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Abstract—The preparation of the sulfoxide analogues 2 and 4, and their enantiomeric pure forms is discussed as well as their poten-
tial to act as prodrugs to the potent and selective sulfone-containing COX-2 inhibitors rofecoxib and etoricoxib. Sulfoxides 2 and 4
were shown to be effectively transformed in vivo into rofecoxib and etoricoxib, respectively, after oral administration in rats. In the
case of sulfoxide 2, both a slightly improved pharmacokinetic profile and a better pharmacological activity in an arthritis model were
seen when compared with rofecoxib.
� 2006 Elsevier Ltd. All rights reserved.

In a previous publication we disclosed the potential
advantages in the use of arylsulfoxides as prodrugs of
arylsulfones.1 Continuing our efforts in the design of
arylsulfoxides as potential prodrugs for the prototypical
sulfones found in the field of COX-2 inhibitors, we
selected the widely known drugs rofecoxib (Vioxx�)
and etoricoxib (Arcoxia�) in order to explore the prop-
erties of the corresponding racemic and enantiomeri-
cally pure sulfoxides.
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The synthetic strategy employed to prepare the sulfoxide
derivatives was based on the racemic or enantioselective
oxidation of the corresponding thioethers.2 Thus, in the
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case of rofecoxib, the potential sulfoxide prodrug 4-[4-
(methylsulfinyl)phenyl]-3-phenylfuran-2(5H)-one (2)
was prepared according to Scheme 1. The thioether 1
was synthesized by condensation of phenylacetic acid
with the bromoacetophenone 5. Using protocols previ-
ously described in these laboratories,1 the thioether 1
was oxidized in racemic fashion with NaIO4 (81%) or in
an enantioselective manner with (R,R)- or (S,S)-DET.
Based upon evidence accumulated from a previous publi-
cation,1 it was assumed in this study that the (R)-sulfoxide
was obtained when (R,R)-DET was used as chiral source,
while the use of (S,S)-DET provided the (S)-sulfoxide.
The enantiomeric excesses, as determined by capillary
electrophoresis (CE), were found to be 100% for the
(R)-sulfoxide and 93.4% for the (S)-sulfoxide.


In a similar fashion, the synthesis of the potential sulfox-
ide prodrug of etoricoxib, 2-pyridinyl-3-(4-methylsulfi-
nyl)phenylpyridine (4), was successfully accomplished
as outlined in Scheme 2. The key synthetic step in the
preparation of 4 was the selective palladium-catalyzed
cross-coupling reaction of the dichloropyridine 7 (pre-
pared from the known intermediate 63) employing the
pyridinyl stannane 83 as the organometallic partner.


The thioether 3 was chemoselectively oxidized to the
racemic sulfoxide using NaIO4 (70%) (Scheme 2) or in
an enantioselective manner with (R,R)- or (S,S)-DET
(Scheme 3), obtaining in both cases the exclusive oxida-
tion of the sulfur atom according to the 1H NMR data.
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Scheme 1. Reagents and conditions: (a) Phenylacetic acid, K2CO3, 18-crown-6, CH3CN; (b) NaIO4, MeOH–H2O (2:1); (c) Ti(OiPr)4/(R,R)-DET


(1:4), t-BuOOH, 1,2-DCE, �20 �C; (d) Ti(OiPr)4/(S,S)-DET (1:4), t-BuOOH, 1,2-DCE, �20 �C.
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Scheme 2. Reagents: (a) i—TFA, ii—POCl3; (b) Pd(PPh3)4, NMP; (c) NaIO4, MeOH–H2O (2:1).
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Scheme 3. Reagents and conditions: (a) Ti(OiPr)4/(R,R)-DET (1:4), t-BuOOH, 1,2-DCE, �20 �C; (b) Ti(OiPr)4/(S,S)-DET (1:4), t-BuOOH,
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The enantiomeric excesses, as determined by CE, were
found to be 100% for both the (R)-4 and the (S)-4
sulfoxides.


All final compounds described herein were tested for
their ability to inhibit human COX-1 and COX-2 using
the whole blood assay described by Patrignani et al.4 All

the sulfoxides except the (R)-4 enantiomer of etoricoxib
showed COX-2 activity in their own right. The selectiv-
ity ratio COX-1/COX-2 of all the sulfoxide prodrugs
tested was similar (Table 1).


Metabolic stability was found to be higher in human
than in rat microsomes for all the sulfoxides tested.







Table 3. Therapeutic activity


Compound Adjuvant arthritis


% inhibition (dose) (mg/kg)


Pyresis % inhibition


(dose (mg/kg))


2 72% (0.3) 56% (1)


Rofecoxib 41% (0.3) 48% (1)


4 67% (1) 49% (3)


Etoricoxib 60% (1) 81% (3)


Data are indicated as percentage of inhibition with dose (mg/kg) in


parentheses. Since SEM values never exceeded 15% of the media, they


have been omitted.


rat, 1 mg/kg p.o.
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Figure 1. Plasma concentrations of sulfoxide 2 (prodrug) and sulfone


rofecoxib (drug) after oral administration of prodrug or drug at 1 mg/


kg to male Wistar rats as a suspension of 0.5% methylcellulose and


0.1% Tween 80. Each data point represents the mean ± SD of two to


three values.


Table 1. In vitro inhibitory activities against COX-2 and COX-1/


COX-2 selectivities in human whole blood


Compound COX-2 IC50 or % inhibition


(concentration (lM))


Selectivity ratio


COX-1/COX-2


2 4.93 7


(R)-2 4.22 8


(S)-2 2.10 18


Rofecoxib 0.76 15


4 3.70 12


(R)-4 24.4 (10) <2


(S)-4 3.50 22


Etoricoxib 0.81 122
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These results suggest that the metabolism of these com-
pounds is mediated by an isoenzyme with species-depen-
dent activity. In each case, no significant differences in
the extent of metabolism were found between the
R- and S-enantiomers and the corresponding racemic
sulfoxide (Table 2). Data obtained from pooled human
liver microsomes showed that the sulfoxides studied
were converted mainly into the corresponding sulfones
(rofecoxib and etoricoxib) (data not shown).


A comparison of the racemic sulfoxide 2 with the corre-
sponding sulfone (rofecoxib) shows that at both acidic
and neutral pH a marked increase in solubility is at-
tained going from sulfone to sulfoxide. Likewise, at neu-
tral pH the solubility of sulfoxide 4 was higher than that
of the corresponding sulfone (etoricoxib), while at acidic
pH both sulfoxide 4 and sulfone showed similarly good
solubility (Table 2).


Therapeutic activities were assessed for the racemic sulf-
oxides and the corresponding sulfones in the yeast-in-
duced pyresis model and the adjuvant-induced arthritis
model. The yeast-induced pyresis in a therapeutic proto-
col is an acute model. In this model, temperature mea-
surements were taken at 1 h intervals from 1 to 5 h
after single oral administration of the compounds. As a
chronic model of inflammation the compounds were test-
ed in the adjuvant-induced arthritis in male Wistar rats in

Table 2. In vitro metabolism and thermodynamic solubility of


sulfoxides (2 and 4) and the corresponding sulfones (etoricoxib and


rofecoxib)


Compound Microsome


metabolisma


(%)


Thermodynamic solubilityb


(lg/ml)


Human Rat SGFc (pH 1.8) PBSd (pH 7.2)


2 5 35 717 537


(R)-2 1 49 — —


(S)-2 4 40 — —


Rofecoxib — 38 16 15


4 6 21 >1000 >1000


(R)-4 5 26 — —


(S)-4 2 17 — —


Etoricoxib 4 6 >1000 104


a Assay conditions: metabolism (1 mg/mL microsomal protein, 5 lM


compound, 30 min, and 37 �C incubation).
b Thermodynamic solubility for crystalline compound (Target con-


centration: 1 mg/ml, 24 h, and 37 �C incubation).
c SGF, simulated gastric fluid.
d PBS, phosphate-buffered saline.

a therapeutic protocol. The test compounds were admin-
istered orally once daily for 7 days starting from day 14
after arthritis induction and paw edema was measured
24 h after the last administration. The rofecoxib prodrug
produced better effects than rofecoxib in both models
(Table 3).

Rat, 1 mg/kg p.o.
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Figure 2. Plasma concentrations of sulfoxide 4 (prodrug) and sulfone


etoricoxib (drug) after oral administration of prodrug or drug at 1 mg/


kg to male Wistar rats as a suspension of 0.5% methylcellulose and


0.1% Tween 80. Each data point represents the mean ± SD of three


values.







Table 4. Pharmacokinetic parameters following prodrug (2, 4) and parent drug (etoricoxib, rofecoxib) administration to male Wistar rats


Parameter 2 Rofecoxib 4 Etoricoxib


2 Rofecoxib 4 Etoricoxib


Cmax (ng/ml) 334 468 237 (34) 133 (33) 254 (98) 427 (191)


tmax (h) 0.3 0.4 0.4 (0.1) 0.6 (0.4) 0.3 (0.0) 0.3 (0.0)


AUC0-t (ng h/ml) 318 979 531 (234) 578 (96) 803 (117) 1656 (497)


Results expressed as means (n = 2–3) and SD (between brackets). Assay conditions: pharmacokinetic parameters of prodrug or parent drugs


following single oral administration of 1 mg/kg to male Wistar rats as a suspension of 0.5% methylcellulose and 0.1% Tween 80.
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Following oral administration of 1 mg/kg to male Wis-
tar rats, the sulfoxides were well absorbed and rapidly
converted into their sulfones (Figs. 1 and 2). The sul-
fone-to-sulfoxide AUC ratio was greater for the
rofecoxib prodrug than for the etoricoxib prodrug (3.1
vs 1.4 for prodrugs 2 and 4, respectively) (Table 4).
Thus, after rofecoxib prodrug administration (i.e.,
sulfoxide 2), both the Cmax and AUC of rofecoxib were
greater than those observed after direct administration
of rofecoxib itself, while the opposite was observed in
the case of etoricoxib (Table 4, Figs. 1 and 2).


In conclusion, the sulfoxide-based rofecoxib prodrug 2,
when compared with rofecoxib itself, led to improved
pharmacokinetic levels of circulating rofecoxib after
oral administration. As such, the rofecoxib prodrug
gave a better pharmacological response in in vivo mod-
els. These effects are likely due to a marked increase in
solubility of the sulfoxide over the sulfone. On the other
hand, the observed increase in solubility of the sulfox-
ide-based etoricoxib prodrug 4 did not translate into

an improvement of the pharmacokinetic and the phar-
macodynamic properties of etoricoxib itself.
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Abstract—Benzo[b]thiophene-2-carboxamides and benzo[b]furan-2-carboxamides have been found to be antagonists on the human
histamine-3-receptor, showing a Ki value of as low as 4 nM.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. NNC 0038-0000-1202, Ki = 4.7 (±0.4) nM.

The H3-receptor was first discovered in 1983 in rats.1


and subsequently a human variant (hH3) has been iden-
tified and cloned.2 It is a presynaptic receptor located on
histaminergic neurons, and it has been suggested that a
functional H3-antagonist could be beneficial for the
treatment of, for example, attention deficit hyperactivity
disorder, epilepsy, obesity, or Alzheimer’s disease.3 For
this reason a number of projects have been initiated in
several pharmaceutical companies to identify com-
pounds, which ultimately could be used as potential
drugs against these ailments.4


In recent years, a number of non-imidazole-containing
H3-antagonists have been developed.5–19 One of them
was NNC 0038-0000-1202 (Fig. 1),20 which was studied
both in vitro and in vivo.21 In order to expand our
knowledge about the structure–activity relationship
(SAR) of compounds of this type, we wondered whether
a ring closure over the cinnamic double bond could lead
to equally potent H3-antagonists. In this context, we
considered benzo[b]thiophene-2-carboxylic acids,
benzo[b]furan-2-carboxylic acids, or quinoline-3-car-
boxylic acid to be ring-closed analogues of cinnamic
acids as used in NNC 0038-0000-1202.


Besides a number of commercially available benzo[b]-
thiophene-2-carboxylic acids and benzo[b]furan-2-
carboxylic acids, we also wanted to incorporate trifluo-
romethyl- and trifluoromethoxy-substituted acids. These
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types of substituents have proven to influence the hepat-
ic metabolic stability of compounds22–24 and have been
used successfully in NNC 0038-0000-1202 and its ana-
logues.20 Aldehydes 3a–c were used as key intermediates
in the preparation of this type of compounds. Employ-
ing the described synthesis strategy for aldehyde 3a.25


we prepared the other two aldehydes 3b and 3c as
depicted in Scheme 1. Starting with commercially avail-
able phenols 1b,c, tetrahydropyran moieties (THP) were
attached to the hydroxyl-groups. The THP moieties on
compounds 2a–c were utilized as directing groups in
directed metallation reactions with n-butyllithium in
the presence of N,N,N 0,N 0-tetramethylethylenediamine
(TMEDA). The intermediates were quenched with
DMF to provide the aldehydes 3a–c.25 It is noteworthy
that the reaction with THP-ether 2b yielded only small
amounts of the desired aldehyde because the lithiated
species was not stable at �10 �C. Interestingly, starting
with THP-ether 2c, only one of the two possible regio-
isomeric aldehydes was isolated. Cyclization with dieth-
yl bromomalonate26 furnished esters 4a–c and the
corresponding carboxylic acids 5a–c27 were obtained
after saponification employing standard conditions.
5-Cyanobenzo[b]furan-2-carboxylic acid was prepared
as described in the literature.28,29


Having a number of acids available, we turned our
attention to the amine part of the possible H3-antago-
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nists. We selected the (S)-2-aminomethylpyrrolidines,30


which already had been used for the series of cinnamic
amides, and which were prepared as described in the lit-
erature20 from proline. The coupling of acids and
amines was easily accomplished by reaction with 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochlo-
ride (EDAC) in the presence of 3,4-dihydro-3-hy-
droxy-1,2,3-benzotriazin-4-one (DHOBt) and DIPEA,
as depicted in Scheme 2. Hence in a few steps, the com-
pounds 5–16 were isolated and subsequently screened
for antagonism at the hH3-receptor, utilizing a
[35S]GTPcS-assay.2,31


As indicated in Table 1, all prepared benzo[b]thiophene
and benzo[b]furan derivatives proved to be highly po-
tent antagonists at the hH3 receptor. Benzo[b]thiophene
carboxamides, for example, compound 5, which com-
prises the unsubstituted benzo[b]thiophene carboxamide
scaffold, exhibited a Ki value of 4 nM. Substitution with
chlorine in the 3-position reduced the potency only very
slightly, as can be seen from the results of compound 6.


Also, several benzo[b]furan-2-carboxamides prepared in
the series were at least equipotent to the lead compound
NNC 0038-0000-1202 that showed a Ki value of

NH
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Scheme 2. –X– = –O–, –S–, and –CH@N–. Reagents: (a) EDAC, DHOBt, D

11 nM.20 Generally, all compounds which were substi-
tuted at the 5-position with trifluoromethyl (compounds
8–10), trifluromethoxy (compound 11) or cyano (com-
pound 12) were highly potent hH3-antagonists with Ki


values between 4 and 14 nM. On the other hand, com-
pounds substituted at the 6-position were less potent
than the corresponding 5-substituted analogues. This
becomes obvious when the potency of the respective
pairs of amides 8/13, 9/14, and 10/15 is compared to
each other. The 7-ethoxy-substituted benzo[b]furan-2-
carboxamide 16 exhibits, with a Ki of 17 nM, a similar
potency to the 5-trifluoromethyl-substituted compound
13.


However, somewhat surprising was the influence of the
amine moiety on the potency of the compounds. A com-
parison of potency within the series of compounds 8–10
which differ only in the amino moiety and all bear a tri-
fluoromethyl group in the 5-position of the benzo[b]fu-
ran moiety, and within the regioisomerical series of
compounds 13–15 reveals that in both series the amides
of (pyrrolidinomethyl)pyrrolidine are the most potent
ones, but with rather little difference between the poten-
cy of all tested compounds. In part, this had been
expected: in the cinnamic amide series, no significant
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Table 1. hH3-potency of compounds 5–16


N


X


O
N


R
1'


R
1


R
3


R
4


R
2


R
5


Compound R1 R10 R2 R3 R4 R5 X Ki
a (nM)


5 –(CH2)4– H H H H S 4 (±0.44)


6 –(CH2)4– Cl H H H S 12 (±0.88)


7 –(CH2)4– H Cl H H O 5 (±0.64)


8 –(CH2)4– H CF3 H H O 4 (±0.81)


9 –(CH2)5– H CF3 H H O 7 (±1.1)


10 Et Et H CF3 H H O 14 (±0.58)


11 –(CH2)4– H OCF3 H H O 11 (±0.70)


12 –(CH2)4– H CN H H O 5 (±0.50)


13 –(CH2)4– H H CF3 H O 15 (±1.5)


14 –(CH2)5– H H CF3 H O 22 (±2.9)


15 Et Et H H CF3 H O 46 (±12)


16 –(CH2)4– H H H OEt O 7 (±1.1)


a [35S]GTPcS-assay, mean of three experiments.


