used to
regain lean muscle mass, as well as to prevent organ failure and
secondary immune dysfunction. These compounds have proven
to be an effective oral therapy to promote weight gain after exten-
sive surgery, chronic infections, and severe trauma.4 They are indi-
cated in the treatment of anemia caused by deficient red-cell
production, chronic obstructive pulmonary disease (attributed to
emphysema as well as bronchitis) and metastatic cancer.5,6


The goal of researchers in the anabolic steroid golden age
(1935–1965) was to synthesize a compound that retained a high
degree of anabolic activity coupled with a vastly diminished andro-
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genic activity. In integrating both measures the anabolic index is
used, which relates the ratio of anabolic to androgenic response
for a given steroid. If an anabolic index is greater than one it indi-
cates a higher tendency for anabolic effect and, therefore, the drug
is classified as an anabolic steroid. A measure lower than one, in
turn, assesses the steroid as androgenic.7 At present, the commer-
cially available anabolic compounds were synthesized during the
30 years of anabolic steroid research. Some authors have said that
it is not possible even to generalize which chemical modifications
will reinforce the anabolic activity with a simultaneous decrease in
the androgenic activity.8,9


Vida in 1969 collected a database of steroids with anabolic and
androgenic activities (AASs) evaluated in vivo.10 At present, there is
no other standardized reference, where the values of the anabolic
and androgenic activities be reported for this kind of molecules.
In the database of Vida the AASs appear contained in different ste-
roids families: 17b-hydroxy-5a-androstane, 4,5a-dihydrotestoster-
one, testosterone, and 19-nor-testosterone derivatives.


Recently, we report QSAR models for congeneric series of AASs:
17b-hydroxy-5a-androstane,11 and 4,5a-dihydrotestosterone.12


The predictive approach reported for the dihydrotestosterone

derivatives was improving with regard to the article for the 17b-
hydroxy-5a-androstane derivatives. In the present report the ap-
proach is similar to the one described in dihydrotestosterone
derivatives; but the interpretation of the model QSAR obtained
for this family is different to the one obtained in the previously re-
ported families including some structural considerations in an-
other series of compounds. We report too a robust biosilico
model of linear discriminant analysis (LDA).13 This model was used
to analyze the anabolic/androgenic activity of structurally diverse
steroids and to discover novel AASs, as well as to give a structural
interpretation of their anabolic–androgenic ratio (AAR). We se-
lected a group of 366 steroids10 having as much structural variabil-
ity as possible and containing the four families of compounds
included in the Vida databases. The LDA technique allowed us to
generate general models, capable of discriminating between ste-
roids with high and moderate-low AAR.


The general idea of our work is to develop general models of
classification for steroids with high and moderate-low AAR and
subsequently quantify their anabolic and/or androgenic activities
in the models of multi-linear regression (MLR) according to
the family that belongs to each molecule selected. Finally, our
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approach could help with the future successful identification of
‘real’ or ‘virtual’ AAS steroids.


The main aim of this report was to develop QSAR models in a
testosterone and dihydrotestosterone steroid families by using
quantum and physicochemical molecular descriptors (MDs) as
well as a genetic algorithm as method for the selection of the best
set of variables.


2. Results and discussion


2.1. Construction of training and test sets using hierarchical
cluster analyses


It is well known that the quality of a regression model is highly
dependent on the quality of the selected data set. The most critical
aspect for constructing the training set is to warrant molecular
diversity enough on it. Taking this into account, we selected a data
set of 45 steroids (with both anabolic and androgenic activities)
having a great structural variability. In order to demonstrate the
structural diversity of this data set, we performed a hierarchical
CA of these chemicals.49–51 The hierarchical clustering approach
finds a hierarchy of objects represented by a number of MDs. The
dendrogram given in Figure 2, using the Euclidean distance (X-axis)
and the complete linkage (Y-axis), illustrates the results of the
k-NNCA developed in this set. As it can be seen in the dendrogram,
there are a great number of different subsets, which prove the
molecular variability of the selected chemicals in these databases.


Furthermore, this procedure permits selecting compounds for
the training and test sets, in a representative way, in all levels of
the linking distance. The main idea of this procedure consists in
making a partition of chemicals in several statistically representa-
tive classes of compounds. This procedure ensures that any chem-
ical class (as determined by the clusters) will be represented in
both compound series. This ‘rational’ design of training and pre-
dicting series allowed us to design both sets that are representative

Figure 2. A dendrogram illustrating the results of the hierarchical k-NNCA of the s

of the whole ‘experimental universe’. Moreover, the selection of
the training and prediction sets was performed by taking, in a ran-
dom way, compounds belonging to each cluster. From these 45 ste-
roids, 36 (80% of the data) were chosen at random to form the
training set. The great structural variability of the selected training
set makes possible the discovery of lead compounds. The remain-
ing subseries composed of 9 steroids (20% of the data) was pre-
pared as a test set for the external cross-validation of the models.
These chemicals were never used in the development of the QSAR
models. Figure 3 graphically illustrates the above-described proce-
dure, where cluster analysis was performed to select a representa-
tive sample for the training and test sets.


It should be remarked that, recently, several authors had devel-
oped a classification of steroids using CA,14–16 but this analysis has
been presented only for the benchmark steroids with the corre-
sponding globulin affinity.


A complete discussion of the clustering is out of the context of
the present study, but several interesting features should be noted.
Furthermore, a few relative easy instances, where the similarity is
relatively obvious, may be identified from direct inspection of the
molecular structures. The dendrogram should reflect this high
logic-visual similarity. A very obvious case lies in molecules 22
and 25. These have very similar physicochemical and quantum
chemical properties and, in fact, it is identified in the dendrogram.
A similar case exists between molecules 29 and 30, where the only
difference is the difluoro-methylen group in the same position. The
more interesting cases arise with molecules 32 and 33. They only
differ in the stereoisomerisms of the epoxy group in the same po-
sition. The dendrogram reflects this high similarity. Compounds 40
and 31 also showed high similarity. These four molecules can be
taken as outliers. Therefore, another interesting observation is that
some chemicals remain outliers of any cluster for a very long time
along the clustering procedure. The most prominent example is
four molecules, which are outliers for every cluster, except in the
ultimate stage of the process, where by construction they have to

et of 45 steroids used in the training and prediction sets of the present work.