Table 2. hH3-potency of quinoline-3-carboxamides


17 18


N


N


ON


N


O


N


N


Entry 17 18


Ki
a (nM) >150 >150


a [35S]GTPcS-assay, mean of three experiments.
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difference was found between (pyrrolidinomethyl)pyrr-
olidino- and the (piperidinomethyl)pyrrolidino-ana-
logues either. However, the strong potency of the
amides of ((diethylamino)methyl)pyrrolidine 10 and 15
would not have been predicted from the rather weakly
potent analogues in the cinnamic amide series.


In general, we concluded that the compounds in the
benzo[b]thiophene and in the benzo[b]furan series all
showed quite interesting potency, independently of the
nature of the substitutent, acknowledging, that only a
very narrow variety of substituents were investigated.


A different scenario was found for the quinoline-3 carbox-
amides 17 and 18 (Table 2). These compounds were not
potent toward the hH3-receptor. The reason for this dra-
matic drop in potency can be explained in two possible
ways. One explanation could be the ring size, having en-
larged the ring from a five-membered ring in compounds
5–16 to a six-membered ring in compounds 17 and 18.
Another possibility could be the added polarity of the
nitrogen in the quinoline ring, which was not present in
compounds of the cinnamic amide series, such as in lead

compound NNC 0038-0000-1202, or in the ring-closed
benzo[b]thiophene or benzo[b]furan analogues 5–16.


We have synthesized new substituted benzo[b]furan-2-
carboxylic acids, which were incorporated in the amide
template as ring-closed analogues of the cinnamic amide
lead compound NNC 0038-0000-1202. The compounds
exhibited competitive potencies as antagonists on the
hH3-receptor. Substitutions with electron-withdrawing
groups such as trifluoromethyl or a trifluoromethoxy
group were tolerated at positions 5 and 6 of the
benzo[b]furan-scaffold. In contrast to what had been
predicted from the results of the cinnamic amides, com-
pound 10, which is an amide of (R)-2-((diethylami-
no)methyl)pyrrolidine exhibited with a Ki of 14 nM a
quite interesting potency on the hH3-receptor in the
[35S]GTPcS-assay. However, amides of quinoline-3-car-
boxylic acid did not yield potent hH3-antagonists.
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Abstract—A series of cis-2,6-dialkyl-4-chloro-tetrahydropyrans were prepared by means of an iron(III)-catalyzed process. The in vi-
tro antiproliferative activities were examined in the human solid tumor cell lines A2780, SW1573, and WiDr. The results show that
the presence of bulky substituents favors the Prins cyclization leading to new products with better activity profile against all cell lines
tested.
� 2006 Elsevier Ltd. All rights reserved.

The marine environment is a source of natural products
that have demonstrated significant and extremely potent
biological activities including: cytotoxic, antibiotic, anti-
inflammatory and antispasmodic, antiviral, cardiotonic
and cardiovascular, antioxidant, and enzyme inhibi-
tion.1 The major drawbacks of marine compounds are
the very low amounts in which they are present in their
natural sources and the difficulty to collect the organ-
isms that originate them. This makes impractical the di-
rect use of the marine reservoir to isolate products to be
used in therapy. Thus, the synthetic chemistry is re-
quired to develop high yield synthetic methods, which
are able to produce the drugs in large quantities preserv-
ing the natural sources.


Marine organisms have proven to be an endless source
of novel organohalogen secondary metabolites.2 Of par-
ticular interest to us are halogen-containing cyclic
ethers. In our group we have developed new methodol-
ogies to accomplish their total synthesis.3 More recently,
we have started a program directed at the development
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of novel antitumor compounds based on these
scaffolds.4


Aplysiapyranoids A–D 1 and srilankenyne 2 are repre-
sentative examples of halogenated marine compounds
with a tetrahydropyran (THP) scaffold (Fig. 1). Aplysia-
pyranoids A–D 1, which were isolated from the sea hare
Aplysia kurodai,5 have shown modest in vitro cytotoxic-
ity in the range 60–300 lM. Aplysiapyranoid D was the
most active compound of the series against Moser cells
(human colon cancer) with an IC50 of 46 lM. Srilanke-
nyne 2 was isolated from the sea hare Aplysia oculifera6


but no data have been reported on its biological activity.


Herein we report on the one-pot synthesis of marine
product analogs containing the common structural scaf-
fold of 4-chlorotetrahydropyran. In addition, the bio-
logical activity was tested against a panel of three

2


O


X


Cl


Br


1 X = Br or Cl


O
H H


ClBr


Figure 1. Structures of natural halogen-containing tetrahydropyrans.
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Table 1. Cyclization of homoallylic alcohols and aldehydes promoted


by iron(III) chloride


Entry R1 R2 Ratio 5:9 Yield (%)


1 H i-Bu 100:0 93


2 H Ph 100:0 97


3 H p-NO2Ph 100:0 83


4 Me i-Bu 50:50 80


5 Et i-Bu 60:40 75


6 i-Bu i-Bu —a 76


7 c-Hex i-Bu 100:0b 70


8 Ph i-Bu 50:50 70


9 p-NO2Ph i-Bu 85:15 57


10 p-OCH3Ph i-Bu 75:25 55


a Compounds 5 and 9 are identical.
b Within the NMR detection limit, neither 7 nor 10 was observed.
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representative human solid tumor cells: A2780 (ovarian
cancer), SW1573 (non-small cell lung cancer, NSCLC),
and WiDr (colon cancer). A structure–activity relation-
ship is also discussed.


The Prins cyclization is a powerful tool to obtain substi-
tuted THPs.7,8 When secondary homoallylic alcohols or
a-acetoxyethers are used to generate the oxocarbenium
ion intermediate, an oxonia-Cope rearrangement can
take place as competitive process with the Prins cycliza-
tion. The two competitive processes could yield a mix-
ture of products (Scheme 1). For instance, this process
could generate four different products (5, 7, 9, and 10),
if we assume in the newly generated 2,6-dialkyl-4-halo-
tetrahydropyran all substituents allocated equatorial.7b,9


Otherwise, the mixture will be even more complex.


Direct evidence for the oxonia-Cope rearrangement was
given by Speckamp–Hiemstra.10 An important conse-
quence derived from the rearrangement is the partial
or total racemization of the final products when enantio-
meric chiral starting materials are being reacted.7d,f,11


Several authors, studying different types of substrates,
have evaluated the influence of this rearrangement on
the regio- and stereochemical outcome of the cycliza-
tion.7d,f,12 A full study including factors to modulate
these competitive processes has been recently reported
by Rychnovsky et al.8a


We have recently described the reaction between but-3-
en-1-ol (3, R1 = H) and several aldehydes using FeCl3 as
promoter.13 The reaction proceeded satisfactorily,
affording the corresponding cis-4-halo-2-alkyl THP (5,
R1 = H) in high yields (Table 1, entries 1–3). In the pres-
ent work, we studied the influence of diverse alkyl
groups (R1) on the course of the reaction between sec-
ondary homoallylic alcohols 3 and 3-methylbutanal
(R2 = i-Bu). Table 1 summarizes the results obtained
in this study.

O
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Prins
cyclization


oxonia-Cope
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O


H


R1
R1


Cl
H


3
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89 10


R1 = Alkyl or Aryl


3


Scheme 1. Plausible mixture originated by competition of Prins


cyclization and oxonia-Cope rearrangement in the coupling of


homoallylic alcohols and aldehydes.

For secondary homoallylic alcohols 3, the increment
in bulkiness of the R1 group (methyl to cyclohexyl)
is concomitant with an increase in the formation of
5 and a subsequent decrease of 9 (entries 4–7). This
steric factor favors the Prins cyclization to 5 minimiz-
ing the 2-oxonia-Cope rearrangement. In the case of
benzylic homoallylic alcohols, the reaction is depen-
dent upon the substituents on the aromatic ring (en-
tries 8–10). The presence of electron-deficient
aromatic rings favors the Prins cyclization yielding a
non-symmetrical 2,4,6-trisubstituted THP 5 as the ma-
jor product (entries 9 and 10). In all the cases, the
stereochemical configuration of the THPs was all
cis.14 No traces of the symmetrical THP 10 were ob-
served in any case.


To prove the formation of intermediate 7, we reacted
pent-4-en-2-ol (3, R1 = Me) and 3-methylbutanal with
a substoichiometric amount of FeCl3 (0.1 equiv). The
homoallylic alcohol 7 (R2 = i-Bu) was obtained as a sin-
gle product (100% yield, 50% conversion). This com-
pound was isolated and fully characterized. When
treated with more FeCl3 and 3-methylbutanal, THP 9
(R2 = i-Bu) was yielded as the only product. This result
is consistent with the experimental data (entry 4), where
a mixture of THPs 5 and 9 was obtained.


Table 2 shows the lipophilicity, expressed as
C log P,15,16 of a series of 2-alkyl and 2,6-dialkyl 4-
chloro-tetrahydropyrans. C log P values were comput-
ed to correlate lipophilicity with antitumor activity. In
addition, the in vitro anticancer activity was evaluated
using the National Cancer Institute (NCI) protocol.17


We screened growth inhibition and cytotoxicity
against the panel of human solid tumor cell lines
A2780, SW1573, and WiDr after 48 h of drug expo-
sure using the sulforhodamine B (SRB) assay.18 The
resulting biological activities for each compound are
reported in Table 2.


From the results of lipophilicity we observe that those
compounds with C log P values lower than 4 were inac-
tive. On the contrary, all active products show C log P
values in the range 4.37–5.61. These results are consis-
tent with prior studies on the cytotoxicity of structurally
related substituted THPs.4b,c
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The growth inhibition results allow us to classify the
compounds in two groups according to their activity
profile. A first group is comprised of the inactive deriv-
atives 5a–d. The remaining derivatives constitute the
group of active products. From this set, compound 5e
is the least active and exhibits significantly decreased
activity as shown by GI50 values over 50 lM. The
remaining active products (5f–i) show GI50 values in
the range 17–25, 22–30, and 26–39 lM against A2780,
SW1573, and WiDr cells, respectively. Overall, these
synthetic derivatives seem to show better activity profiles
than the natural products aplysiapyranoids 1.19


When considering TGI and LC50 values (Table 2), com-
pounds 5f and 5g appear as the most active products of
the series. The presence of either an electron-withdraw-
ing group (5h) or an electron-donating group (5i) at p-
position of the phenyl ring produces a decrease in activ-
ity when compared to the parent compound 5g. Similar-
ly to conventional and investigational anticancer
drugs,20 the ovarian cancer cell line is more sensitive
to these THP derivatives than NSCLC and colon cancer
cells.


From the obtained dose–response parameters the fol-
lowing structure–activity relationship is obtained. In
general, those compounds bearing two alkyl groups at
position 2 and 6 of the THP ring showed significant
cytotoxicity in all cell lines, whereas the monoalkylated
compounds were found inactive. The exception is given
by compound 5d, which is dialkylated but is inactive.
Another conclusion is drawn from these results. Com-
pounds with branched (R2 = t-Bu 5e) or cyclic (R2 = c-
Hex 5f, Ph 5g, p-NO2Ph 5h, and p-MeOPh 5i) substitu-
ents on the THP ring were more active than the corre-
sponding linear derivatives (R2 = Me 5d). Thus, the
antiproliferative activities were in the order c-
Hex � Ph > p-MeOPh > p-NO2Ph > i-Bu > Me. In view
of these results, it appears that the biological activity of
the 2,6-dialkyl THPs does not correlate with the calcu-
lated C log P values. However, the substitution pattern
and steric hindrance of the alkyl side chains are
important.


In summary, we have prepared a series of cis-2,6-dial-
kyl-4-chloro-tetrahydropyrans in a simple and direct
way. The key step is a regioselective iron(III) chloride-
catalyzed Prins-type cyclization. This general methodol-
ogy allows the quick and large production of a variety of
synthons that are valuable for the syntheses of novel
bioactive compounds. We can access non-symmetrical
2,4,6-substituted THPs like 5 in one step using the suit-
able secondary homoallylic alcohol and FeCl3 as an
inexpensive, environmentally friendly, and stable Lewis
acid. The bulkiness of the alkyl group, the presence of
electron-deficient aromatic rings, and the nature of the
Lewis acid are some of the factors implicated in the con-
trol of 2-oxonia-Cope rearrangement versus Prins cycli-
zation. On the basis of growth inhibition parameters, a
structure–activity relationship was obtained. Although
preliminary, the results show that modifications on the
THP ring by the addition of diverse substituents might
lead to new products with better activity profiles.
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Abstract—An inhibition study of the cytosolic carbonic anhydrase (CA, EC 4.2.1.1) isozyme VII (hCA VII) with anions has been
conducted. Cyanate, cyanide, and hydrogensulfite were weak hCA VII inhibitors (KIs in the range of 7.3–15.2 mM). Cl� and HCO3


�


showed good inhibitory activity against hCA VII (KIs of 0.16–1.84 mM), suggesting that this enzyme is not involved in metabolons
with anion exchangers or sodium bicarbonate cotransporters. The best inhibitors were sulfamate, sulfamide, phenylboronic, and
phenylarsonic acid (KIs of 6.8–12.5 lM).
� 2006 Elsevier Ltd. All rights reserved.

Among the 16 presently known mammalian carbonic
anhydrase (CA, EC 4.2.1.1) isozymes, five are found in
the cytosol.1–5 In humans, these isozymes are hCA I,
II, III, VII, and XIII, and many of them are required
for pH homeostasis, gas/fluid/ion exchange processes
in respiration, digestion, bone resorption, renal func-
tion, fertilization, sperm motility, and many other fun-
damental physiological processes.1–5 The fact that
these zinc enzymes exist in such a high number of iso-
forms, showing various degrees of enzymatic activity,
subcellular localization, tissue distribution, abundance,
kinetic properties, and sensitivity to inhibitors, reflects
the very large spectrum of their biological roles.1–5


As catalysts for the reversible conversion between car-
bon dioxide and bicarbonate (with release of a proton
during the hydration reaction), these enzymes possess
a wide range of catalytic activities, from the evolution-
arily ‘perfect’ CA II which is one of the fastest enzymes
known (kcat/Km of 1.5 · 108 M�1 s�1), to the very ineffi-
cient CA III, which possesses around 1% of the activity
of the isozyme II.1–6 Some of the cytosolic CAs are ubiq-
uitous (CA I and II) or broadly distributed (CA VII and
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CA XIII), whereas others are confined to only few tis-
sues, such as the muscles and adipocytes (CA III).1,7,8


CA VII appears to be the least studied and understood
among the cytosolic CAs. Recently, we found hCA
VII to be catalytically highly effective (kcat of
9.5 · 105 s�1 and kcat/Km of 8.3 · 107 M�1 s�1 for the
carbon dioxide hydration reaction at pH 7.5 and
20 �C)9 and inhibited by the classical inhibitors of these
enzymes, the aromatic and heterocyclic sulfonamides/
sulfamates (these included among others, the clinically
used drugs acetazolamide, ethoxzolamide, methazol-
amide, dichlorophenamide, topiramate or zonisa-
mide).9–11 In the CNS CA VII is primarily expressed
in neurons.12,13 The postnatal up-regulation of intrapy-
ramidal CA VII in rat hippocampus has been shown
to closely parallel the generation of high-frequency stim-
ulation (HFS)-induced GABAergic excitation.13 Such
results point to a crucial role of the developmental
expression of CA VII activity in shaping long-term plas-
ticity and promoting epileptogenesis.13 In addition, its
potent inhibition by sulfonamides and sulfamates
showed that this isoform is a potential target for the
design of anticonvulsants or antiepileptic drugs.9


In addition to the sulfonamides and their derivatives
(sulfamates, sulfamides, etc.),4,10 all CAs are also
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Table 1. Inhibition constants of anionic inhibitors against the cyto-


solic human isozymes hCA I, II, VII and murine isozyme mCA XIII,


for the CO2 hydration reaction, at 20 �C


Inhibitor KI
a (mM)


hCA Ib hCA IIb hCAVIIc mCA XIIId


F� >300 >300 1.24 3.0


Cl� 6 200 1.84 138


Br� 4 63 1.06 45.0


I� 0.3 26 0.25 5.4


CNO� 0.0007 0.03 15.2 0.00025


SCN� 0.2 1.6 0.17 0.74


CN� 0.0005 0.02 9.2 0.065


N3
� 0.0012 1.5 1.41 4.8


HCO3
� 12 85 0.16 140


CO3
2� 15 73 0.27 5.5


NO3
� 7 35 0.19 36


NO2
� 8.4 63 1.78 12.6


HS� 0.0006 0.04 1.24 5.2


HSO3
� 18 89 7.3 75.5


SO4
2� 63 >200 1.38 267


H2NSO3He 0.021 0.39 0.0095 21.5


H2NSO2NH2 0.31 1.13 0.0068 0.14


PhB(OH)2 58.6 23.1 0.0083 2.85


PhAsO3H2
e 31.7 49.2 0.0125 1.65


a Errors were in the range of 3–5% of the reported values, from three


different assays.
b Human recombinant isozyme, data from Ref. 15.
c Human recombinant isozyme, this work.
d Mouse recombinant isozyme, data from Ref. 15.
e As sodium salt.


3140 D. Vullo et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3139–3143

inhibited by metal-complexing anions, such as the typi-
cal metal poisons cyanide, (thio)cyanate, hydrogen sul-
fide, azide, etc., but also by some anions which show
less propensity to complex metal ions in solution (such
as sulfate, nitrate, perchlorate, etc.).14 Indeed, anion
inhibition studies of the human isozymes I, II, IV, VA,
IX, and XIII have been reported by our group in recent
years.15–21 However, no anion inhibition data of hCA
VII are available in the literature. Such data are impor-
tant, since it has been shown that in metabolically active
tissues, and especially in situations requiring efficient ion
transport, many CA isoforms interact with bicarbonate
transporters or biosynthetic enzymes to form spatially
and functionally orchestrated protein complexes called
metabolons.22 CAs can improve the transmembrane
movement of bicarbonate or other membrane-imperme-
able anions which are transported by integral membrane
proteins including the Cl�=HCO3


� anion exchangers
(AEs), Na+-coupled HCO3


� co-transporters (NBCs),
and SLC26A transporters.23–25 The role of CAs (which
physically interact with these anion transporters) is to
increase the local availability of bicarbonate (or other
anions, such as sulfate or carboxylates) and thereby
accelerate their transmembrane flux.21–23 Via this mech-
anism, various CA isoforms contribute to modulation of
pH at both sides of the plasma membranes. Such trans-
port metabolons have been first described in red blood
cells, where the cytosolic CA II binds to the erythrocyte
Cl�=HCO3


� exchanger (previously known as band 3
protein).22 Functional and physical interactions between
CA II and the Cl�=HCO3


� exchangers (isoforms AE1-
3), the Naþ=HCO3


� co-transporter (NBC1), and
SLC26A6 have been then demonstrated in kidney
cells.23–25 Furthermore, AE1-3 and NBC1 were also
shown to bind to the membrane-anchored isozyme CA
IV simultaneously with the cytosolic CA II, providing
the cells with a push–pull mechanism that maximizes
the bicarbonate transport.24 It is thus clear that in addi-
tion to their catalytic activity, most CA isoforms are
also involved in much more complex processes in which
they interact with anions present in rather high concen-
trations, as well as with their transporters. Continuing
our investigations on the interactions of CAs with vari-
ous classes of modulators of their activity, we report
here the first anion inhibition study of the cytosolic iso-
zyme hCA VII.


Buffers and metal salts (sodium or potassium fluoride,
chloride, bromide, iodide, cyanate, thiocyanate, cyanide,
azide, bicarbonate, carbonate, nitrate, nitrite, hydrogen
sulfide, bisulfite, and sulfate) were of highest purity
available, and were used without further purification.
Sulfamide, sulfamic acid, phenylboronic acid, and
phenylarsonic acid are also commercially available
compounds.


Inhibition data against the four main cytosolic CA iso-
zymes, that is, the human hCA I, hCA II, hCA VII,
and murine mCA XIII, with the above-mentioned an-
ions are shown in Table 1.26 CA III is (as mentioned
above) a low-activity isozyme which has not been inves-
tigated and no detailed anion inhibition data are avail-
able.1,14 This is the reason why such data are not

present in Table 1. In addition to the physiological
anions (chloride, bicarbonate, and sulfate) and the
metal-complexing anions, we also investigated sulfamic
acid and sulfamide,27,28 as these are the simplest com-
pounds incorporating a sulfonamido moiety, present in
the potent CA inhibitors (the sulfonamides and sulfa-
mates) previously investigated.9 It has also been shown28


that they bind to the Zn(II) ion of the human isozyme
hCA II in a way that allows their use as lead molecules
for the development of potent, non-sulfonamide CA
inhibitors (the X-ray structure of the adducts of these
two compounds with hCA II has been reported by our
group).28 Furthermore, phenylboronic and phenylarson-
ic acids were also included in our study, as we recently
showed that these two compounds act as potent inhibi-
tors of archaeal CAs belonging to the b- and c-class.29,30


Inhibition data for the other major cytosolic isozymes,
hCA I and II, and mCA XIII are also provided in
Table 1 for comparison, in order to allow a better ratio-
nalization of our results.


The data in Table 1 allow us to draw the following con-
clusions regarding hCA VII inhibition with anions: (i)
cyanate, cyanide, and hydrogensulfite show relatively
weak hCA VII inhibitory properties, with inhibition
constants (KIs) in the range of 7.3–15.2 mM. These data
are quite surprising from at least two points of view:
cyanide and cyanate-anions possessing a high capacity
to form coordination compounds with a variety of metal
ions in metallo-enzymes or in solution—show this weak
affinity for the zinc ion at the hCA VII active site,
although they act as very potent inhibitors of the other
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cytosolic isozymes, hCA I, hCA II, and mCA XIII (for
which these anions act as micromolar inhibitors). On the
other hand, bisulfite is a much more potent hCA VII
inhibitor (KI of 7.3 mM) than an inhibitor of the other
cytosolic isozymes, for which its inhibition constant is
in the range of 18–89 mM; (ii) a group of anions, includ-
ing the halogenides fluoride, chloride, and bromide, the
pseudohalogenide azide, nitrite, hydrogensulfide, and
sulfate, show stronger hCA VII inhibitory activity, with
KIs in the range of 1.06–1.84 mM (Table 1). It may be
observed that again the inhibition profile of hCA VII
with these anions is completely different from that of
the other cytosolic isozymes. Thus, fluoride is a potent
hCA VII and mCA XIII inhibitor, whereas it does not
bind at all to the active site of hCA I and II. On the con-
trary, the physiological anion chloride inhibits well hCA
I and especially hCA VII (KIs in the range of 1.84–
6 mM), whereas it is much less inhibitory for hCA II
(KI of 200 mM) and mCA XIII (KI of 138 mM), proba-
bly because these last two isoforms (CA II and XIII) un-
like the first ones (CA I and VII) are partners in
metabolons with AEs involved in chloride/bicarbonate
transport processes. Thus, both CA II and XIII must
show catalytic activity in the presence of high concentra-
tions of bicarbonate and chloride, and indeed, they are
less sensitive to inhibition by these anions (Table 1).
Our data constitute the first evidence that hCA VII
may be not involved in metabolons with AEs or NBCs,
because it has a high susceptibility to be inhibited by
both chloride and especially bicarbonate (KI of
0.16 mM). For the halogenides, it may be observed that
starting with chloride, an increase in the halogen atomic
weight leads to enhanced hCA VII inhibitory properties,
with iodide as the best inhibitor (KI of 0.25 mM).
Hydrogensulfide needs also a special mention, as this an-
ion is a very strong hCA I and hCA II inhibitor (KIs of
0.6–40 lM) but it shows weaker affinity for hCA VII
and especially mCA XIII. Sulfate on the other hand is
a very weak inhibitor of hCA I, II and mCA XIII, but
appreciably inhibits hCA VII (KI of 1.38 mM), making
this isoform the most sensitive to inhibition by this an-
ion. In fact, most kinetic CA activity measurements
are made in the presence of 10 mM sodium sulfate for
maintaining constant the ionic strength.26 In the case
of hCA VII this was not meaningful (due to the strong
inhibition observed with sulfate), and sodium perchlo-
rate has been used (10 mM) for maintaining constant
the ionic strength, as perchlorate has an inhibition con-
stant around 150 mM for hCA VII (data not shown).
Nitrite is also a rather efficient hCA VII inhibitor,
whereas its affinity for the other cytosolic isozymes is
much lower; (iii) several other anions, such as iodide,
thiocyanate, bicarbonate, carbonate and nitrate, be-
haved as submillimolar hCA VII inhibitors, with KIs
in the range of 0.16–0.27 mM. It may be observed that
there is a huge difference of activity between thiocyanate
and cyanate, with the first anion being almost 90 times
better as an hCA VII inhibitor than the second one. It
should be also noted that the isosteric bicarbonate, car-
bonate and nitrate show very similar hCA VII inhibition
data, being, as already mentioned above, potent hCA
VII inhibitors and much weaker inhibitors for the other
cytosolic isozymes (hCA I, II and mCA XIII); (iv) sulfa-

mate, sulfamide (presumably as sulfamidate anion),28


and phenylboronic and phenylarsonic acid showed very
potent hCA VII inhibitory activity, with KIs in the range
of 6.8–12.5 lM. Among all cytosolic isozymes, hCA VII
is the most sensitive to inhibition by these anions, some
of which may be really considered as CA VII-selective
inhibitors. For example, phenylboronic acid is 343 times
a better hCA VII than mCA XIII inhibitor, whereas its
selectivity ratio for hCA II is of 2783, and for hCA I of
7060. Undoubtedly, these four last compounds may act
as excellent leads for the possible design of CA VII-se-
lective, potent inhibitors.


It is rather difficult to rationalize these results, since the
X-ray crystal structure of hCA VII is not known at the
moment (the structure of CA XIII is also unknown).
However, the homology of the active-site amino acid se-
quence in hCA VII is rather high with that of the well-
investigated (by X-ray crystallography) isoforms hCA
I and II. Thus, except for the zinc ligands which are
identical, also the other important amino acid residues
for the catalytic/inhibition mechanisms are identical in
CA I, II, and VII. These are His64 involved in proton
transfer processes between the active site and the envi-
ronment, Thr199, Glu106 involved in a network of
hydrogen bonds with the zinc ligand, and Thr200, which
in many cases participates in the stabilization of inhibi-
tors bound to the zinc ion, by means of a hydrogen bond
involving its OH moiety.1,4,6,28 However, there are sever-
al amino acid residues in the active site of hCA VII
which are characteristic only of this isozyme and which
may explain the inhibition data reported here. These
amino acids (which were shown for hCA II to be in-
volved in the binding of inhibitors)28,31–33 are: Asp67
(which is histidine in CA I and Asn in CA II) and
Asp69 (which is Asn is CA I and Gln in CA II). Another
important difference in the sequence between CA VII
and the other cytosolic isozymes regards the fragment
comprising the amino acid residues 144–148, which is
GVFLE in CA VII, IGVLM in CA I, LGIFL in CA
II, and LGVFL in CA XIII, respectively.


Physiologically the high sensitivity of CA VII to anions,
especially to Cl� and HCO3


�, is intriguing. Develop-
mentally regulated changes in intraneuronal Cl� con-
centration may have an effect on the catalytical
activity of CA VII.34 It is also tempting to speculate that
the sensitivity of CAVII to Cl� reflects a molecular-level
control mechanism of cell volume regulation: in situa-
tions where neurons are exposed to excessive Cl� and/
or HCO3


� load (e.g., in epilepsy), inhibition of CA
VII would tend to reduce neuronal swelling.


In conclusion, we report here the first inhibition study of
the newly isolated cytosolic isozyme CA VII with an-
ions. This cytosolic CA shows an inhibition profile by
anions quite different from the cytosolic isozymes CA
I, II, and XIII. Cyanate, cyanide and hydrogensulfite
are weak CA VII inhibitors (KIs in the range of 7.3–
15.2 mM). Chloride and bicarbonate showed good
inhibitory activity against hCA VII (KIs of 0.16–
1.84 mM), suggesting that this enzyme is not involved
in metabolons with anion exchangers or sodium bicar-
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bonate cotransporters. Sulfate was also a good inhibitor
(KI of 1.38 mM), whereas it has no inhibitory action on
CA I, II, and XIII. The best isoform VII inhibitors were
sulfamate, sulfamide, and phenylboronic, and phenylar-
sonic acid, which showed KIs in the range of 6.8–
12.5 lM. Phenylboronic acid was 343 times a better
hCA VII than mCA XIII inhibitor, whereas its selectiv-
ity ratio for hCA II was of 2783, and for hCA I of 7060.
Undoubtedly, such compounds may act as excellent
leads for the possible design of CA VII-selective, potent
inhibitors.
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Abstract—The marine natural product, psammaplin A, was first isolated from the Psammaplinaplysilla sponge in 1987. Since that
time, psammaplin A has shown a wide spectrum of biological activities that include enzyme inhibitory activities resulting in anti-
bacterial and antitumor effects. An improved synthesis of psammaplin A has been developed, making the compound more easily
accessible for further biological evaluations. In this context, we find that psammaplin A is an effective DNA methyltransferase inhib-
itor in vitro but fails to alter genomic DNA methylation levels in treated human cancer cells.
� 2006 Elsevier Ltd. All rights reserved.

Psammaplin A (PsA) is a bromotyrosine-derived, sym-
metrical conjugate of cystamine, which was first isolated
from the Psammaplinaplysilla sponge in 1987.1 In the
ensuing years, psammaplin A has been found to induce
a wide spectrum of biological effects.2�13 Psammaplin A
has been shown to impede angiogenesis as well as bacte-
rial and tumor cell growth.4,6–8,10,11 Notably, psamma-
plin A inhibits the activities of several key enzymes in
a number of distinct prokaryotic and eukaryotic systems
including those involved in epigenetic control of gene
expression, DNA replication, angiogenesis, and micro-
bial detoxification.2,4–6,10–13 Table 1 contains a list of
enzymes which are currently known to be susceptible
to inhibition by psammaplin A.


The novelty of psammaplin A’s structure and the diver-
sity of its known biological targets have prompted its
consideration as a lead compound for drug design. An
extensive library of heterodimeric disulfide analogs of
psammaplin A was prepared by combinatorial exchange
synthesis and then screened against methacillin-resistant
Staphylococcous aureus, leading to the identification of
several novel lead structures with increased antibiotic
potency.7,8
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Psammaplin A has been obtained from its natural
source by tedious extraction and separation proce-
dures.1,3,9,14 In addition, two synthetic preparations
of psammaplin A have been reported.7,15 We have
devised an improved synthetic route which should
make psammaplin A more accessible for biological
studies.


The first reported synthesis of psammaplin A by Hosh-
ino et al. uses 3-bromotyrosine 1 as the starting material
(Scheme 1).15 Bromotyrosine 1 is converted to the
azalactone 2 via reflux in trifluoroacetic anhydride.
Treatment of 2 with aqueous TFA provides 3-(3-bro-
mo-4-hydroxyphenyl)-a-oxo-propanoic acid 3. The
oxime derivative 4 is formed by treating 3 with hydrox-
ylamine. Analogs of the oximino acid 4 have been
prepared recently using similar chemistry.16–18 Psamma-
plin A is obtained by coupling 4 with cystamine in
dioxane through activation of the carboxylate with
DCC and triethylamine. The overall yield of psamma-
plin A is 22.5%, based on 3-bromotyrosine as starting
material.


A recently reported six-step synthesis of psammaplin A
(Scheme 2) uses tyrosine 5 as starting material to obtain
the a-keto acid 3 in a similar reaction sequence
as Hoshino et al.7 This intermediate is converted to its
O-(tetrahydro-2H-pyran-2-yl)-hydroxylamine (THP)
derivative 6 which is coupled with cystamine to give 7,
the bis-(O-THP) derivative of psammaplin A. Acid
catalyzed deprotection of 7 gives the desired product,
psammaplin A, in an overall yield of 36%.
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Table 1. Enzyme targets of psammaplin A inhibition


Enzyme Reference


Aminopeptidase N Shim et al.11


Chitinase Tabudravu et al.13


Farnesyl protein transferase Shin et al.12


DNA gyrase Kim et al.5


DNA polymerase a-primase Jiang et al.2


DNA methyltransferase Pina et al.10


Histone deacetylase Pina et al.10


Leucine aminopeptidase Shin et al.12


Mycothiol-S-conjugate amidase Nicholas et al.6


Topoisomerase II Kim et al.4
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Our simplified synthesis of psammaplin A utilizes
4-hydroxyphenylpyruvic acid 8, a commercially available
starting material. Conversion of 8 to psammaplin A
entails three synthetic reactions (i.e., bromination, oxima-
tion, and coupling) that can potentially be performed in
different sequences. We investigated three possible
reaction routes:


I. 4-Hydroxyphenylpyruvic acid! bromination!
oximation! coupling! psammaplin A


II. 4-Hydroxyphenylpyruvic acid! oximation!
coupling! bromination! psammaplin A


III. 4-Hydroxyphenylpyruvic acid! oximation!
bromination! coupling! psammaplin A
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Scheme 1. Hoshino et al. synthesis of psammaplin A.15 Reagents: (a) TFAA
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Scheme 2. Nicolaou et al. synthesis of psammaplin A.7 Reagents: (a) KBr/K


cystamine; (g) HCl, MeOH.

Attempts to brominate 8 were unsuccessful due to non-
chemoselective bromination and route I was abandoned
at the outset. Compound 9,19 the oxime derivative of 8,
was routinely prepared and coupled with cystamine to
give the bis-(3-debromo)-derivative of psammaplin A.
Attempted bromination of this coupled intermediate
resulted in a complex mixture of brominated products,
eliminating route II from further consideration. Howev-
er, the oxime 9 was successfully brominated to produce
4,15,17 which was then coupled with cystamine to give
psammaplin A in 43% overall yield (Scheme 3).