45 Steroids


Training Set
36 chemicals in total


80%


Test Set
9 chemicals in total


20%


Cluster Analysis


hierarchical


Figure 3. General algorithm used to design training and test sets throughout k-NNCA.
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be taken in a conclusive cluster. This will be well illustrated in this
report in the QSAR development of the different biological
activities.


2.2. Development and validation of the QSAR models


2.2.1. QSAR models for anabolic activity (log(1/LA))
The training set of testosterone and dihydrotestosterone deriv-


atives includes a set of compounds formed by the steroids: 3, 4, 6,
8, 9, 11–21, 23, 24, 26–33, and 36–45 (n = 36, see Fig. 1 and Table 1
for more details).


The variables selected by the genetic algorithm as the best mod-
els of anabolic activity are shown in Eq. 1. In order to compare the
external predictions corresponding to Eq. 1 the steroids: 1, 2, 5, 7,
10, 22, 25, 34, and 35 were chosen as test set (n = 9, see Fig. 1 and
Table 1 for more details). The obtained QSAR model is given below
together with the statistical parameters of both learning and pre-
diction sets:


log ð1=LAÞ ¼ þ0:52ð�0:05Þ log P � 0:87ð�0:07Þnþ 4:30ð�0:38Þ
ð1Þ


n = 36, R2 = 0.84, q2 = 0.80, s = 0.25, F = 81.68, p < 0.001
Test set: n = 9, R2 = 0.90, s = 0.12, F = 72.49.
The R2 (R-square statistic or determination coefficient) indicates


that the model explains 84% of the variance for the experimental
values of log(1/LA). The model has a q2 of 0.80. This value of
q2 > 0.5 can be considered as a proof of the high predictive ability
of the model as well as the good prediction of the test set
(R2 = 0.90). Table 4 shows the correlation between the observed
and predicted anabolic activities from Eq. 1.


2.2.2. QSAR models for androgenic activity: ventral prostate
(log(1/VP)) and seminal vesicle (log(1/SV))


The VP and SV training set of testosterone and dihydrotestoster-
one derivatives consists of the following chemicals: 3, 4, 6, 8, 9,
11–21, 23, 24, 26–33, and 36–45 (n = 36, see Fig. 1 and Table 1
for more details). The variables selected by the genetic algorithm
as the best models of androgenic activity are shown in Eqs. 2 and
3. In order to compare the predictive ability of VP and SV ste-
roid-based models we used a test set composed of by nine com-
pounds ( 1, 2, 5, 7, 10, 22, 25, 34, and 35, see Fig. 1 and Table 1
for more details). The QSAR models obtained for description of
VP and SV, as well as their statistical parameters of both training
and test sets, are depicted below as Eqs. 2 and 3, respectively:


log ð1=VPÞ ¼ 0:42ð�0:07Þ log P � 0:90ð�0:10Þnþ 4:58ð�0:53Þ ð2Þ


n = 36, R2 = 0.72, q2 = 0.60, s = 0.36, F = 33.70, p < 0.001
Test set: n = 9, R2 = 0.72, s = 0.23, F = 18.76.


log ð1=VSÞ ¼ 0:49ð�0:08Þ log P � 0:90ð�0:11Þnþ 4:30ð�0:57Þ ð3Þ


n = 36, R2 = 0.70, q2 = 0.59, s = 0.37, F = 39.41, p < 0.001
Test set: n = 9, R2 = 0.55, s = 0.32, F = 8.61.
The R2 for Eqs. 2 and 3 were 0.72 and 0.70, correspondingly, so


these models explained the 72% and 70% of the variance for the

experimental values of logVP and logSV. These models, Eqs. 2
and 3, also showed high stability to data variation in the LOO
cross-validation procedure (q2 = 0.60 and q2 = 0.59, respectively)
and a good predictive square correlation coefficient of 0.72 and
0.55, correspondingly. Tables 3 and 4 show the correlation be-
tween observed and predicted values of androgenic activities for
a Eqs. 2 and 3, respectively (Tables 5 and 6).


2.2.3. QSAR models of the anabolic/androgenic ratio: (log(1/LA)/
log(1/VP)) and (log(1/LA)/log(1/SV))


In order to design compounds which retain a high degree of
anabolic activity and a vastly diminished androgenic activity, ana-
bolic/androgenic (A/A) ratios: (log(1/LA)/log(1/VP)) and (log(1/
LA)/log(1/SV)) of testosterone and dihydrotestosterone steroids
were estimated. The A/A ratios were quantified using the anabolic
and androgenic activity values shown in Table 1. The training set
includes a set of compounds formed by the steroids: 2–4, 6, 8–
11, 13–22, 24, 25, 27, 29–31, 34, 36–39, and 41–45 (n = 33, see
Fig. 1 and Table 1). The statistical outliers: 2a,3a-epoxy-17b-
hydroxy-5a-androstane (32), 2b,3b-epoxy-17b-hydroxy-5a-andro-
stane (33) and 4,5a-dihydro-D14 testosterone (40), (n = 3, see Fig. 1)
were removed from the database. Outlier detection was carried out
using the following standard statistical tests: residual, standard-
ized residual, Studentized residual, and Cooks distance. The QSAR
models obtained for the A/A ratio apparently do not describe the
stereo-electronic effect of these molecules.