Bromination of 9 produced a small amount of the 3,5-
dibrominated oxime acid 1016 (16% yield). Compound
10 was separated from 4 (81% yield) by Sephadex
LH20 chromatography and then coupled with
cystamine to give compound 11, the 3,5-dibromo-analog
of psammaplin A (5-Br-psammaplin A, 5-BrPsA).7,9


Based on our longstanding interest in DNA methyla-
tion inhibitors, we next evaluated psammaplin A and
5-Br-psammaplin A for possible in vitro effects on
DNA methyltransferase (DNMT) activity and in cell
culture, for cytotoxicity and the ability to reactivate
methylation-silenced genes. Psammaplin A was previ-
ously reported to inhibit DNMT in vitro.10 Thus, to
confirm the biological activity of the compounds
produced by our novel synthetic route, we used a
standard assay to examine whether psammaplin A or
5-Br-psammaplin A was able to inhibit DNMT
catalyzed by the bacterial methyltransferase SssI.20 In
vitro, both compounds were effective inhibitors of
DNMT SssI methyltransferase activity (Fig. 1).
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Figure 1. PsA and 5-BrPsA inhibit bacterial Sss1 cytosine DNA


methyltransferase activity. Triplicate samples of 0.5lg poly(dI):dC


(Amersham Biosciences, Piscataway, NJ) mixed with the indicated


agent along with six units of CpG methylase SssI (New England


Biolabs, Beverley, MA) and 3H-SAM (Perkin-Elmer Life Sciences,


Boston, MA). After a 2-h incubation at 37 �C, DNA was recovered by


phenol extraction and ethanol precipitation. Unincorporated 3H-SAM


was removed using the Qiaquick PCR Purification Kit (Qiagen,


Valencia, CA). Radiolabeled poly(dI):dC was quantified by scintilla-


tion counting.
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To further examine the potential activity of psammaplin
A as a DNMT inhibitor, we treated cultured HCT116
human colon carcinoma cells with psammaplin A
(1 lM, on days 0, 2, 4, 6, 8, and 10) and evaluated global
genomic DNA methylation using a mass spectrometry
assay.21 At fourteen days (d14) we found no changes
in global 5-methyl-2 0-deoxycytidine (5mdC) levels when
compared to a control with phosphate-buffered saline
(PBS), even after prolonged psammaplin A treatment
(Fig. 2). In a parallel experiment (Fig. 2), the nucleoside
analog 5-aza-2 0-deoxycytidine (DAC, 0.5 lM), an estab-
lished DNMT inhibitor,22 effectively reduced 5mdC lev-
els in HCT116 colon carcinoma cells within five days.
We also found that psammaplin A treatment of
HCT116 cells failed to induce the hypomethylation or
reactivation of cancer-testis antigen genes, known meth-
ylation-silenced genes (data not shown).23 Notably how-
ever, psammaplin A treatment did cause substantial
cellular cytotoxicity in HCT116 cells at low micromolar
concentrations (Supplementary Figure 1). In contrast,
5-Br-psammaplin A, evaluated at the same concentra-
tions, was not cytotoxic. Thus, we conclude that DNMT
is likely not a major cellular target of psammaplin A.
It is possible that psammaplin A is not effectively
transported into the nucleus, which is required for
DNMT inhibition.


The seemingly distinct mechanisms by which psamma-
plin A inhibits a diverse group of enzymes are unclear

(Table 1). The fact that several of these proteins are
key DNA replication enzymes is intriguing, since
psammaplin A and DNA do not appear to have
common structural features. We anticipate that the
improved synthesis and increased availability of
psammaplin A will enable its use for X-ray crystallo-
graphic studies to determine its mode of binding to these
specific proteins.
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Abstract—A new series of 2-aryl-substituted purine derivatives has been synthesized by Suzuki Pd(0) coupling reactions. Moderate
in vitro inhibitory activity against Cdk1 and Cdk5 was observed. These compounds are inactive against GSK3.
� 2006 Elsevier Ltd. All rights reserved.

2,6,9-Trisubstituted purines have been extensively stud-
ied as cyclin dependent kinase (Cdk) inhibitors (1–3).1


As a consequence considerable effort has been made to
develop strategies for the solution-phase and the solid-
phase synthesis of trisubstituted purine libraries.1a,d,2


This effort has been further kindled by the influx of re-
sults from the screening of purine derivatives against a
wide panel of therapeutically relevant protein targets.
Indeed 2,6,9-trisubstituted purines find potential thera-
peutic application as inhibitors of microtubule assem-
bly,3 Src and c-Kit (4),4 p38a MAP kinase (5),5


sulfotransferases,6 phosphodiesterase,7 and adenosine
receptor antagonists.8 It is thus of interest to continue
the development of methodology for the synthesis of
polyfunctionalized purines, and in particular processes
permitting C–C bond formation at C-2 and C-6. Explo-
ration in this direction has led to the development of the
C-2 acetylenyl purine compounds 3a,b as Cdk1 inhibi-
tors,1d,2c and more recently to the exciting discovery of
compounds 44 and 55 (Fig. 1).


In this communication, we describe the synthesis of a
series of 2-aryl-substituted purines using very efficient
Pd(0) Suzuki coupling conditions,5,9 and the evaluation
of these compounds as Cdk1/cyclinB, Cdk5/p25, and
GSK-3b inhibitors. As a wide range of substituents on
the (hetero)aryl moiety are tolerated in Suzuki cou-
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plings, this reaction has considerable potential for appli-
cation to the construction of polyfunctionalized purine
libraries.


Purine based Cdk inhibitors often contain an anilino or
benzylamino-type substituent at C-6. However, for the
present study it was of interest to test compounds pos-
sessing a 2-methoxyethylamino substituent at C-6 (see
Ref. 10) in combination with different aryl motifs at
C-2. A hidden reason behind the choice of this C-6
amine motif is the option to eventually incorporate it
into a linker arm for solid-phase synthesis of trisubsti-
tuted purines using Suzuki reaction methodology.


Intermediate 7 was readily prepared by reaction of
6-chloro-2-iodopurine 6 with 2-methoxyethylamine in
hot EtOH for two days (90% yield) (Scheme 1). As little
was known concerning the Pd(0) coupling reaction of
2-iodopurines bearing an electron-donating amino
group at C-6,2f,9 different conditions were explored to
optimize the coupling of 7 with 4-formylphenylboronic
acid to give compound 8. In the reaction using either
Pd2(dba)3 or Pd(PPh3)4 as catalyst (5 mol %), K2CO3


as base (1.25 equiv), 1.5 equiv of the boronic acid, and
DMF as solvent (120 �C, 16–48 h) the yield of 8 was
poor (<20%). Moderate improvements in product yield
(30–55%) using these catalysts were obtained on chang-
ing the solvent to THF–H2O (4/1) (80 �C, 3–18 h). Opti-
mum yields (70-77%) were obtained at higher
temperature (100 �C) using dioxane–H2O (4/1) as the
solvent mixture, a larger excess of potassium carbonate
base (5 equiv) and Pd(PPh3)4 as the catalyst (5 mol %).
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Table 1. Enzymatic (IC50 in lM) evaluation of the compounds on


Cdk1, Cdk5, and GSK3, as described13


Compound Cdk1/cyclin B Cdk5/p25 GSK-3b


811 1.4 1.4 >100


9 2.5 2.8 >100


1011 2.3 3 >100


11 3.1 1.8 >100


12 4.2 3.4 >100


13 4.4 4 >100


1411 3.2 4.9 >100


15 2.3 2.2 >100


17 1.5 1.3 >100


3a1d 0.06 nd nd


3b1d 0.23 nd nd


nd, not determined.
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Scheme 1. Preparation of 2,6,9-trisubstituted purines. Reagents and conditions: (i) 6 (1 g, 3.1 mmol), NEt3 (0.43 ml, 3.1 mmol), amine (6.2 mmol) in


abs EtOH (60 ml), 60 �C, 2 days; (ii) 7 or 16 (0.5 g, 1.38 mmol), boronic acid (1.5 equiv), K2CO3 (0.95 g, 6.9 mmol), Pd(PPh3)4 (80 mg, 0.07 mmol),


degassed H2O (3 ml), degassed dioxane (12 ml), 100 �C, 2–5 h.
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Figure 1. Purine derivatives with potent inhibitory activities against Cdk (1–3), Src (4), and MAPK (5).
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These conditions were subsequently used to prepare the
2-aryl substituted purine derivatives 8–13 from 7 (76–
98% yields). The cross-coupling of 7 with 5-acetylthio-
phene-2-boronic acid and 5-cyanothiophene-2-boronic
acid to give compounds 14 and 15 was similarly studied.
However, for the synthesis of 15, the reaction did not go
to completion, even by using 4 equiv of 5-cyanothioph-
ene-2-boronic acid and prolonged reaction time. For
comparison purposes, the purine derivative 17 (58%)
was also prepared by reaction of the 6-benzylamino-
substituted purine 16 with 4-formylphenylboronic
acid.11


The 2-(hetero)aryl-substituted purines 8 to 15 are mod-
erate (IC50 = 1.4–4.9 lM) inhibitors of Cdk1 and Cdk5
(Table 1). These molecules are slightly more active than
the archetypical Cdk inhibitor olomoucine (IC50 =
7 lM), but much less so than for the related 2,6,9-trisub-
stituted purines roscovitine and purvalanol A
(IC50 = 0.45 and 0.004 lM, respectively), and the acetyl-
ene based Cdk inhibitor 3a (Table 1).1d Compounds 8
and 17 were nearly equipotent in their activity, and both
compounds were about five times less active than the
acetylene derivative 3b. As found for the related 2,6,9-
trisubstituted purines roscovitine and purvalanol, no
inhibition of GSK3 was observed (competing GSK-3b
inhibition is frequently observed for non-purine based

inhibitors of Cdk1/cyclin B).12 No rationale for this
specificity with respect to Cdk for purine inhibitors
has been proposed to date.


It is known10 that the presence of a phenyl (or benzyl)
substituent at C-6 is not necessary for anti-Cdk activity
and that short linear substituents at C-6, such as the
methoxyethylamino group in purine 8, confer about
the same inhibitory activity (compare 8 and 17). In
addition, the presence of a phenyl group at C-2 is not
detrimental to the inhibitory activity, although all the
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para-substituted phenyl derivatives at C-2 display the
same order of activity against Cdk 1 and 5.


These results are encouraging, suggesting that the Suzu-
ki cross-coupling reaction can be used to construct new
more active Cdk inhibitors. In particular, it will be inter-
esting to screen the anti-Cdk activity of other C-2 meta-
or ortho-substituted (hetero)aryl purine derivatives.
Taking into consideration the potent activities revealed
for the purines 4 and 5, 2-(hetero)aryl-substituted pur-
ines may also display activity against other protein
targets.
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Abstract—The peroxyl-radical-scavenging mechanism of some nonsteroidal anti-inflammatory drugs (NSAIDs), namely tol-
metin, ketorolac, indomethacin, acemetacin, and oxaprozin, is clarified by combined density functional theory (DFT) calcu-
lations. It is revealed that H-atom-abstraction rather than electron transfer reaction is involved in the radical-scavenging
process of these NSAIDs in polar aqueous solution. This seems contrary to the common viewpoint that the latter is pre-
dominant in polar media. The calculated results also show that H-atom at C(b) or C(c) position is readily to be abstracted,
and the lowest C–H bond dissociation enthalpy (BDE) can qualitatively account for the activity difference for the five
NSAIDs.
� 2006 Elsevier Ltd. All rights reserved.

Peroxyl radical (ROO�) is one of reactive oxygen species
(ROS) that are usually produced in inflammatory process
and implicated in its pathophysiology.1 Thus, a putative
scavenging activity against this damaging species by
anti-inflammatory drugs may be of great therapeutical
value. Indomethacin is one of the widely studied indole-
acetic nonsteroidal anti-inflammatory drugs (NSAIDs)
and has been experimentally testified to efficiently scav-
enge trichloromethyl peroxyl-radical ðCCl3O2


�Þ.2 The
possible scavenging mechanism is deduced as one elec-
tron transfer reaction according to the energy of the high-
est occupied molecular orbital (HOMO) of indomethacin
calculated by RHF//AM1.3 Recently, Fernandes et al.
pointed out that several NSAIDs, including indometha-
cin, tolmetin, ketorolac, acemetacin and oxaprozin (see
Scheme 1), can effectively inhibit the peroxyl-radical
(AOO�, Scheme 1) derived from 2,2 0-azobis(2-amidino-
propane)dihydrochloride (AAPH).1c The order of the
scavenging activity is tolmetin > ketorolac > indometha-
cin > oxaprozin � acemetacin. Further observations
exhibited that the five NSAIDs possess no pro-oxidant
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activity at all,4 and therefore they are very good candi-
dates in scavenging peroxyl-radical and worth paying
attention to. However, how do these compounds scav-
enge AOO�? Whether they react through donating one
electron to reduce AOO�, like the reaction between indo-
methacin and CCl3O2


�, or via other reaction type?


The study undertaken is going to answer the two
questions above and to elucidate the structure–activity
relationships (SAR) for the antioxidants that will be
beneficial to design some new NSAIDs-derived antiox-
idants with better pharmacological effects. In view of
the successful use of theoretical calculations in elucidat-
ing radical-scavenging mechanisms and SAR for
various antioxidants,5 we herein attempt to achieve
the goal by means of density functional theory (DFT)
calculations.


To characterize the radical-scavenging pathways, proper
theoretical parameters have to be selected. Up to now,
there exist two different routes for antioxidants to scav-
enge peroxide radical. One is a direct H-atom-abstrac-
tion process (Eq. 1)6 and the other is stepwise electron
transfer/proton transfer process (Eq. 2).7


ROO� þR0XH! ROOH þR0X� ð1Þ
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ROO� þR0XH! ROO� þR0XH�þ


! ROOHþR0X� ð2Þ


In which, X represents O, N, S, or C atom. H-atom
abstraction is preferred in nonpolar solvents,6 and the
reaction is governed to a great extent by the homolytic
bond dissociation enthalpies (BDEs) of R 0XH and
ROOH.5d,8 Only if the BDE value of the former is lower
than that of the latter, the reaction is permitted. While
the electron-transfer process predominates in polar sol-
vents,5d,7 the corresponding theoretical parameter is ion-
ization potentials (IPs) for R 0XH and ROO�.5d,9 The
prerequisite for the reaction is that the IP value of R 0XH
is lower than that of ROO�.


In this paper, taking advantage of accuracy and econo-
my, BDEs were calculated by a combined density func-
tional theory (DFT) proposed by Wright et al.,10 labeled
as (RO)B3LYP/6-311+G(2d,2p)//AM1/AM1. The elab-
orate calculation procedures are described as follows.
The molecular geometries were optimized firstly, by
molecular mechanic method MMX, and then, by semi-
empirical quantum chemical method AM1.11 Finally,
(RO)B3LYP functional on the 6-311+G(2d,2p) level
was used to gain the single-point electronic energies
(SPEs). The AM1-calculated zero point vibrational
energy (ZPVE) and thermal correction to energy
(TCE) were scaled by a factor of 0.973.12 Whereas, adi-
abatic IPs were calculated by (U)B3LYP/6-31G(d)//
AM1/AM1. Using SPEs, the scaled ZPVE, and the

scaled TCE, BDE and IP were obtained: BDE =
[(SPER + TCER · 0.973) + HH� (SPEP + TCEP · 0.973)] ·
627.5095; IP = [(SPEC + ZPVEC · 0.973) � (SPEP +
ZPVEP · 0.973)] · 627.5095; where HH is the enthalpy
for hydrogen atom, �0.49765 hartree; the terms R, C
and P in these equations stand for the radical generated
after one H-atom-donating, the cation radical generated
after electron-donating and the parent molecular,
respectively. The solvent effect was also considered by
employing the self-consistent reaction field (SCRF)
method with polarizable continuum model (PCM).9


All of the quantum chemical calculations were accom-
plished by Gaussian 03 program.13


Since the possible mechanism for the reaction of indo-
methacin with CCl3O2


� was proposed as one electron
reduction,3 a similar electron-transfer mechanism
seems to be involved in the AOO�-scavenging process,
and the IP is an appropriate parameter to evaluate the
radical-scavenging ability of NSAIDs. However, the
IPs14 of NSAIDs parent molecules are actually higher
than that of AOO� (89.58 kcal/mol), indicating that
the electron-transfer reaction between NSAIDs parent
molecules and AOO� should be forbidden thermody-
namically. In the reported experimental procedure,1c


all five NSAIDs were dissolved in water as the weak
acids, so NSAIDs anions generated after proton
dissociation from the carboxyl group should be taken
into consideration. Considering their pKa values are
between 3 and 5,15 all five NSAIDs predominately
exist as the corresponding anions (>99%) under the







Table 1. C–H BDEs (in kcal/mol), IPs (in kcal/mol) and ORACsROO�


(in lM trolox equivalents/lM compound) for NSAIDs (T = 298.15 K)


C–H BDEb IPb ORACsROO� � SE


Tolmetin-COO� a 78.87 (b) 125.53 0.30 ± 0.06


91.43 (a)


Ketorolac-COO� 77.48 (b) 123.34 0.24 ± 0.09


89.91 (a)


Indomethacin-COO� 82.37 (c) 114.43 0.17 ± 0.06


81.97 (b)


Acemetacin-COO� 84.38 (c) 133.59 0.06 ± 0.01


85.78 (b)


Oxaprozin-COO� 83.00 (b) 129.76 0.09 ± 0.01


AOOH 100.00


AOO� 89.58


a The anion of NSAIDs.
b Data in solvent condition.