The MDs selected by the genetic algorithm are shown in Eqs. 4
and 5:


log ðð1=LAÞ= log ð1=VPÞÞ ¼ 29:56ð�5:28Þq15� 0:19ð�0:09Þg
þ 4:73ð�0:60Þ ð4Þ


n = 33, R2 = 0.57, q2 = 0.25, s = 0.27, F = 20.70, p < 0.001
Test set: n = 9, R2 = 0.53, s = 0.12, F = 7.00.


log ðð1=LAÞ= log ð1=SVÞÞ ¼ 24:71ð�3:89Þq15� 0:26ð�0:06Þg
þ 4:69ð�0:44Þ ð5Þ


n = 33, R2 = 0.68, q2 = 0.51, s = 0.20, F = 33.99, p < 0.001
Test set: n = 9, R2 = 0.74, s = 0.12, F = 20.14.
The best regression QSAR model for either A/A ratio was ob-


tained by Eq. 5. The R2 indicates that the model explains 68% of
the variance for the experimental values of log((1/LA)/log(1/SV))
ratio and this model has an adequate q2 of 0.51. This value of
q2 > 0.5 can be considered as a proof of the high predictive ability
of the model, the same as the good prediction of the test set
(R2 = 0.74). On the other hand, Eq. 4 depicted an adequate fitness
(R2 = 0.57) but very low predictive power (q2 = 0.25). This value
of q2 < 0.5 can be considered as a proof of the low predictive ability
of the model, the same as the bad prediction of the test set
(R2 = 0.53).


Table 7 shows the observed and calculated logLA/logSV ratio
values as well as residuals from the best regression model (Eq.
5). The model predicts that the 2-aminomethylene-17a-methyl-
17b-hydroxy-5a-androstan-3-one (43) compound is the most







Table 1
The anabolic and androgenic activities for testosterone and dihydrotestosterone derivatives


Compounda log(1/LA) log(1/VP) log(1/SV)


1. Testosterone 1.56 1.45 1.70
2. 17a-Methyl-testosterone 2.06 2.01 1.97
3. 11b-Hydroxy-testosterone 1.60 1.54 1.52
4. 4-Chloro-11b-hydroxy-testosterone acetate 1.83 1.15 1.15
5. 4-Hydroxy-testosterone acetate 1.72 1.45 1.38
6. 11b-Hydroxy-17a-methyl-testosterone 1.60 1.52 1.54
7. 7a,17a-Dimethyl-testosterone 2.16 2.23 2.32
8. 7a-Methyl-testosterone 2.04 1.83 1.56
9. 7a-Methyl-D4-androsten-3,17-dione 2.35 1.79 1.89
10. Testosterone 17-dichloro-acetate 2.54 2.54 2.54
11. 2a-Fluoro-testosterone 1.70 1.30 1.30
12. Androst-4-ene-3,11,17-trione [adrenoterone] 1.85 1.68 1.68
13. 6b-Fluoro-testosterone 1.48 1.48 1.48
14. Testosterone 17-fluorochloro-acetate 2.49 2.37 2.56
15. Testosterone 17-acetate 1.87 1.99 1.97
16. 2,17a-Dimethyl 17b-hydroxy-androsta-1,4,6-trien-3-one 2.48 2.11 2.06
17. 6a,17a-Dimethyl-testosterone 1.76 1.81 1.81
18. Testosterone 17-trimethyl-silyl ether 2.11 2.12 2.32
19. 4-Chloro-testosterone acetate 2.10 1.74 1.68
20. 17a-Methyl-4,5a-dihydro-testosterone 1.41 1.81 1.72
21. 6b-Methyl-4,5a-dihydro-testosterone 1.86 1.90 1.90
22. 6a-Methyl-4,5a-dihydro-testosterone 1.60 1.36 1.54
23. 2a,17a-Dimethyl-4,5a-dihydro-testosterone 2.30 1.70 1.70
24. 2a,6a,17a-Trimethyl-4,5a-dihydro-testosterone propionate 2.30 1.70 1.70
25. 6a,17a-Dimethyl-17b-hydroxy-5a-androstane-3-one 1.70 1.48 1.40
26. 2a-Methoxymethyl-17b-hydroxy-5a-androstan-3-one 1.48 1.00 1.00
27. 2a-Fluoro-17b-hydroxy-5a-androstan-3-one 1.70 1.30 1.30
28. 2a-Methyl-17b-hydroxy-5a-androstan-3-one 1.79 1.38 1.41
29. 2a,3a-Difluoro-methylene-17a-methyl-5a-androstan-17b-ol 1.45 0.70 1.04
30. 2b,3b-Difluoro-methylene-5a-androstan-17b-ol acetate 1.92 1.53 1.62
31. 17a-Methyl-2b, 17b-Dihydroxy-5a-androstane 0.18 �0.30 �0.40
32. 2a,3a-Epoxy-17b-hydroxy-5a-androstane �0.10 �0.30 �0.30
33. 2b,3b-Epoxy-17b-hydroxy-5a-androstane 0.83 0.11 0.11
34. 5a-Androstane-17b-ol-3-one (10-methoxy)cyclo-pentyl ether 2.49 2.09 2.43
35. 5a-Androstane-17b-ol-3-one 17-(10-ethoxy)cyclopentylether 2.48 2.11 2.43
36. 17b-Hydroxy-1a,17a-dimethyl-5a-androstan-3-one-oxime 2.23 1.85 1.81
37. 4,5 a-Dihydro-testosterone 2.03 2.08 2.09
38. 2a-Methyl-17b-propionoxy-5a-androstan-3-one 2.30 1.70 1.70
39. 3a,17b-Dihydroxy-5a-androstane 2.04 2.27 2.13
40. 4,5a-Dihydro-D14 testosterone 1.74 1.92 1.45
41. 2a,3a-Difluoro-methylene-5a-androstan-17b-ol-acetate 2.09 1.43 1.64
42. 2a,17b-Dimethyl-17b-hydroxy-5a-androst-9 (11)-en-3-one 2.18 1.79 1.81
43. 2-Aminomethylene-17a-methyl-17b-hydroxy-5a-androstan-3-one 2.20 1.30 1.30
44. 2[20-(N,N-Dimethyl-amino)ethylamino-methylene]-17a-methyl-5a-androstan-17b-ol-3-one 2.18 1.48 1.48
45. 17b-Hydroxy-5a-androstan-3-one semicarbazone 1.88 1.81 1.72


a Structure of compound give in Figure 1.
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potent anabolic steroid, by contrast, the 17a-methyl-2b,17b-dihy-
droxy-5a- androstane (31) compound is the least potent one of this
series.