78 80 82 84


0.05


0.10


0.15


0.20


0.25


0.30


Acemetacin


O
R


A
C


Ketorolac


Tolmethin R = -0.9137
P = 0.0301


Indomethacin


Oxaprozin


C-H BDE (kcal/mol)


Figure 1. Correlation between the AOO�-scavenging activity ORAC


and the lowest C–H BDE.
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experimental condition (pH 7.0). However, the IPs for
the anions are also obviously higher than that for
AOO� (Table 1), showing that the electron-transfer
reaction between the anion molecules and AOO� is
not permitted in a thermodynamic view. This implies
that the real process for these compounds to scavenge
AOO� is more complicated than a simple one-step
electron-transfer mechanism, although it is contrary
to the common idea that electron-transfer reaction
dominates in polar solvents.


On the other hand, according to the molecular struc-
tures of the five NSAIDs (Scheme 1), one can find that
they all possess potential reactive C–H bonds at a, b
and c sites that are easy to be dissociated by H-atom
abstraction, because the formed carbon-center radical
can be stabilized by ortho p–p conjugation effect arising
from the pyrrolic-ring and/or the carboxyl group. Con-
sequently, it can be speculated that AOO�-scavenging
mechanism is probably a one-step direct H-atom dona-
tion. As indicated in Table 1, all C–H BDE calculated
for the NSAIDs anions are evidently lower than that
for AOOH (100.00 kcal/mol), indicating that the
H-atom abstractions from all the anions are thermody-

namically permitted in the AOO�-scavenging process.
Table 1 shows that all the lowest C–H BDEs values ap-
pear at C(b) or C(c) position, but not at C(a) position.
Sequence of the lowest C–H BDE values is acemeta-
cin > oxaprozin > indomethacin > tolmetin > ketorolac,
which is basically in accord with the experimental order.
Linear correlation analysis was carried out between
C–H BDE and experimentally assayed activity-oxygen
radical absorbance capability2 (ORAC) that represents
the AOO�-scavenging potency (Fig. 1, R = �0.9137, P =
0.0301). This correlation strongly supports the above
assumption that the AOO�-scavenging mechanism is a
direct H-atom abstraction of the anion molecules, and
the active site is assigned to C(b) or C(c) position. Actual-
ly, ORAC analysis is just one of the standard assays based
on hydrogen atom transfer (HAT).16


On the basis of the H-atom abstraction mechanism, we
attempt to shed light on the SAR for NSAIDs. Besides a
central pyrrolic ring, a common structural feature exhib-
ited by these drugs is an acetic acid group. According to
structural optimization, after one hydrogen at C(b) is
abstracted, the carboxyl group is nearly coplanar with
the pyrrole-ring for two pyrrole derivatives, tolmetin
and ketorolac, by which the corresponding radicals at
C(b) can be obviously stabilized through strong ortho
p–p conjugation effect of both pyrrolic ring and the car-
boxyl group. On the other hand, C(a)-central radical
can only be stabilized by p–p conjugation effect from
pyrrolic ring. Thus, C(b)-H BDE is much lower than
C(a)-H BDE, and H-atom at C(b)-H is much more read-
ily to be abstracted than that at C(a)-H for two pyrrole
derivatives. However, for indomethacin and acemetacin
(two indole derivatives), there exists a certain angle be-
tween indole-ring and the corresponding carboxyl group
for the radical derived at C(c), and thereby their conju-
gation stabilizing effect decreases a lot.17 Consequently,
as shown in Table 1, the C(c)-H BDEs for indole deriv-
atives averagely increase 5-6 kcal/mol, relative to the
C(b)-H BDE of the similar sites for pyrrole derivatives,
which may result in that indomethacin and acemetacin
exhibit lower AOO�-scavenging ability than tolmetin
and ketorolac. Beside the C(c)–H potential active site,
the hydrogen atom at C(b) is another proper candidate
because of a similar p–p conjugation effect from indole-
ring to stabilize the C(b)-central radical. Therefore, the
calculated C(b)–H BDEs are almost equal to C(c)–H
BDEs. Regarding oxaprozin, except for the p–p conju-
gation effect from the central-ring, there is no ortho
p–p conjugation effect resulting from the carboxyl group
to stabilize the radical structure, since the carboxyl
group is in the meta-position to the produced C(b)-cen-
tral radical. Despite of this, two phenyl groups can, to a
certain extent, stabilize the C(b)-central radical. The
ultimate result is that oxaprozin possesses a comparable
AOO�-scavenging potency with acemetacin. However,
in vivo, acemetacin will be rapidly converted to
indomethacin,18 and therefore, is actually expected to
exhibit better peroxyl-radical-scavenging capacity than
oxaprozin.


In brief, H-atom-abstraction mechanism can be used to
interpret the AOO�-scavenging potency of the five
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NSAIDs, in which cleavage of C(b) or C(c)–H bonds oc-
curs. Meanwhile, the lowest C–H bond dissociation
enthalpy (BDE) can qualitatively account for the activ-
ity difference.
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Abstract—Dysfunction of copper metabolism leading to its excess or deficiency results in severe ailments. Recently, neurodegener-
ative disorders such as Alzheimer’s disease have been associated with copper metabolism. Compounds having the ability to reduce
copper levels in brain or to affect its distribution could have neuroprotective effects, mainly through a downregulation of the tran-
scription of amyloid peptide precursor (APP). We report here the biological effect of compound 1,1 0-xylyl bis-1,4,8,11-tetraaza
cyclotetradecane, which specifically affects copper concentration in the brain cortex region. Its copper homeostatic activity is com-
pared with that of clioquinol, a well-known drug, which has been recently reported as an active Ab-peptide clearance drug in vivo
for Alzheimer’s patients.
� 2006 Elsevier Ltd. All rights reserved.

A central, unresolved question in the pathophysiology
of Alzheimer’s disease (AD) relates to the role of metal
ions in plaque formation and neurodegeneration. AD
plaques containing fibrils composed of the 39–42 residue
amyloid-b (Ab) peptides are thought to be linked to neu-
rodegeneration in AD.1,2 Metal ions have been proposed
to play a significant role in the assembly and neuro-
toxicity of AD fibrils.3 Administration of a metal ion
chelator decreases deposition of Ab in the brains of
transgenic mice4 and releases soluble Ab from pre-
formed amyloid deposits,5 supporting the hypothesis
that metal ions are incorporated in plaque architecture
in vivo. Selective chelating therapy to combat AD is a
promising strategy. It has been observed through
Alzheimer’s Disease Assessment Scale-cognitive sub-
scale (ADAS-cog) that patients with low Cu levels had
significant by higher ADAS-cog values than patients
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with medium Cu levels, who exhibited lower ADAS-
cog scores. This finding supports the hypothesis of a
mild Cu deficiency in most AD patients.6


An hydrophobic moderate metal chelator (5-chloro-7-
iodo-8-hydroxy-quinoline, known as clioquinol),
termed as a metal–protein-attenuating compound
(MPCA), has exhibited a promising effect in a phase
II clinical trial of moderately severe AD patients.7


More recently, it has been shown that in mammals
clioquinol–copper complexes can form in the instesti-
nal tract and cross the blood–brain barrier (BBB) to
enter the brain, and this explains why soluble copper
and zinc levels were increased by 15% in mice brain
upon clioquinol treatment. Therefore, clioquinol–cop-
per complexes could selectively and markedly elevate
copper levels in the brain of individuals with AD
and counterbalance the changes in copper levels ob-
served in AD; most probably mediated through the
amyloid peptide precursor (APP) export function.8 It
should be underlined that clioquinol was removed
from the US market in 1971 because of a link with
subacute myelo-optic neuropathy (SMON), an
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uncommon neurological syndrome largely confined to
Japan.9 These issues may be important in
understanding the integration of copper homeostasis
in AD and with other physiological processes such
as aging.


Because of their interesting biological and physicochem-
ical properties, saturated macrocyclic polyamines such
as 14-membered tetramine derivatives have attracted
the attention of biologists, mainly through the discovery
and development of bicyclam, a chemokine receptor
antagonist, which has highlighted the therapeutic poten-
tial of this compound in HIV infection,10 inflammatory
diseases, cancer and stem-cell mobilization.11 In the
present work, our aim was to study the influence of such
bicyclam analogues 1 and 2 (named as JLK 169 and
JLK 1291) on the distribution of copper in rat brains
in comparison with other metal chelating agents such
as 3 (Clioquinol) or 4 (DD-Penicillamine), and to discuss
the role of bicyclam analogues in the copper
homeostasis.


Bicyclam 1 was synthesized according to known proce-
dure.12 Its Cu2+ complex 2 was synthesized as described
under Ref. 13. Compounds 3 and 4 were commercially
available. The structures of analogues 1–4 are presented
in Figure 1.


All animal experiments are described under Ref. 14.
Copper ion determination was carried out using atomic
absorption as described under Ref. 17.


Compounds 1–4 were injected in rats according to the
above animal experiment protocol. The obtained results
are summarized in Table 1.


As is observed, 4 did not affect copper concentrations in
blood or CSF or indeed in the studied brain regions. It is
known that 4–Cu(I) complexes have very poor aqueous
solubility in the pH range of 1.9–7.6 due to the forma-
tion of neutral complexes.18 Moreover, 4 which prefer-
entially binds Cu(I) is less likely to extract Cu(II)
involved in non redox structural capacity in proteins.19


In contrast, 1 mainly affects copper concentration in
the brain cortex, compared to its corresponding copper
complex 2 or to 3, while copper concentrations in blood,
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Figure 1. Molecular structures of the different metal chelators.

CSF or corpus callossum are similar to those found in
untreated rats.


Figure 2 shows the comparative effects of 1 and 3 on
copper ion distribution in various brain regions and
blood and CSF with respect to the control.


It can be observed that 1 h after injection the effects of 1
and 3 are quite similar since both significantly decreased
by about 70% copper concentration in the CSF with re-
spect to the control and only very slightly in blood. They
do not affect copper concentration in the corpus callo-
sum. (It should be remembered that copper concentra-
tion in CSF does not necessarily correlate with copper
concentration in brain department). In contrast, the ef-
fect of 1 compared to that of 3 on the observed increase
of copper concentration in cortex is significantly differ-
ent since 3 has a very low effect on copper cortex concen-
tration, while in contrast 1 increased copper
concentration with respect to the control by about
90%. It should be underlined that our results concerning
3 are different from those of other reports20 which indi-
cated a 15% overall increase of copper in whole mice
brain upon 3 injection.


When copper analysis was performed on tissue samples
or blood and CSF of animals decapitated 2 h, instead of
1 h, after drug treatment (1 and 3), the effects on copper
distribution in the cortex or in CSF observed after 1 h
were almost abolished, with respect to the control.


Moreover, copper–bicyclam complex 2 injected for 1 h
has almost no significant effect on copper concentration
on the whole brain samples as well as in CSF with
respect to the control.


Several parameters need to be taken into account to
explain the observed differences in the effects of these
two drugs on copper distribution in the brain.


• First, the binding affinities for copper between 1 and
3 are quite different. Their log Ks values are, respec-
tively, 27 and 1021:


ðKs constant being defined as follows:


Ks ¼ ½complex�=½ligand� � ½Cu2þ�Þ
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Table 1. Effects of various metal chelators on the concentrations of copper in blood, CSF and various brain regions, after 1 h of drug injection in rats


Compound Structure Blood (lg/100 ml) CSF (lg/l) Cortexa (lg/g) Corpus callosuma (lg/g)


1 142 ± 10 6.1 ± 2 30.6 ± 8 10.2 ± 2


2 139 ± 15 13.9 ± 4 15.5 ± 4 9.1 ± 2


3 126 ± 12 7.7 ± 3 11.6 ± 3 10.5 ± 2


4 HS
CO2H


NH2


H


H3C


H3C


135 ± 15 n.d. 15.4 ± 5 10.1 ± 1


P.P.Ib Vehicle 127 ± 7 8.3 ± 2 10.0 ± 2 11.0 ± 1


n.d., not determined.
a Cu concentrations were evaluated as lg per g of dry brain tissue.
b Injection vehicle (0.5% DMSO in water). The obtained Cu concentrations represent the average concentrations of copper found in untreated rats.
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Figure 2. Comparative effects of 1 and 3 on the concentration of


copper in various regions of rat brain as well as in blood and cerebro


spinal fluid 1 h after injection.
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The clioquinol–copper complex required a two to one
stoechiometry to form a tetradentate ligand complex,
while the tetradendate–copper complex 2 is a one-to-
one stoechiometry complex.


Moreover, binding energy (BE) for Cu2+–clioquinol
complex was rather high (685.26 kcal/mol) and com-
parable with that of Cu2+–Ab-complex (752.26 kcal/
mol).22 The calculated BEs for polyazamacrocycles
are found to be higher than that of clioquinol23 and
quite comparable to that of Cu2+–Ab-complex.


• Second, the drugs do not have the same permeation
properties that are the capacity to cross membranes
and, this is important in particular for the blood–
brain barrier. The calculated logP values (octanol/

water calculated from ACD software) for 1 (HCl free)
and 3 were, respectively, 0.2 ± 0.7 and 4.75 ± 0.83.
Moreover, a good correlation has been reported24


between lipophilicity values and the permeability of
metal chelators. This is particularly true for chelators
belonging to the clioquinol family. This observation
that lipophilicity is determinative for BBB permeation
is supported here, by the fact that the bicyclam–
copper complex 2 which had no effect on copper
distribution in brain is a very polar complex, whose
logP value cannot be calculated with ACD logP
software.


• Third, the observed effects on copper distribution in
brain are closely related to the duration of the time
between drug injection and animal sacrifice. Opti-
mum responses were observed for copper tissues anal-
ysis 1 h after drug injection.


Why could bicylam compound 1 be of interest in selec-
tive chelator therapy for diseases related to copper
homeostasis?


This compound has already been entered in clinical
phases for other applications: HIV infection, inflamma-
tory disease, cancer, and stem-cell mobilization.11


It could be considered as a safe drug with only weak tox-
icity. In contrast, clioquinol, whose activity on Ab-pep-
tide clearance has already been investigated in vivo on
AD patients, displays some severe side effects.


From the above results, it appears that injection of 1
favours accumulation of copper mainly in the cortex
region. It should be recalled that Cu concentrations
are lower in the hippocampus and the globus pallidus
than in other brain regions; in particular in the cortex
where Ab-peptide is found to accumulate.25 In contrast
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comparatively clioquinol has in comparison only a weak
effect on copper accumulation.


A crucial point remains unclear: what could be the effect
of copper accumulation in the cortex on the clearance of
Ab-peptide? Indeed, it has been recently reported by
Treiber et al.,8 that using a yeast model, clioquinol dras-
tically increased the intracellular copper concentration.
Through these experiments the researchers suggest that
clioquinol can act therapeutically by changing the distri-
bution of copper or facilitating copper uptake rather by
decreasing copper levels.


Our experiments do not allow us to answer the question of
the role of compound 1 on copper uptake, but these pre-
liminary results encourage us to study the possible activity
of compound 1 on the Ab-peptide clearance using trans-
genic animal models. To our knowledge, this is the first
time that bicyclam 1 has been identified as a possible can-
didate for Ab-peptide clearance AD therapy.
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Abstract—Boesenbergia rotunda (L.) cyclohexenyl chalcone derivatives, 4-hydroxypanduratin A and panduratin A, showed good
competitive inhibitory activities towards dengue 2 virus NS3 protease with the Ki values of 21 and 25 lM, respectively, whilst those
of pinostrobin and cardamonin were observed to be non-competitive. NMR and GCMS spectroscopic data formed the basis of
assignment of structures of the six compounds isolated.
� 2006 Elsevier Ltd. All rights reserved.

Anthropod-borne dengue fever (DF) and dengue haem-
orrhagic fever (DHF)/dengue shock syndrome (DSS) are
caused by four closely related viruses (DEN-1, DEN-2,
DEN-3 and DEN- 4) of the Flaviviridae family. Accord-
ing to WHO, DF and DHF/DSS are endemic in over
100 countries, with more than 2.5 billion people at risk
for epidemic transmission and an estimated 50 million
infections each year.


Typically of Flaviviridae family, dengue virus consists of
a single positive-sense 1-kb RNA genome that translates
into a single polyprotein comprising 3 structural (C, prM,
E) and 7 non-structural (NS) proteins, of sequential order
C-prM-E-NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5.1


For gene expression, both co- and post-translational
proteolytic processing of this polyprotein is required.
The polyprotein precursor is cleaved by both host pro-
teases and virus protease complex NS2B/NS3. Togeth-
er with its cofactor NS2B, NS3pro catalyzes the
cis-cleavage of NS2A/NS2B and NS2B/NS3,2 as well
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as trans-cleavage of NS3/NS4A, and NS4B/NS5 junc-
tions of the polyprotein.1,3 Thus, the NS3pro is an
attractive target for potential chemotherapeutic agents.


To date, there is no known vaccine licenced for human
use against dengue, although the efficacy of a recently
developed ChimeriVax vaccine is currently being evalu-
ated.4 In addition, there have been various reports
recently of a work on therapeutic strategies for use
against dengue.5–7 However, all efforts thus far have
not been successful. As part of our ongoing effort to
search for a lead therapeutic agent for DF/DHF, the
activity of some compounds extracted from fingerroot,
Boesenbergia rotunda (L.) Mansf. Kulturpfl. (BR), for
the inhibition of dengue virus protease has been tested.


Boesenbergia rotunda (L.) Mansf. Kulturpfl. (BR) is a
common spice belonging to a member of the ginger fam-
ily (Zingiberaceae). Several studies have shown some of
the BR compounds, such as flavanoids and chalcones, to
be pharmaceutically active. The chalcone, cardamonin,
isolated from BR was recently reported to exhibit appre-
ciable anti-HIV-1 protease inhibition.8 In this paper, we
described inhibitory activities of six compounds isolated
from BR towards the DEN-2 virus NS3 protease.
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For structural determination of BR extracts, nuclear
magnetic resonance (1H and 13C NMR 400 MHz) and
gas-chromatography/mass spectra (GCMS, AcqMethod
NATPRO, HP 6890 series Mass Selective Detector)
were used. Bioassays were carried out on RF5301PC
Shimatzu Spectrofluorometer. The intensity of the fluor-
ogenic moiety (7-amino-4-methylcoumarin, AMC) from
the cleaved fluorogenic peptide substrates was set at the
following wavelength: excitation k = 385 nm and emis-
sion k = 465 nm.


Fresh yellow rhizomes of BR from Thailand were pur-
chased from Chow Kit Market (KL, Malaysia). The
slurry liquid obtained after solvent evaporation of
methanolic extract of dried rhizome powder was parti-
tioned with ethyl acetate and water (1:1, v/v). The sec-
ond slurry liquid obtained after ethyl acetate
evaporation was subsequently eluted with 5% stepwise
gradient of increasing polar solvent in the order of tolu-
ene, toluene/ ethyl acetate, ethyl acetate, ethyl acetate/
acetone, acetone, acetone/methanol and methanol using
a silica gel chromatographic column. The structures of
the six purified compounds (1–6) were identified using
1H and 13C NMR together with GCMS spectroscopic
data.


Expression and purification of DEN-2 NS2B/NS3 pro-
tease were similar to Ref. 9, whilst the bioassay protocol
used was modified from that established in Ref. 9. The
standard 100 lL reaction mixtures comprised 100 lM
fluorogenic peptide substrate Boc-Gly-Arg-Arg-MCA
(S1), 2 lM Den-2 protease complex and with or without
BR extract/compounds of varying concentrations buf-
fered at pH 8.5 by 200 mM Tris–HCl. Each extract/com-
pound was assayed at three different concentrations;
120, 240 and 400 ppm, except for compounds 5 and 6
which were assayed at six different concentrations rang-
ing from 40 ppm to 400 ppm. Each test was done in qua-
druplicate. Four readings were taken each at a time
interval of 5 s per sample and the three most consistent
readings (% standard deviation <5%) were accepted.


The most inhibiting of the BR compounds were subse-
quently bio-assayed for trans cleavage inhibition using
a second fluorogenic peptide substrate Ac-Thr-Arg-
Arg-MCA (S2) which tripeptide residue was modelled
after the NS4B/NS5 cleavage site of DEN-2 polyprotein.
All solutions bio-assayed were prepared in methanol
(prior tests showed the absence of methanolic inhibition
even at 30% (v/v)).


Spectroscopic data (1H NMR, 13C NMR and MS) of
the six compounds extracted from BR that have shown
inhibitory activities towards dengue virus protease were
in accordance with those reported previously.10–13 These
compounds were identified as pinostrobin (1), pinocem-
brin (2), alpinetin (3), cardamonin (4), panduratin A (5)
and 4-hydroxypanduratin A (6) (Fig. 1).


Protease assay was performed using a fluorogenic pep-
tide substrate Boc-Gly-Arg-Arg-MCA (S1), which has
been shown to be an active substrate towards DEN-2
NS3 protease.

Inhibitory activities of DEN-2 NS2B/NS3pro cleavage
of S1, the most active substrate, were carried out with
the six compounds described above.9 Figure 2 shows
the percentage of inhibition of the compounds tested
at three different concentrations. The results indicated
an increase in inhibitory activities with increasing con-
centration of compounds tested.


Of all the six compounds tested, panduratin A (5) and 4-
hydroxypanduratin A (6) exhibited inhibitory activities
even at low concentration tested where inhibitory activi-
ties of more than 65% were observed at 80 ppm (Table 1).
4-Hydroxypanduratin A showed better inhibition than
panduratin A at an even lower concentration of 40 ppm
(Table 1).


Although pinocembrin (2) and cardamonin (4) individu-
ally showed low inhibitory activities at all concentra-
tions tested, marked increase in activity was observed
when both these compounds were combined in equal
portion (1:1, w/w) and bio-assayed (Table 2). This seems
to suggest some synergistic effect on the activities of
pinocembrin (2) and cardamonin (4) against the







Table 1. Percentage inhibition of dengue 2 NS2B/3 virus protease cleavage of substrate S1 by 5 and 6 ± standard error


Compound Percentage inhibition of dengue 2 virus protease NS3 concentration used (ppm)


40 80 120 160 240 400


5 27.1 ± 4.8 66.7 ± 0.1 87.7 ± 0.6 93.7 ± 0.5 92.2 ± 1.2 99.8 ± 1.1


6 52.0 ± 1.1 78.1 ± 0.1 87.6 ± 0.4 96.0 ± 0.5 97.3 ± 0.3 99.8 ± 0.3


Table 2. Percentage inhibition of DEN-2 NS2B/3 virus protease


cleavage of substrate S1 by 2, 4 and 1:1 (w/w) combination of 2 and 4


±standard error


Compound Percentage inhibition of DEN-2 NS3


concentration used (ppm)


120 240 400


2 30.1 ± 0.5 47.3 ± 0.5 56.1 ± 0.4


4 39.4 ± 0.6 50.1 ± 0.4 71.3 ± 0.3


2 + 4 52.6 ± 0.4 63.5 ± 0.5 81.8 ± 0.3


Table 3. Percentage inhibition of dengue 2 NS2B/3 virus protease


cleavage of substrate S2 by 1, 5 and 6 ±standard error


Compound Percentage inhibition of DEN-2 NS3


concentration used (ppm)


120 240 400


1 76.7 ± 0.5 80.7 ± 0.4 88.7 ± 0.3


5 47.5 ± 9.1 59.6 ± 7.9 90.4 ± 2.3


6 90.4 ± 0.3 96.1 ± 0.3 99.2 ± 0.3
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DEN-2 virus protease. Studies are being carried out to
gain further insight into their combined mode of
inhibition.


The inhibition for cleavage of S2 showed a similar in-
crease in inhibitory activities when the concentration
of the compounds tested was increased (Table 3). With
the exception of panduratin A (5), the percentage inhibi-
tions for the cleavage of S2 for all other compounds test-
ed were observed to be comparable to those of the first
substrate, S1. At 120 ppm, 4-hydroxypanduratin A (6)
showed a comparatively higher inhibitory activity than
those of pinostrobin (1) and panduratin A (5). The sec-
ond set of inhibition results using S2 showed that these
BR compounds could also inhibit the cleavage of site
modelled after the actual NS4B/NS5 cleavage junction
of the dengue virus polyprotein.


The Ki for all compounds tested were calculated from
the Lineweaver–Burk plot. Figure 3 is a Lineweaver–
Burk plot using cardamonin (4) as an example of inhib-
itory activity. Similar plots were obtained for all other
BR flavanoids (1, 5 and 6). Activities of 4 indicate
non-competitive inhibition towards DEN-2 protease
NS3.


A graph of reciprocal of apparent maximum velocity to
inhibitor concentration was plotted and the Ki value was
calculated from the gradient (1/(Vmax Ki)). The Ki value
for cardamonin was determined to be 377 ± 77 lM
(Fig. 4).


The Lineweaver–Burk plots for 5 and 6 intersected on
the y-axis indicating a competitive inhibition with the

substrate S1 towards dengue protease. Figure 5 shows
the Lineweaver–Burk plot for 4-hydroxypanduratin A.
A further plot reciprocal of the apparent Km to the
inhibitor 6 concentration was used to calculate the Ki


for 6 (Fig. 6). Table 4 summarizes the Ki values for
pinostrobin (1), cardomonin (4), panduratin A (5) and
4-hydroxypanduratin A (6).


The small Ki values of the competitive inhibitors for
the CCD, especially 4-hydroxypanduratin A, show
the potential of the CCD compounds as in vitro
inhibitors for the DEN-2 NS2B/NS3 protease. The
inhibitor dissociation constants of these two natural
compounds were comparable to the best of the small
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Table 4. Ki values of inhibitors of NS3 protease


Compound Ki (lM) Inhibition mechanism


1 345 ± 70 Non-competitive


4 377 ± 77 Non-competitive


5 25 ± 8 Competitive


6 21 ± 6 Competitive
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synthetic peptide inhibitors assayed.14 Presumably, the
inhibitory activity of the CCD over the other similarly
configured chalcones and flavanones extracted is in
some ways influenced by the unique cyclohexenyl
structure in the CCD. Further studies are being car-
ried out in order to understand the structure-activity

relationship of these compounds towards the DEN-2
virus protease.


Two types of natural products were extracted from BR,
that is, flavanones and chalcones. Flavanone pinostrob-
in showed non-competitive inhibition towards DEN-2
protease. However, unlike chalcone cardamonin which
also showed non-competitive inhibition towards DEN-
2 protease, cyclohexenyl chalcone derivatives (CCD)
showed competitive inhibition. The low Ki CCD
calculated values indicated that these compounds
have good potentials as in vitro inhibitors for
DEN-2 NS2B/NS3 protease.
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Abstract—A series of polyaminoguanidines and polyaminobiguanides were synthesized and evaluated as potential antitrypanosomal
agents. These analogues inhibit trypanothione reductase (TR) with IC50 values as low as 0.95 lM, but do not inhibit the closely
related human enzyme glutathione reductase (GR). The most effective analogues, 7a, 7b and 8d, inhibited parasitic growth in vitro
with IC50 values of 0.18, 0.09 and 0.18 lM, respectively. These agents represent a promising new class of potential antitrypanosomal
agents.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. The structures of eflornithine (1), melarsoprol (2) and


melarsen oxide (3).

Human African trypanosomiasis (HAT), caused by the
protozoan parasites Trypanosoma brucei gambiense
(West African trypanosomiasis) and Trypanosoma bru-
cei rhodesiense (East African trypanosomiasis),1 is a dai-
ly threat to more than 60 million people in 36 countries
of sub-Saharan Africa. Between 300,000 and 500,000 are
thought to have the disease, with more than 50,000
deaths occurring in 2002.2 Early stage disease is usually
treated effectively with suramin or pentamidine, but field
diagnosis is difficult in rural areas, and many patients
progress to late-stage disease before seeking treatment.
There are only two effective treatments for late-stage
HAT, as shown in Figure 1. The ornithine decarboxyl-
ase inhibitor eflornithine, 1, has been shown to be cura-
tive in end-stage infections caused by T. b. gambiense,
but ineffective against T. b. rhodesiense.3–6 Eflornithine
is expensive to produce, and thus its availability in
impoverished nations is limited. End-stage HAT is most
often treated with melarsoprol, 2, which is converted to
the active metabolite melarsen oxide, 3.7–9 Serious side
effects of melarsoprol include a 10% incidence of
encephalopathy which is fatal in 3–5% of patients. The
situation is further complicated by the emergence of
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arsenic-resistant strains of T. b. gambiense and T. b.
rhodesiense.


Trypanosomes possess a number of parasite-specific tar-
gets for drug design.9 We, and others, have focused on
the discovery of agents that can interrupt polyamine
metabolism in trypanosomes. T. brucei produces the
polyamines putrescine and spermidine from ornithine
in a manner analogous to the human pathway, but does
not produce the tetraamine spermine. Instead, these par-
asites convert spermidine and two molecules of host-de-
rived glutathione into trypanothione (4, Fig. 2), which is
used to protect the organism against oxidative
stress.10,11 The formation of 4 depends on two ATP-de-



mailto:pwoster@ wayne.edu

mailto:pwoster@ wayne.edu





- O N
H


H
N


O


NH3 +


O
SH


O


- O
H
N N


H
O


O


NH3 +


O
SH


O


HN


H2N+


NH


O


4


Figure 2. The structure of trypanothione, 4.


5 (n = 1)
6 (n = 2)
7 (n = 5)


8 (n = 1)
9 (n = 2)
10 (n = 5)


N
H


N
H


N
H


N
H


N
H


R
NH


N
H


R
NH


N
H


N
H


N
H


N
H


N
H


NH


N
H


NH


N
H


RN
H


R
NH NH


n


n
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Scheme 1. Reagents and conditions: (a) cyanogen bromide, EtOH,


reflux; (b) HCl, CH2Cl2; (c) 12a–d, chlorobenzene, reflux; (d) 30% HBr


in AcOH, phenol, CH2Cl2.
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pendent enzymes, glutathionylspermidine synthetase
(GSPS) and trypanothione synthetase (TS).12,13 In the
presence of oxidative species, trypanothione is oxidized
to the disulfide, and must be recycled to the reduced
form 4 by the enzyme trypanothione reductase (TR).
The arsenical drug melarsoprol acts by forming a cova-
lent complex with trypanothione, thus inactivating it
and exposing the organism to oxidative damage.


The crystal structure of TR from Trypanosoma cruzi has
been solved,14 but relatively few inhibitors of this en-
zyme have been described.15–22 We previously reported
a series of alkylpolyamine analogues that exhibit potent
antitrypanosomal activity in vitro.23–25 These analogues
disrupt polyamine metabolism through changes in pKa


values that alter their degree of protonation at physio-
logical pH.26 They enter proliferating cells using the
polyamine transport system and downregulate poly-
amine biosynthesis, but do not substitute for the natural
polyamines in terms of cell growth and survival func-
tions,25 leading to polyamine depletion and cell death.
We identified a structurally distinct subset of polyamine
analogues with a 3-7-3 carbon skeleton that produce po-
tent and selective antitrypanosomal effects, and have
shown that these analogues are potent inhibitors of
TR (unpublished results). We reasoned that polyamine
analogues containing substituted terminal guanidines
or biguanides would produce similar cellular effects,
since these moieties would produce even greater charge
perturbations when compared to the natural poly-
amines. Substituted guanidines and biguanides, with
pKa values in the range of 13.527 and 13.0,28 respectively,
are more basic than secondary amines (pKa values near
11). In addition, the biguanide group appears in a num-
ber of important therapeutic agents,29 including chlorh-
exidine and the antimalarial chlorguanide. It has
recently been shown that non-polyamine amidines and
guanidines possess potent antitrypanosomal activity.30


Also, the biguanide chlorhexidine acts as an inhibitor
of TR from T. cruzi.22 In order to test the hypothesis de-
scribed above, we designed and synthesized a limited
series of substituted polyaminoguanidines and bigua-
nides with general structures 5–10 (Fig. 3).


The synthetic route to alkylpolyaminoguanidines 5, 6
and 7 is shown in Scheme 1. Amines 11a–d were added
to cyanogen bromide in refluxing ethanol to afford the

corresponding N-cyano intermediates 12a–d (85% av
yield).31 The bis-protected tetraamines 13e–g were then
prepared as previously described,23,24 converted to their
dihydrochloride salts (HCl,CH2Cl2) and appended to
12a–d (chlorobenzene, reflux, 75% av yield). The mesi-
tyl-protecting groups were removed (30% HBr in AcOH,
phenol, CH2Cl2) to afford the desired guanidines 5c–d,
6c–d and 7a–d (89% av yield). These syntheses were also
conducted using versions of 13e, 13f and 13g that were
N-Boc-rather than N-mesityl-protected (not shown),
allowing for deprotection in the final step under milder
conditions where appropriate (5% (v/v) trifluoroacetic
acid in CH2Cl2).
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Table 1. IC50 values for TR and GR inhibition, and for growth


inhibition of Trypanosoma brucei brucei for compounds 5–10


Compound TR inhibition


IC50 (lM)


GR inhibition


IC50 (lM)


Inhibition of


T. b. brucei


IC50 (lM)


5c 5.07 >100 1.95


5d 3.60 >100 2.05


6c 2.97 >100 2.4


6d 4.56 >100 3.35


7a 17.68 >100 0.18


7b 69.47 >100 0.09


7c 2.24 >100 0.61


7d 4.72 >100 0.5


8c 3.68 >100 1.76


8d 4.16 >100 0.18


9c 2.96 >100 0.19


9d 2.74 >100 1.05


10c 0.95 >100 0.62


10d 1.66 >100 0.45


All IC50 values were derived from dose–response curves in which each


data point was the average of three determinations with <5%


variability.
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A similar strategy was employed for the synthesis of
alkylpolyaminobiguanides 8, 9 and 10, as outlined in
Scheme 2. Amines 11c and 11d were converted to the
corresponding cyanoguanidines 14c and 14d
(NaN(CN)2, BuOH/H2O, 74% av yield),32 which were
combined with 13e–g as previously described (76% av
yield) to afford the mesityl-protected target molecules.
Deprotection as described above then provided the
substituted biguanides 8c–d, 9c–d and 10c–d (69% av
yield). An analogous route (not shown) utilizing the
N-Boc protection group was also employed, as above.