2.3. Driving forces for biological activities of testosterone and
dihydrotestosterone derivatives


Interrelations of MDs make difficult the interpretation of the
QSAR model. Therefore, it is well known that the interrelatedness
among the different MDs results in highly unstable regression
coefficients, which makes it impossible to know the relative
importance of an index and underestimates the utility of the
regression coefficient in a model.17 However, in some cases
strongly interrelated descriptors can enhance the quality of a
model, because the small fraction of a descriptor that is not
reproduced by its strongly interrelated pair can provide positive
contributions to the modeling. On the other hand, the coefficients
of the QSAR model based on orthogonal descriptors are stable to
the inclusion of novel descriptors, which permit to interpret the
regression coefficients and to evaluate the role of individual
molecular fingerprints in the QSAR model. Calculated quantum
and physicochemical molecular descriptors were subjected to

an intercorrelation study (see Table 3). Correlation between vari-
ables included in each QSAR model was rather low, indicating
the different information content of each term in these
equations.


The log P is a hydrophobic descriptor related to the pharmaco-
kinetics (mostly due to transfer features across biological mem-
branes) and to the non-covalent interaction origins (van der
Waals and hydrophobic effect) of the biological response.18


It was found that stability of molecules is related to hardness
(g).19 Harness is defined as


g ¼ 1=2�ðELUMO � EHOMOÞ ð6Þ


where, EHOMO and ELUMO are the energies of the highest occupied
and lowest unoccupied molecular orbital, respectively.


Models for anabolic and androgenic activity description (Eqs. 1–
3) explains the steroid transport and the steroid-receptor interac-
tion. It is mostly due to the biological activities expressed by the
log P hydrophobic descriptor (describing the pharmacokinetics of
the series) and electronic descriptor (g). The log P of molecules
has positive contribution to the anabolic and androgenic activities
and negative g term indicates those high values of g producing
unfavorable anabolic and androgenic effects.







Table 2
Quantum and physicochemical parameters values included in the QSAR models of 45
steroids in database


Compounda logP g q15


1 2.53 5.03 �0.09
2 3.91 5.03 �0.09
3 2.85 5.05 �0.09
4 2.88 4.60 �0.09
5 3.06 4.67 �0.09
6 2.93 5.05 �0.09
7 4.24 5.02 �0.09
8 4.17 5.02 �0.09
9 4.69 5.02 �0.09
10 5.04 4.96 �0.09
11 3.86 5.02 �0.09
12 3.75 5.05 �0.09
13 3.53 5.11 �0.09
14 4.70 4.97 �0.09
15 4.20 4.94 �0.10
16 4.01 4.39 �0.09
17 4.24 5.03 �0.09
18 3.95 4.88 �0.09
19 3.87 4.58 �0.09
20 4.01 5.65 �0.08
21 4.26 5.64 �0.08
22 4.26 5.64 �0.08
23 5.66 5.62 �0.08
24 5.99 5.62 �0.09
25 4.34 5.64 �0.08
26 3.77 5.64 �0.08
27 3.96 5.60 �0.08
28 4.50 5.62 �0.08
29 4.72 6.01 �0.08
30 4.77 5.99 �0.08
31 3.80 6.77 �0.13
32 3.50 6.58 �0.08
33 4.50 6.59 �0.08
34 5.68 5.65 �0.09
35 6.02 5.65 �0.08
36 5.00 5.41 �0.08
37 3.93 5.65 �0.08
38 5.59 5.63 �0.09
39 5.49 2.27 �0.09
40 3.50 5.20 �0.15
41 4.77 5.90 �0.09
42 4.14 5.22 �0.08
43 2.80 4.51 �0.08
44 3.19 4.50 �0.09
45 3.45 4.79 �0.09


a Number of compound give in Table 1.


Table 3
Correlation between quantum and physicochemical molecular descriptors included in
the QSAR models


logP g q15


logP 1 0.15 0.37
g 1 0.02
q15 1


Table 4
Experimental and calculated values for the anabolic potency of the compounds given
in Table 1 and Figure 1


Steroida log(1/LA)b Obsd. log(1/LA)c Calcd. Residuald


1* 1.56 1.24 0.32
2* 2.06 1.96 0.10
3 1.60 1.39 0.22
4 1.83 1.79 0.04
5* 1.72 1.82 �0.11
6 1.60 1.43 0.17
7* 2.16 2.14 0.02
8 2.04 2.10 �0.06
9 2.35 2.37 �0.02
10* 2.54 2.60 �0.06
11 1.70 1.94 �0.24
12 1.85 1.86 �0.01
13 1.48 1.69 �0.21
14 2.49 2.42 0.07
15 1.87 2.19 �0.32
16 2.48 2.56 �0.09
17 1.76 2.13 �0.37
18 2.11 2.11 0.00
19 2.10 2.32 �0.22
20 1.41 1.47 �0.06
21 1.86 1.61 0.25
22* 1.60 1.61 �0.01
23 2.30 2.35 �0.05
24 2.30 2.53 �0.23
25* 1.70 1.65 0.04
26 1.48 1.36 0.12
27 1.70 1.49 0.21
28 1.79 1.75 0.04
29 1.45 1.53 �0.08
30 1.92 1.57 0.35
31 0.18 0.39 �0.21
32 �0.10 0.40 �0.49
33 0.83 0.91 �0.08
34* 2.49 2.34 0.15
35* 2.48 2.52 �0.04
36 2.23 2.19 0.04
37 2.03 1.43 0.61
38 2.30 2.31 �0.01
39 0.90 1.23 �0.33
40 1.74 1.60 0.15
41 2.09 1.65 0.43
42 2.18 1.91 0.27
43 2.20 1.84 0.37
44 2.18 2.05 0.13
45 1.88 1.93 �0.05


a Number of compounds given in Table 1 and Figure 1. Chemicals marked with
asterisk in test set.


b Experimental values of the effective dose in levator ani muscle test.
c Values calculated by Eq. 1.
d Observed minus calculated values.
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Finally, Eq. (5) shows that the anabolic/androgenic ratio in-
creases with the increase in the positive charge of atom 15 (ring
C). Again, the negative g suggests that the selectivity lowed with
the increase in the values of this descriptor. The importance of
high values in the positive charge on atom C-15 in the steroid mol-
ecule, as evidenced from this study, corroborates that the 2-ami-
nomethylene-17a-methyl-17b-hydroxy-5a-androstan-3-one (43)
compound is the most potent anabolic steroid, and the 17a-
methyl-2b, 17b-dihydroxy-5a-androstane (31) compound is the
least potent one of this series.


In general, Eqs.1–3 and 5 signify the importance of log P showed
positive contribution in all QSAR models, which implies that the

binding affinity increases with the increase in hydrophobic fea-
tures of compounds until reaching a critical value after which the
affinity decreases. On the other hand, the negative g in the models
suggests that the anabolic and androgenic activities are lowed with
the increase in the values of this descriptor. The importance of the
positive charge of atom 15 (ring C) implies a possible involvement
of steroid electronic properties with the binding site in biological
membranes.


2.3.1. Interpretation with a bit wider scope: brief note on the
domain of applicability of the model


A crucial problem in chemometric and QSAR studies is the def-
inition of the applicability domain (AD) of a classification or regres-
sion model. ‘Not even a robust, significant, and validated QSAR
model can be expected to reliably predict the modeled property
for the entire universe of chemicals. In fact, only the predictions
for chemicals falling within this domain can be considered reliable
and not model extrapolations’.20 The AD is a theoretical region in







Table 5
Experimental and calculated values for the androgenic potency of the compounds
given in Table 1 and Figure 1


Steroida log(1/VP)b Obsd. log(1/VP)c Calcd. Residuald


1* 1.45 1.12 0.33
2* 2.01 1.70 0.32
3 1.54 1.23 0.31
4 1.15 1.65 �0.50
5* 1.45 1.66 �0.21
6 1.52 1.26 0.25
7* 2.23 1.85 0.39
8 1.83 1.82 0.02
9 1.79 2.03 �0.24
10* 2.54 2.23 0.31
11 1.30 1.68 �0.38
12 1.68 1.61 0.07
13 1.48 1.46 0.02
14 2.37 2.08 0.28
15 1.99 1.90 0.09
16 2.11 2.31 �0.20
17 1.81 1.84 �0.02
18 2.12 1.85 0.28
19 1.74 2.08 �0.34
20 1.81 1.18 0.62
21 1.90 1.30 0.61
22* 1.36 1.30 0.06
23 1.70 1.90 �0.20
24 1.70 2.04 �0.34
25* 1.48 1.33 0.15
26 1.00 1.09 �0.09
27 1.30 1.21 0.09
28 1.38 1.41 �0.03
29 0.70 1.15 �0.45
30 1.53 1.20 0.33
31 �0.30 0.08 �0.38
32 �0.30 0.13 �0.43
33 0.11 0.54 �0.43
34* 2.09 1.89 0.20
35* 2.11 2.03 0.09
36 1.85 1.81 0.04
37 2.08 1.15 0.93
38 1.70 1.87 �0.17
39 1.11 0.94 0.18
40 1.92 1.37 0.55
41 1.43 1.28 0.15
42 1.79 1.62 0.17
42 1.30 1.70 �0.40
44 1.48 1.87 �0.40
45 1.81 1.72 0.08


a Number of compounds given in Table 1 and Figure 1. Chemicals marked with
asterisk in test set.


b Experimental values of the effective dose in ventral prostate test.
c Values calculated by Eq. 2.
d Observed minus calculated values.


Table 6
Experimental and calculated values for the androgenic potency of the compounds
given in Table 1 and Figure 1


Steroida log(1/SV)b Obsd. log(1/SV)c Calcd. Residuald


1* 1.70 1.01 0.69
2* 1.97 1.69 0.28
3 1.52 1.15 0.37
4 1.15 1.57 �0.42
5* 1.38 1.59 �0.21
6 1.54 1.19 0.35
7* 2.32 1.86 0.46
8 1.56 1.83 �0.27
9 1.89 2.08 �0.19
10* 2.54 2.30 0.24
11 1.30 1.67 �0.37
12 1.68 1.59 0.09
13 1.48 1.43 0.05
14 2.56 2.13 0.42
15 1.97 1.91 0.06
16 2.06 2.31 �0.25
17 1.81 1.85 �0.04
18 2.32 1.85 0.47
19 1.68 2.07 �0.39
20 1.72 1.18 0.53
21 1.90 1.32 0.59
22* 1.54 1.32 0.23
23 1.70 2.02 �0.32
24 1.70 2.18 �0.48
25* 1.40 1.36 0.04
26 1.00 1.08 �0.08
27 1.30 1.20 0.10
28 1.41 1.45 �0.03
29 1.04 1.20 �0.16
30 1.62 1.25 0.37
31 �0.40 0.07 �0.47
32 �0.30 0.09 �0.39
33 0.11 0.58 �0.46
34* 2.43 2.00 0.43
35* 2.43 2.17 0.26
36 1.81 1.88 �0.07
37 2.09 1.14 0.95
38 1.70 1.98 �0.28
39 1.11 0.94 0.18
40 1.45 1.33 0.12
41 1.64 1.33 0.31
42 1.81 1.63 0.18
42 1.30 1.62 �0.32
44 1.48 1.82 �0.34
45 1.72 1.68 0.04


a Number of compounds given in Table 1 and Figure 1. Chemicals marked with
asterisk in test set.