In order to act as parasite-specific antitrypanosomal
agents, active molecules must inhibit TR without affecting
the closely related human enzyme glutathione reductase
(GR). It has been suggested that charge density is a major
factor in the ability of an inhibitor to discriminate be-
tween TR and GR.33 Thus, all target molecules of general
structure 5–10 were evaluated as inhibitors of TR and
GR, and for the ability to kill cultured bloodforms of Try-
panosoma brucei brucei EATRO 110. TR and GR activity
were measured by monitoring the disappearance in UV
absorption at 340 nm resulting from the reduction of oxi-
dized trypanothione or glutathione in the presence of
NADPH.15 Antitrypanosomal activity was measured
in vitro as previously described.23,24 The results of these
studies are summarized in Table 1. These data indicate
that all of the target molecules, except for 7a and 7b, are
effective inhibitors of TR, with IC50 values ranging from
0.95 to 5.07 lM. None of the analogues tested produced
any significant inhibition of GR at concentrations of up
to 100 lM, indicating that they are highly selective for

the parasitic enzyme. Each analogue was a potent growth
inhibitor, with IC50 values against T. b. brucei between
0.09 and 3.35 lM. In the guanidine series, compounds
with a 3-7-3 carbon backbone (7a–d) were the most effec-
tive agents, consistent with our earlier findings with
substituted polyamines.23–25


Although biguanide therapeutic agents are known, only
chlorhexidine has been reported to inhibit TR, and it
was not evaluated as a growth inhibitor.22 Thus, 8–10
are the first biguanides reported that possess antitrypan-
osomal activity. The most potent biguanides, 8d and 9c,
had a 3-3-3 or 3-4-3 carbon backbone, respectively,
although compounds 10c and 10d (3-7-3 backbone) were
also reasonably potent. Data from additional members
of the biguanide series will be required to make mean-
ingful SAR correlations. It is interesting that TR inhibi-
tion and antitrypanosomal activity did not seem to
correlate well in either series, and the weakest TR inhib-
itors, guanidines 7a and 7b, were the most potent anti-
trypanosomal agents. Oxidation of substituted
polyamines to toxic metabolites can contribute to their
activity,34,35 but polyamine oxidase cannot be detected
in T. brucei. It is more likely that differences in potency
can be attributed to differential uptake by the P2 amino-
purine transporter that is known to import pentami-
dine.36,37 This transporter selectively concentrates
amidines and guanidines, producing lethal effects medi-
ated through accumulation in the mitochondrion and
disruption of kinetoplast function.37 Experiments are
underway to test this hypothesis, and we are currently
evaluating selected analogues in a murine model of try-
panosomal infection. These results, as well as the synthe-
sis of additional analogues, will be described in
subsequent publications.
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Abstract—Based on an existing series of 5-HT2A receptor ligands containing a basic nitrogen, we designed a non-basic lead that had
reduced affinity for both the 5-HT2A receptor and the IKr potassium channel. The present paper describes the development of this
lead to a novel series of non-basic piperidine sulfonamides and amides that have high affinity for the 5-HT2A receptor, whilst main-
taining excellent selectivity over off target activities such as the IKr channel. This work has shown that the proposed pharmacaphore
model for the 5-HT2A receptor which suggests that a basic nitrogen is required for the binding of ligands is questionable.
� 2006 Elsevier Ltd. All rights reserved.

Serotonin (5-HT) is a major neurotransmitter that has
been linked to a number of physiological processes,
including appetite, emotion, changes in mood and the
regulation of the sleep/wake cycle.1 Hence, it is not too
surprising that selective antagonism of the numerous
5-HT receptors has been sought after, and in a number
of cases has led to useful drugs. Antagonism of the 5-
HT2


2 receptor, in particular, has been implicated in
the beneficial effects of some antidepressants as well as
antipsychotics.3 5-HT2 receptors were first identified in
1979 and since the early 1980s, numerous, structurally
diverse antagonists of this receptor have been published
(Fig. 1). These include MDL-100907 which has good
selectivity for the 5-HT2A subtype. The structural diver-
sity of 5-HT2A ligands presented a challenge in terms of
defining a pharmacophore model. However, pharmaco-
phore models that have been proposed agree that two
aryl rings and a basic nitrogen are required for binding
at the receptor.4 Using this model, Rowley et al. have
suggested that 5-HT2 antagonists can be divided into
two classes: (a) those where the aryl rings and the basic
nitrogen are in a triangular arrangement (Eplivanserin
and 1) and (b) those where the aryl rings and the
basic nitrogen are in a linear disposition (MDL-100907
and 2).5
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Figure 1. Selected 5-HT2A antagonists.

Site-directed mutagenesis studies have shown that the
basic nitrogen in these ligands binds to a charged
Asp155 in Helix 3 of the 5-HT2A receptor and is impor-



mailto:Tammy.Ladduwahetty@glpg.com





Figure 3.
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tant for the binding of both agonists and antagonists.6


Hence, 5-HT, Gramine (both agonists), Ketanserin
and Spiperone (both antagonists) have no affinity for
D155A, D155N and D155Q mutant receptors. More re-
cent work has suggested that the binding interaction of
the basic nitrogen may be more complex than originally
thought, since there may be an additional interaction of
the protonated amine with a Ser159, also on Helix 3.7


Mutating this serine again affected the binding of some
agonists such as 5-HT, whilst others such as lysergic acid
were not affected.


Although the basic nitrogen in 5-HT2 receptor antago-
nists has been identified as being important for the bind-
ing of agonists and antagonists of the receptor, it has
also been implicated in a number of undesirable side ef-
fects associated with compounds of this class. These in-
clude affinity for dopamine receptors and the IKr
potassium channel, a voltage gated ion channel involved
in control of the heart rhythm. Regulatory agencies are
increasingly concerned about cardiovascular events fol-
lowing the chronic dosing of drugs, and require strin-
gent tests to confirm their safety. The atypical
antipsychotic sertindole, a compound with dual 5-HT2/
D2 affinity, was withdrawn from the market due to the
prolongation of the corrected QT interval, a conse-
quence of its affinity for the IKr channel.8 Designing
5-HT2A ligands with little or no affinity for the IKr
channel would therefore be beneficial. However, potent
IKr channel blockers such as Dofetilide and Terfenadine
(Fig. 2) clearly show that the pharmacophore for bind-
ing at IKr is similar to the one for binding at the 5-
HT2A receptor. Recent work that involved building a
predictive pharmacaphore model for the IKr potassium
channel concluded that the following features were
important for binding: ‘one positive ionisable feature,
two aromatic rings and one hydrophobic group.’9


We have previously shown that in the sulfonylpiperidine
series of 5-HT2A antagonists (2), reducing the basicity of
the piperidine nitrogen together with appropriate aro-
matic substitution can lead to significantly reduced bind-
ing to the IKr channel.10 We investigated the interaction
of the basic nitrogen further by synthesising the amide 4
(Fig. 3) which, although lacking a basic nitrogen that
can interact with the charged Asp155, does have an
amide which could perhaps interact as a hydrogen bond
acceptor with Ser159. The amide 4, however, had no

Figure 2. IKr channel blockers.

affinity for 5-HT2A receptors (Ki 5-HT2A >5000 nM).
The amide linkage in 4 restricts rotation of the pheneth-
yl side chain and it is possible that the phenyl group is
prevented from reaching a suitable position for binding.


From unpublished work in our own laboratories, and
known 5-HT2A ligands such as EMD-281014, we knew
that piperazine amides and sulfonamides,11 such as 3,
provide high affinity antagonists analogous to the
piperidine sulfones represented by 2. Consequently,
we chose to synthesise compound 5, again non-basic,
but without the conformational restriction of the amide
4 and where the hydroxyl group can serve either as a
mimic of the protonated amine or in its own right as
a hydrogen bond donor/acceptor that might interact
with Ser159. Gratifyingly, we found that 5 had greater
affinity for the 5-HT2A receptor (Ki 5-HT2A 190 nM)
than the amide 4. The present paper describes the
development of this lead into a novel series of non-
basic piperidine sulfonamides and amides to give high
affinity, selective ligands, thus disproving the generally
accepted view that a basic nitrogen is crucial for bind-
ing at the 5-HT2A receptor.


The 4-hydroxypiperidine 5 was synthesised by addition
of the requisite Grignard reagent to N-BOC piperidone
to give 6, followed by deprotection, and sulfonylation of
the resulting trifluoroacetate salt (Scheme 1). Treating 5

Scheme 1. Reagents: (i) 2,4-difluorophenethyl bromide, Mg, THF; (ii)


TFA, Et3N, 4-F-phenylsulfonyl chloride, CH2Cl2; (iii) DAST, CH2Cl2.







Table 1. Binding affinities


Compound h5HT2A


Ki/nMa


h5HT2C


Ki/nMa


Selectivityb hD2


Ki/nMa


hIKr


Ki/nMa


2 0.42 92 219 >1000 710


EMD281014 0.87 557 641 >1000 1268


3 4.4 3785 860 >1000 4869


5 190 >4000 — >1000 >9000


7 24 806 33 >1000 >9000


8 22 449 22 >1000 >9000


12a 52 2033 39 >1000 >9000


12b 14 997 73 >1000 >9000


12c 9.9 239 24 >1000 >9000


12d 6.1 404 66 >1000 >9000


12e 8.1 70 9 >1000 >9000


12f 1.7 96 58 >1000 >9000


12g 2.1 184 84 >1000 >9000


13a 3.9 110 28 >1000 >9000


13b 2.9 28 10 >1000 >9000


a h5-HT2A, h5HT2C, hD2 (dopamine) and hIKr affinities were deter-


mined as described in Ref. 3 (n = 2).
b h5-HT2C/h5-HT2A.
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with DAST gave a mixture of the fluoro compound 7
and the tetrahydropyridine 8 which were separated by
HPLC.


The unsubstituted piperidine analogues were synthesised
as shown in Scheme 2.


The substituted vinyl pyridine 9 was synthesised from
commercially available vinyl pyridine via a Heck reac-
tion.12 Subsequent hydrogenation gave 10, which was
converted to the TFA salt of piperidine 11 using stan-
dard methodology. A small library of amides and sul-
fonamides was then synthesized, a selection of which is
shown.


The SAR for this series of compounds with regard to
binding at 5-HT2A and other GPCRs (5-HT2C, hD2


and hIKr) is summarised in Table 1. The non-basic
piperidine 5 lost two orders of magnitude in binding
compared to the basic compounds 3 and EMD-
281014. Removing the hydrogen bonding hydroxyl
group gave an increase in affinity and to our surprise
both the fluoro analogue 7 and the tetrahydropyridine
8 were equipotent at the 5-HT2A receptor. This suggest-
ed to us that the central ring only functions as a spacer
group and that it might be replaced with an unsubstitut-
ed piperidine. In fact, 12a had a similar affinity to 7 and
8. The 3-fluoro analogue 12b was shown to be antago-
nist in the functional assay.13 A modest increase in affin-

Scheme 2. Reagents and conditions: (i) 2,4-difluoro-iodobenzene,


Pd(OAc)2, P(o-tolyl)3, Et3N, toluene, 150 �C, 5 h; (ii) Pd/C, EtOAc,


H2 (45 psi); (iii) BnBr, acetone, reflux, 16 h; (iv) NaBH4, MeOH,


reflux, 16 h; (v) H2, HCl (conc.), EtOH, Pd(OH)2, then NaOH,


(BOC)2O, dioxane; (vi) TFA; (vii) Et3N, ArSO2Cl, CH2Cl2 or Et3N,


ArCOCl, CH2Cl2.

ity was obtained with small substituents at the 2-
position of the aryl sulfonamide (see 12c and 12d), The
2-cyano analogue 12e has reduced selectivity for 5-
HT2A over 5-HT2C. Both the naphthalene 12f and the
quinoline 12g are comparable in 5-HT2A affinity to the
basic compound 3. In contrast to the basic compounds,
however, the non-basic compounds such as 12g have im-
proved selectivity over IKr (% inhibition 36% at 10 lM).
The quinoline substituent gave the highest selectivity
over 5-HT2c. Replacing the sulfonamide linkage with
an amide as in 13a retains affinity for 5-HT2A receptors.
However, the quinoline substituent, which gave the best
selectivity in the case of the sulfonamide linkage, gave
reduced selectivity over 5-HT2C with an amide linkage.
All the compounds in this series had excellent selectivity
over both the hD2 receptor and the hIKr potassium
channel.


In conclusion, this work has shown that the proposed
pharmacophore model for the 5-HT2A receptor which
suggests that a basic nitrogen is required for the binding
of ligands is questionable. At least in the piperidine sul-
fone series exemplified by 2, it is possible to replace the
basic piperidine with a non-basic core and still retain
high affinity for the 5-HT2A receptor. It could be that
in this series of molecules the sulfone or amide moieties
present an additional key point of interaction that
makes the binding of the basic amine less important.
This work also shows that our initial assumption that
the amide 4 was not the best compound to test whether
a basic nitrogen was necessary for binding at the 5-HT2A


receptor was correct.


In fact, replacing the basic piperidine core with a
non-basic one has enabled us to retain 5-HT2A affinity
whilst significantly reducing binding to the IKr
channel. The fact that the basic nitrogen is not needed
for 5-HT2A binding in this series of compounds has
opened up several possibilities that were hitherto
unavailable. This work will be reported in future
communications.
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Abstract—Bioassay-guided fractionation of a MeOH extract of the rhizomes of Astilbe koreana (Saxifragaceae), using an in vitro
protein tyrosine phosphatase 1B (PTP1B) inhibitory assay, resulted in the isolation of a new triterpene, 3a,24-dihydroxyolean-
12-en-27-oic acid (4), along with four triterpenes, 3-oxoolean-12-en-27-oic acid (1), 3b-hydroxyolean-12-en-27-oic acid (b-peltoboy-
kinolic acid; 2), 3b-hydroxyurs-12-en-27-oic acid (3), and 3b,6b-dihydroxyolean-12-en-27-oic acid (astilbic acid; 5). Compounds 1–5
inhibited PTP1B with IC50 values of 6.8 ± 0.5, 5.2 ± 0.5, 4.9 ± 0.4, 11.7 ± 0.9, and 12.8 ± 1.1 lM, respectively. Our results indicate
that 3-hydroxyl group and a carboxyl group in this type of triterpenes may be required for the activity, while addition of one more
hydroxyl group at C-6 or C-24 may be responsible for a loss of activity. Thus, compounds 2 and 3 which possess only one hydroxyl
group at C-3 and a carboxyl group at C-27 could be potential PTP1B inhibitors.
� 2006 Elsevier Ltd. All rights reserved.

Protein tyrosine phosphatases (PTPs), which dephos-
phorylate the tyrosine residues of proteins, have an
important role in intracellular signaling and metabo-
lism. Although several PTPs, such as PTP-a, leukocyte
antigen-related tyrosine phosphatase (LAR), and SH2-
domain-containing phosphotyrosine phosphatase
(SHP2) have been implicated in the regulation of insulin
signaling, there are substantial evidences supporting
PTP1B as the critical PTP controlling insulin signaling
pathway.1,2 PTP1B can interact with and dephosphory-
late the activated insulin receptor (IR) as well as insulin
receptor substrate (IRS) proteins.1,2 Its overexpression
has been shown to inhibit the IR signaling cascade
and increased expression of PTP1B occurs in insulin-
resistant states.3 Furthermore, recent genetic evidence
has shown that PTP1B gene variants are associated with
changes in insulin sensitivity.4 As with the insulin signal-
ing pathway, the leptin signaling pathway can be atten-
uated by PTPs and there is compelling evidence that
PTP1B is also involved in this process.1,2 Therefore, it
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has been suggested that compounds that reduce PTP1B
activity or expression levels could not only be used for
treating type 2 diabetes but also obesity. Although there
have been a number of reports on the designing and
development of synthetic PTP1B inhibitors,1,5 only a
few studies have been reported as PTP1B inhibitors
derived from plants.6


In our screening program to search for PTP1B inhibi-
tors from plants, a MeOH extract of the rhizomes of
Astilbe koreana exhibited PTP1B inhibitory activity
(>70% inhibition at 30 lg/mL), which led us to investi-
gate the PTP1B inhibitory compounds from this plant.
A. koreana belongs to Saxifragaceae and is a perennial
herb growing in the moist fields and mountains, usually
to a height of 60 cm. The plants of this genus have been
used to treat pain, headache, arthralgia, chronic bron-
chitis, and inflammation.7 Bergenin and its galloyl ester,
flavonoids, triterpenes, and phytosterols have been
reported as constituents of the genus Astilbe, and have
been found to possess analgesic and cytotoxic activi-
ties.8,9 Our previous study has demonstrated that the
EtOH extract of A. koreana inhibited UVB-induced gen-
eration of proinflammatory cytokines.10 Despite a num-
ber of studies on the genus Astilbe, there have been no
investigations regarding the chemical constituents and
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Figure 1. Structures of compounds 1–5 isolated from A. koreana.
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the PTP1B inhibitory activity of A. koreana. Therefore,
we have investigated the PTP1B inhibitory compounds
of this plant. Bioassay-guided fractionation of a MeOH
extract of the rhizomes of this plant led to the isolation
of a new triterpene, 3a,24-dihydroxyolean-12-en-27-oic
acid (4), along with four triterpenes, 3-oxoolean-12-en-
27-oic acid (1), 3b-hydroxyolean-12-en-27-oic acid (b-
peltoboykinolic acid; 2), 3b-hydroxyurs-12-en-27-oic
acid (3), and 3b,6b-dihydroxyolean-12-en-27-oic acid
(astilbic acid; 5), as the active principles. In this report,
we describe the isolation and structure determination
of these compounds, and the evaluation of their PTP1B
inhibitory activity.