b Experimental values of the effective dose in seminal vesicle test.
c Values calculated by Eq. 3.
d Observed minus calculated values.
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chemical space, defined by the model descriptors and modeled
response, and thus by the nature of the chemicals in the training
set, as represented in each model by specific molecular descriptors.
That is to say, AD of the QSAR model is ‘the range within which it
tolerates a new molecule’.21


It is generally acknowledged that QSARs are valid only within
the same domain for which they were developed. In fact, even if
the models are developed on the same chemicals, the AD for new
chemicals can differ from model to model, depending on the spe-
cific descriptors. However, model validation is sometimes ne-
glected, and the application domain is not always well defined.22


The purpose of this section is to outline how validation and do-
main definition determines in which situation it is correct to use
the model. The aim of the present work was to develop a model
for predicting A/A ratios of steroids at early stages of drug discov-
ery and development. In consonance, we selected only testosterone
and dihydrotestosterone analogues. Consequently, one may not
pretend to extrapolate the use of these models to other kinds of

class-steroids making uncertain predictions in conditions very dif-
ferent to those fixed to derive the model.23 It is important to note
that in multiple predictor models, simple single-variable range
checks are not sufficient to verify AD. At present, there are several
approaches to evaluate the DA of QSAR models. For RLM, a multiple
predictor problem with normally distributed data, the distance-
based measures, like leverage is one of most used. Through the
leverage approach24 it is possible to verify whether a new chemical
will lie within the structural model domain. The leverage h25 of a
compound measures its influence on the model. That is, leverage
used as a quantitative measure of the model AD is suitable for eval-
uating the degree of extrapolation, which represents a sort of com-
pound ‘distance’ from the model experimental space. Leverage
values can be calculated for both training compounds and new
compounds. In the first case, they are useful for finding training
compounds that influence model parameters to a marked extent,
resulting in an unstable model. In the second case, they are useful
for checking the applicability domain of the model.20,21 The warn-







Table 7
log(1/LA)/log(1/SV) ratio: observed (Obs.), predicted (Pred.) values and residual from
Eq. 5


Compounda log(1/LA)/log(1/SV) Exp.b log(1/LA)/log(1/SV) Calcd.c Residuald


1* 0.92 1.09 �0.17
2 1.04 1.08 �0.03
3 1.06 1.21 �0.15
4 1.60 1.29 0.30
5* 1.24 1.27 �0.03
6 1.04 1.19 �0.15
7* 0.93 1.19 �0.26
8 1.31 1.20 0.11
9 1.24 1.12 0.13
10 1.00 1.21 �0.21
11 1.31 1.21 0.09
12* 1.10 1.16 �0.06
13 1.00 1.16 �0.16
14 0.98 1.11 �0.13
15 0.95 0.98 �0.03
16 1.20 1.38 �0.18
17 0.97 1.19 �0.22
18 0.91 1.16 �0.25
19 1.25 1.29 �0.05
20 0.82 1.23 �0.40
21 0.98 1.23 �0.25
22 1.04 1.23 �0.19
23* 1.35 1.23 0.12
24 1.35 1.07 0.29
25 1.22 1.23 �0.01
26* 1.48 1.23 0.25
27 1.31 1.24 0.07
28* 1.27 1.23 0.03
29 1.39 1.12 0.27
30 1.19 1.13 0.05
31 �0.44 �0.28 �0.16
32e 0.32 0.96 �0.64
33e 7.25 0.96 6.29
34 1.02 0.99 0.04
35* 1.02 1.23 �0.21
36 1.23 1.29 �0.06
37 0.97 1.23 �0.25
38 1.35 1.04 0.31
39 0.81 0.91 �0.10
40e 1.20 �0.32 1.52
41 1.27 0.92 0.35
42 1.21 1.35 �0.14
43 1.69 1.55 0.15
44 1.47 1.31 0.16
45 1.09 1.27 �0.18


a Number of compounds given in Table 1 and Figure 1. Chemicals marked with
asterisk in test set.


b Experimental values of the effective log(1/LA)/log(1/SV) ratio.
c Values calculated by Eq. 5.
d Observed minus calculated values.
e Statistical outliers.
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ing leverage, h*, is a critical value or cut-off to consider the prediction
made for the model for specific compounds in data set. The lever-
age h* can be defined as 3x p0/n, where n is the number of training
chemicals and p0 is the number of model parameters plus one.20,21


Prediction should be considered unreliable for compounds of high
leverage value (h > h*). A leverage greater than the warning lever-
age h* means that the compound-predicted response can be
extrapolated from the model, and therefore, the predicted value
must be used with great care. Only predicted data for chemicals
belonging to the chemical domain of the training set should be pro-
posed. However, this fact can be see for two points of view taking
into consideration the set of compounds evaluated. For example,
when the leverage value of a compound is lower than the critical
value, the probability of accordance between predicted and actual
values is as high as that for the training set chemicals (good lever-
age). Conversely, a high leverage chemical in the test set is struc-
turally distant from the training chemicals (bad leverage), thus it
can be considered outside the AD of the model.

To visualize the AD of a QSAR model, a double ordinate Carte-
sian plot of cross-validated residuals (first ordinate), standard
residuals (second ordinate), and leverage (Hat diagonal: abscissa)
values (h) defined the domain of applicability of the model as a
squared area within ±2 band for residuals and a leverage threshold
of h = 0.16 for androgenic activity (Eq. 2). This plot, the so-called
Williams scheme can be used for an immediate and simple graph-
ical detection of both the response outliers (i.e., compounds with
CV standardized residuals greater than two standard deviation
units, >2r) and structurally influential chemicals in a model
(h > h*). For instance, Figure 4 shows the Williams plot of Eq. (2)
(for describing androgenic activity of steroids included in this
study) as an example. As can be noted in Figure. 4, almost all ste-
roids used lie within this area. Actually, some chemicals like 40 and
41 have leverage higher than the threshold but show jack-knifed
residuals and standard residuals within the limits. That is to say,
newer steroids were wrongly predicted (>2r); it is any chemical
completely outside the AD of the model, as defined by the Hat ver-
tical line (high h leverage value). Thus, there do not exist any com-
pounds that are both a response outlier and a high leverage
chemical. Two other chemicals, 42 and 44, (squares at 0.16 h)
slightly exceed the critical hat value (vertical line) but are very
close to other chemicals of the training set, slightly influential in
the model development: the predictions for new compounds in
this tense situation (for instance, included in a external test set)
can be considered as reliable as those of the training chemicals
and the possible erroneous prediction could probably be attributed
to wrong experimental data rather than to molecular structure. In
closing, no apparent outliers were detected and the model can be
used with high accuracy in this applicability domain.23,24

3. Conclusions


In the present report, predictive QSAR models for biological
activity of the testosterone and dihydrotestosterone steroid family
were obtained by a multiple linear regression analysis. The em-
ployed MDs were quantum-calculated, as well as physicochemical
properties, in relation to anabolic and androgenic activities. Genet-
ic algorithms were used as a variable selection method. The devel-
oped QSAR models allow the identification, selection and future
design of new steroid molecules with increased anabolic activities.
MDs included in the reported models allow the structural interpre-
tation of the biological process, evidencing the main role of the
shape of molecules, its hydrophobicity and its electronic properties
too.


The selected QSAR equation for anabolic and androgenic activ-
ities explains the steroid transport and the steroid-receptor inter-
action. It is mostly due to the biological activities expressed by
the log P hydrophobic descriptor (describing the pharmacokinetics
of the series) and electronic descriptor (g). The log P of molecules
has positive contribution to the anabolic and androgenic activities
and negative g term indicates those high values of g producing
unfavorable anabolic and androgenic effects.


The model of anabolic/androgenic ratio (expressed by weight of
levator ani muscle, LA, and seminal vesicle, SV, in mice) predicts
that the 2-aminomethylene-17a-methyl-17b-hydroxy-5a-andro-
stan-3-one (43) compound is the most potent anabolic steroid,
and the 17a-methyl-2b,17b-dihydroxy-5a-androstane (31) com-
pound is the least potent one of this series.


The CA was also applied to this set of steroid molecules, and was
found to give much extra information on the clustering of the com-
pounds. This information is not readily visible from the original
MDs, enhancing the information contained in the dendrogram.
The models described in this study are an alternative for the dis-
covery and optimization of leading anabolic compounds.







Figure 4. William plot of Eq. 2: outlier will be chemicals are points with jack-knifed (CV standardized) residuals greater than two standard deviation units; influential
chemicals are points with high leverage values higher than the threshold or cut-off value h* = 0.16.
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4. Methods


4.1. Data set for QSAR studies


In the present work, the inverse logarithm of the biological
activity was used in order to establish classical QSAR correlation
equations. A data set of 45 steroids with anabolic and androgenic
activities determined in vivo was taken from the literature.10 At
present, there is no other standardized reference where the values
of the anabolic and androgenic activities are reported for these
kinds of molecules. In the determination of the anabolic and andro-
genic activities, researchers isolated three organs from each rat:
the seminal vesicle (SV), the ventral prostate (VP), and the levator
ani muscle (LA).


These organs were all weighted and a comparison between the
active groups and the placebo groups was made. The differences in
weight of the seminal vesicles and the ventral prostates represent
the androgenic activity, while the difference in weight of the leva-
tor ani muscle in the control and active group represents the ana-
bolic activity. The experimental values of these biological activities
and molecular structures for all steroids are shown in Table 1 and
Figure 1, respectively.


The data set was divided randomly into three training sets
(n = 36, 80% of the data): (1) steroids with anabolic activity, ex-
pressed by log(1/LA), (2) steroids with androgenic activity, ex-
pressed by log(1/VP) and by log(1/SV), and (3) anabolic/
androgenic (A/A) ratios, expressed by [log(1/LA)/log(1/VP)] and
[log(1/LA)/log(1/SV)]. The predictive ability of each model was
then evaluated by test sets including the remaining steroids
(n = 9, 20% of data): (1) test set for anabolic activity, (2) test set
for androgenic activity, and (3) test set for A/A ratios. The A/A
experimental ratios were quantified using the anabolic and both
androgenic activity values shown in Table 1. A group of statistical
outliers was removed from the data set as it will be discussed
below.

4.2. Molecular descriptors for QSAR analysis


A large number of MDs are usually used in QSAR methods.26,27


The specific biological action of drugs is frequently described by

hydrophobic, electronic, and steric properties. The hydrophobic
properties express the ability of a molecule to be transported
through the organism in order to interact with biological mem-
branes and to be bound to the receptor by van der Waals
forces.28–30 We considered as hydrophobic descriptor the loga-
rithm of the octanol–water partition coefficient (log P).31,32 Elec-
tronic and steric properties characterize the pharmacodynamic
properties in the ligand–receptor interaction. They define the abil-
ity of the drug to join the receptor.29 Calculated electronic descrip-
tors by quantum mechanical procedures were: (1) hydration
energy (EH2O),33 (2) polarizability (P),34 (3) dipole moment (l), (4)
electronic energy (E), (5) total energy (ET), (6) HOMO (highest
occupied molecular orbital) eigenvalue, (7) LUMO (lowest unoccu-
pied molecular orbital) eigenvalue, (8) net atomic charges of C
atoms 1–17 in the steroid backbone (q1 to q19),35 electrophilicity
index (x), chemical hardness (g), and softness (S).36 Electronic
descriptors were calculated with MOPAC 6 software37 using the
parametric method 3 (PM3) semi-empirical Hamiltonian37 after
the full geometrical optimization of each molecule. Steric proper-
ties were: (1) approximate surface area (ASA), (2) grid surface area
(GSA) (calculated by two methods: a fast approximate method and
a slower grid-based method), (3) molar volume (VM) (calculated
by bounded van der Waals or solvent-accessible surfaces, using a
grid method),37,38 and (4) molar refractivity (MR).39


The MDs calculated in the present work and that were included
in QSAR models are given in Table 2. Correlations among physico-
chemical parameters are listed in Table 3.


4.3. Chemometric analysis


All hydrophobic, electronic, and steric properties were used as
MDs for derived QSARs. One of the difficulties with the large num-
ber of MDs is deciding which ones will provide the best regres-
sions. Furthermore, as testing a large number of all possible
combinations of variables would be a tedious task and time-con-
suming procedure, we have used an input selection by genetic
algorithm (GA).40,41 GA is a class of algorithms inspired by the pro-
cess of natural evolution in which species having a high fitness un-
der some conditions can prevail and survive the next generation;
the best species can be adapted by cross-over and/or mutation in
the search for better individuals. Therefore, a GA is a metaheuristic
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method for the optimization of functions.42 A population of poten-
tial solutions is refined iteratively by employing a strategy inspired
by the Darwinist method (natural selection). The selection method
from a population of potential solutions, with preference to the ‘fit-
test’ individuals, has given this type of algorithm the name ‘genet-
ic’, or some times ‘evolutionary’. The individuals in a population
are often called ‘chromosomes’, which one built out of ‘genes’ that
represent the properties of the individual, and the function to opti-
mize is referred to as a ‘fitness’ function. Each iteration is called a
‘generation’. In the case of feature selection, for instance, a chromo-
some is made by a very high number of genes (as many as the vari-
ables) each of them being just 1 bit long (0, variable absent; 1,
variable present).43


The BuildQSAR44 software was employed to perform variable
selection and QSAR modeling. The mutation probability was spec-
ified as 35%. The length of the equations was set for three or four
terms (according to the models sought-after) and a constant. The
population size was established as 100. The GA with an initial pop-
ulation size of 100 rapidly converged (200 generations) and
reached an optimal QSAR model in a reasonable number of GA gen-
erations. The search for the best model can be processed in terms
of the highest correlation coefficient (R) or F-test (Fisher-ratio’s
p-level p(F)) equations, and the lowest standard deviation (s) equa-
tions.45 The quality of models was also determined by examining
the leave-one-out (LOO) cross-validation (CV) (q2). Many authors
consider high q2 values (for instance, q2 > 0.5) as an indicator or
even as the ultimate proof of the high predictive power of a partic-
ular QSAR model.46,47 Nevertheless, in a recent paper Golbraikh
and Tropsha demonstrated that high values of q2 appear to be a
necessary but not sufficient condition for the model to have a high
predictive power.48 Therefore, in addition to this statistical value,
we also used an external prediction test set. This type of model val-
idation is very important, if we take into consideration that the
predictive ability of a QSAR model can be estimated using only
an external test set of compounds (in the model range), which
was not used for building the model itself.49


4.4. Clustering


Cluster analysis (CA) encompasses a number of different classi-
fication algorithms and it permits to organize the observed data
into meaningful structures. Conceptually, the approach used by
CA in order to address this problem can be described well by the
saying ‘birds of a feather flock together’.50 Many CA algorithms
have been invented and they belong to two categories: hierarchical
clustering and partitional (non-hierarchical) clustering. Hierarchi-
cal clustering rearranges objects in a binary tree-structure (joining
clustering) and these methods are implemented in an either
agglomerative (bottom-up) or divisive (top-down) procedure. On
the other hand, the partitional clustering assumes that the objects
have non-hierarchical characters.51,52


Most popular partitional cluster algorithms are k-mean cluster
algorithms (k-MCA) and Jarvis–Patrick (also known as k-nearest
neighbor cluster algorithm; k-NNCA) algorithms. k-Mean cluster-
ing algorithms use an interchange (or switching) method to divide
n data points into k groups (clusters) so that the sum of distances/
dissimilarities among the objects within the same cluster is mini-
mized. The k-mean approach requires that k (the number of clus-
ters) is known before clustering. The Jarvis–Patrick method
requires the user specifies the number of nearest neighbors, and
the number of neighbors in common to merge two objects. Jar-
vis–Patrick method is a deterministic algorithm; it does not require
iterations for computations.51,50


In order to design training and test series and to demonstrate
the structural diversity of the present database, we carried out
one of these kinds of cluster analyses (k-NNCA) for steroid series.

The STATISTICA VER. 5.5, software package53 was used to develop
these CA.


In this study, we used the ‘average linkage’ metric as the meth-
od to merge objects into clusters. The average linkage distance be-
tween two clusters is defined as the average (squared Euclidean)
distance between pairs of objects, one in each cluster. Average link-
age tends to join clusters with small variances and produces clus-
ters with roughly the same variance.
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GenBank/DNA sequence linking. In the final version of the electronic


copy, accession numbers in the text can be linked to the appropriate


source in the NCBI databases. Please refer to the full-length Guide for


Authors for details.
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