The rhizomes of A. koreana (3 kg), collected at Mt. Sulak,
Korea, in July 2001 (voucher No. CNU 0880), were
extracted with MeOH at room temperature for two
months. The MeOH extract (IC50 = 22.7 lg/mL, 460 g)
was suspended in H2O (3 L) and sequentially partitioned
with hexane (3· 3 L), EtOAc (3· 3 L), and BuOH (3·
3 L), to obtain hexane-soluble fraction (IC50 = 18.5 lg/
mL), EtOAc-soluble fraction (IC50 = 9.5 lg/mL),
BuOH-soluble fraction (IC50 = 47.3 lg/mL), and H2O-
soluble fraction (IC50 > 100.0 lg/mL), respectively. Since
the EtOAc-soluble fraction showed the strongest PTP1B
inhibitory activity, this fraction (102 g) was further sepa-
rated by silica gel column chromatography (10 · 30 cm;
63–200 lm particle size) using a stepwise gradient of
CH2Cl2/MeOH (from 10:1, 9:1, 8:1, 7:1, 6:1, 5:1, 3:1, 1:1
to 0:1; 5 L for each step), to yield seven fractions (Fr.
1–Fr. 7). Of these, Fr. 1, Fr. 2 and Fr. 3 showed the most
potent PTP1B inhibitory activity (80%, 76%, and 74%
inhibition at 10 lg/mL). Fr. 1 [eluted with CH2Cl2/MeOH
(10:1), 10.4 g] was chromatographed over silica gel
(6.5 · 35 cm; 63–200 lm particle size) using a mixture of
CHCl3/MeOH (20:1), to yield four subfractions (Fr.
1-1–Fr. 1-4). Further purification of Fr. 1-1 (2.3 g) by pre-
parative MPLC [LiChroprep� Si 60 column
(25 · 310 mm; 40–63 lm particle size); mobile phase
CHCl3/MeOH (20:1); flow rate 5 mL/min] resulted in
the isolation of compounds 1 (6.2 mg), 2 (7.5 mg), and 3
(3.9 mg). Another active fraction, Fr. 3 [eluted with
CH2Cl2/MeOH (8:1), 9.8 g], was subjected to silica gel col-
umn chromatography using a stepwise gradient of
CHCl3/MeOH (from 20:1, 15:1, 10:1, 9:1, 8:2, 7:3, 6:4 to
1:1; 2 L for each step) to yield six subfractions (Fr.
3-1–Fr. 3-6). Fr. 3-2 [eluted with CHCl3/MeOH (from
15:1 to 10:1), 1.5 g] was purified by preparative MPLC
[LiChroprep� Si 60 column (25 · 310 mm; 40–63 lm par-
ticle size); mobile phase CHCl3/MeOH (15:1); flow rate
5 mL/min], to afford compound 4 (12 mg). Additional sil-
ica gel column chromatography (10 · 30 cm; 40–63 lm
particle size) of Fr. 3-3 [eluted with CHCl3/MeOH (from
10:1 to 9:1), 2.0 g] with hexane/acetone (2:1) resulted in
the isolation of compound 5 (37 mg). The structures of
the isolated compounds 1, 2, 3, and 5 were identified as
3-oxoolean-12-en-27-oic acid {compound 1; mp: 210 �C;
½a�25


D +140� (c 1.3, CHCl3); ESI-MS m/z: 453 [M�H]+,
477 [M+Na]+}, 3b-hydroxyolean-12-en-27-oic acid
{compound 2; mp: 227 �C; ½a�25


D +105� (c 1.3, CHCl3);
ESI-MS m/z: 455 [M�H]+, 479 [M+Na]+}, 3b-hydrox-
yurs-12-en-27-oic acid {compound 3; mp: 240–241 �C;
½a�25


D +102� (c 0.9, CHCl3); ESI-MS m/z: 455 [M�H]+,

479 [M+Na]+}, and 3b,6b-dihydroxyolean-12-en-27-oic
acid {compound 5; mp: 220–223 �C; ½a�25


D +100� (c 1.0,
CHCl3); ESI-MS m/z: 471 [M�H]+, 495 [M+Na]+} by
analyses of MS and NMR data, and comparison with
those in the literature (Fig. 1).9,11


Compound 4 was obtained as a white amorphous pow-
der, mp 245–247 �C, ½a�25


D +110� (c 1.1, CHCl3). A
molecular formula of C30H48O4 was determined for this
compound from the molecular ion peak at m/z 472.3553
[M]+ (calcd for C30H48O4: 472.3554) obtained by HRE-
IMS. The 1H NMR spectrum of 4 displayed the charac-
teristic signals of an olefinic proton (dH 5.61), an
oxygenated methine (dH 3.74), a hydroxymethylene
group (dH 3.63 and 3.41), and six tertiary methyl groups
(dH 1.10, 1.05, 0.92· 2, 0.91, 0.73). Thirty carbon signals
appeared in 13C and DEPT NMR spectra including a
carbonyl carbon signal at dC 179.6 (C-27), olefinic car-
bon signals at dC 137.8 (C-13) and 126.0 (C-12), an oxy-
genated methine at dC 70.9 (C-3), an oxygenated
methylene at dC 66.5, and six methyls at dC 33.1, 28.5,
25.1, 23.9, 18.4, and 16.7 indicated that compound 4
had a skeleton similar to those of b-peltoboykinolic acid
(2) and astilbic acid (5).9,11 When compared to com-
pound 2 or 5, C-3 of 4 showed a upfield chemical shift
(6–8 ppm), and the signal of H-3 in 4 was displayed as
a broad singlet. This suggested that compound 4 should
have a 3a-OH rather than 3b-OH.12,13 The proton sig-
nals of hydroxymethylene showed HMBC correlation
to a hydroxymethine (dC 70.9, C-3), a quaternary carbon
(dC 44.2, C-4), and an aliphatic methine (dC 49.7, C-5),
indicating that the hydroxymethylene is located at







Table 1. The inhibitory activity of the isolated compounds 1–5 and


related compounds against PTP1B


Compound PTP1B


inhibitory


activity


IC50
a (lM)


3-Oxoolean-12-en-27-oic acid (1) 6.8 ± 0.5


3b-Hydroxyolean-12-en-27-oic acid (2) 5.2 ± 0.5


3b-Acetoxyolean-12-en-27-oic acid (2a) 8.5 ± 0.7


Methyl 3b-hydroxyolean-12-en-27-oate (2b) 16.0 ± 1.3


3b-Hydroxyurs-12-en-27-oic acid (3) 4.9 ± 0.4


3a,24-Dihydroxyolean-12-en-27-oic acid (4) 11.7 ± 0.9


3b,6b-Dihydroxyolean-12-en-27-oic acid (5) 12.8 ± 1.1


Oleanolic acid (3b-hydroxyolean-12-en-28-oic acid) 3.9 ± 0.5


Methyl 3b-hydroxyolean-12-en-28-oate 14.2 ± 1.1


Glycyrrhizin >100


18b-Glycyrrhetic acid 13.8 ± 1.0


18a-Glycyrrhetic acid 15.6 ± 1.1


RK-682b 4.5 ± 0.5


a IC50 values were determined by regression analyses and expressed as


means ± SD of three replicates.
b Positive control.21
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C-23 or 24. The upfield shift of the oxygenated methy-
lene (dC 66.5) in 4 suggested that this group could be as-
signed to the axial C-24.12–17 In order to confirm the
position of hydroxymethylene, 4 was acetylated using
pyridine and acetic anhydride at room temperature for
12 h, to yield the diacetate (4a).18 Comparison of the
average chemical shift value for the acetoxymethylene
protons of 4a with those of reported values in analogous
triterpenoids indicated an axial orientation for the
hydroxymethylene group, which is b (C-24) in configu-
ration.12–17 This was further supported by the NOE cor-
relations from Me-25 to both the H-24a and H-24b.
Thus, the structure of this new compound (4) was deter-
mined as 3a,24-dihydroxyolean-12-en-27-oic acid
(Fig. 1).19


PTP1B (human, recombinant) was purchased from
BIOMOL� International LP (USA) and the enzyme
activity was measured using p-nitrophenyl phosphate
(p-NPP) as a substrate.20 To each 96-well (final volume:
200 lL) were added 2 mM p-NPP and PTP1B (0.05–
0.1 lg) in a buffer containing 50 mM citrate (pH 6.0),
0.1 M NaCl, 1 mM EDTA, and 1 mM dithiothreitol
(DTT) with or without test compounds. Following incu-
bation at 37 �C for 30 min, the reaction was terminated
with 10 M NaOH. The amount of produced p-nitro phe-
nol was estimated by measuring the absorbance at
405 nm. The nonenzymatic hydrolysis of 2 mM p-NPP
was corrected by measuring the increase in absorbance
at 405 nm obtained in the absence of PTP1B enzyme.
All the isolates were assayed for their inhibitory activity
against PTP1B, and the results are presented in Table 1.
Of the compounds tested, 3b-hydroxyurs-12-en-27-oic
acid (3) and 3b-hydroxyolean-12-en-27-oic acid (2)
exhibited the strongest inhibitory activity with IC50


values of 4.9 ± 0.4 and 5.2 ± 0.5 lM, respectively, which
were comparable to that of RK-682 (IC50 = 4.5 ± 0.5
lM) used as a positive control.21 This result indicates
that only a positional change of methyl groups at C-29
and C-30 may not affect the PTP1B inhibitory
activity. Compound 1 (IC50 = 6.8 ± 0.5 lM) converted
a hydroxyl group at C-3 to ketone was somewhat less
active than 2. Moreover, addition of an acetyl group
to C-3 (2a,22 IC50 = 8.5 ± 0.7 lM) resulted in loss of
in vitro inhibitory activity. These results suggest that
3-hydroxyl group in this type of triterpenes may be re-
quired for the activity. Compound 5
(IC50 = 12.8 ± 1.1 lM) substituted a hydroxyl group at
C-6 of 2 exhibited significantly lower activity than 2.
Compound 4, which possesses one more hydroxyl group
at C-24, was also found to be less effective than 2.
Although the structure–activity relationships of these
triterpenes bearing a carboxyl group at C-27 were not
thoroughly investigated, our results indicate that intro-
duction of one more hydroxyl group at C-6 or C-24
may be responsible for a loss of activity. To evaluate
the role of a carboxyl group at C-27, we assayed a group
of related triterpenes that are commercially available or
can be easily prepared by standard method.22 Oleanolic
acid with the same substitution pattern as that of com-
pound 2 except for a position of carboxyl group at C-
28 retained the activity, whereas addition of methyl ester
to C-28 carboxylic acid resulted in a loss in its PTP1B

inhibitory activity (Table 1). A similar loss of activity
was observed in the 27-methyl ester, 2b,22 as compared
to that in compound 2 (Table 1). These results indicate
that a carboxyl group in oleanane triterpenes is impor-
tant for the PTP1B inhibitory activity, however, the po-
sition of carboxyl group, whether it is at C-27 or C-28,
seems not to be critical for the activity. Additionally,
we tested the ability of a group of related natural triter-
penes to inhibit in vitro PTP1B activity. As a result, 18b-
glycyrrhetic acid (3b-hydroxy-11-oxo-18b,20b-olean-12-
en-30-oic acid) and the 18a-isomer displayed IC50 values
of 13.8 ± 1.0 and 15.6 ± 1.1 lM, respectively, whereas
glycyrrhizin did not show any activity in our assay (Ta-
ble 1). PTP1B is known to have several binding sites
such as electrostatic, hydrophobic, and hydrogen-bond-
ing sites, and to have several N-terminal favorable for
binding to acidic site.1,23 Although the inhibition mode
of action with regard to this type of triterpenes has
not been elucidated yet, considering the molecular fea-
tures of active triterpenes, pentacyclic ring might facili-
tate the hydrophobic interaction, and the hydroxyl
group at C-3 may be presumed to form hydrogen bond.
Besides, a free carboxyl group at C-27 or C-28 might
play a role in binding to N-terminal residues. Of the iso-
lates, thus, compounds 2 and 3 which possess only one
hydroxyl group at C-3 and a carboxyl group at C-27
can be potential PTP1B inhibitors.


Pentacyclic triterpenes with a carboxyl group at C-27
have been isolated rarely from the genera Astilbe, Pelt-
oboykinia, Boykinia, Chrysosplenium, and Aceriphyllum
of the family Saxifragaceae,9,24–26 the genus Cordia of
Boraginaceae,11 and the genus Cornulaca of Chenopodi-
aceae.27 This type of triterpenes has been reported to
possess ant-repellent,11 cytotoxic, and antitumor activi-
ties,9,25 and to inhibit acyl-CoA cholesterol acyltransfer-
ase (ACAT) related to atherosclerosis.26 However, to
our knowledge, PTP1B inhibitory activity of these triter-
penes is now being reported for the first time in this
study. Our results indicate that the PTP1B inhibitory
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activity for this unique type of triterpenes warrants
further investigation and optimization.
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Abstract—Novel kazusamycin A derivatives were designed in the viewpoint of decrease of reactivity at the a,b-unsaturated d-lactone
moiety against Michael-type addition. Although 25–30 steps were required for the synthesis of each compound, their syntheses were
achieved. Cytotoxicity against HPAC cell line was evaluated, and two of them exhibited comparable potency to kazusamycin A.
Hepatic toxicity of these designed compounds was much lower than that of kazusamycin A.
� 2006 Elsevier Ltd. All rights reserved.

OH O


O


O


callystatin A

Kazusamycin A was first isolated from the culture broth
of Streptomyces sp. No. 81-484 in 1984,1 and its absolute
structure was determined by total synthesis in 2004.2


Kazusamycin A exhibited potent antitumor activity
against many kinds of leukemia and cell line of solid tu-
mors both in vitro and in vivo,3,4 but it has not been
used in clinical setting by now5 because of its hepatic
and gastrointestinal toxicity.6,7


HOOC


OH O


X


O


O


X = OH : kazusamycin A
X = H    : leptomycin B

Kazusamycin A has a unique a,b-unsaturated d-lactone
ring. The mechanism of action of leptomycin B whose
structure was very similar to that of kazusamycin A
was studied, and it has become clear that the sulfhydryl
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group of Cys-529 in the target protein CRM1/exportin 1
causes irreversible Michael-type addition to this a,b-
unsaturated d-lactone moiety.8

A study on structure–activity relationship of callystatin
A derivatives, which have an a,b-unsaturated d-lactone
ring and a lipophilic side chain, also gave us useful infor-
mation.9 Various transformation of the lipophilic side
chain was investigated, and all compounds synthesized
decreased antitumor activity. This result indicates that
the lipophilic side chains of natural products are one
of optimized structures. Accordingly, irreversible
Michael-type addition of CRM1/exportin 1 is the main
reason for extremely potent antitumor activity along
with high affinity of lipophilic side chain to the target
protein.


However, this reactive lactone moiety would also lead
to high toxicity. It may react with side chains of
cysteine, serine, lysine, or arginine moiety of proteins,
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or nucleophilic components of a living body. Then, this
reaction would cause unfavorable effects.


In order to overcome this drawback of kazusamycin A,
we have designed more stable a,b-unsaturated d-lactone
ring systems. They will decrease the reactivity against
nucleophilic addition of CRM1/exportin 1, but its toxic-
ity will also decrease because of its less reactivity. The
decrease of antitumor activity and toxicity might be par-
allel in general, but we have expected that the safety
margin would become wider since the lipophilic side
chain showed high affinity to the target protein.9


There are two strategies to decrease the reactivity of a,b-
unsaturated d-lactone moiety to nucleophilic addition.
One is to increase steric hindrance around the b-position
at which nucleophiles attack, and the other is to deacti-
vate the carbon–carbon double bond by adding elec-
tron-donating substituent at the a- or b-position.


We designed four compounds to confirm this hypothesis
(Fig. 1). Compound 1a is an example of more hindered
compound by adding a methyl group at the c-position,
and 1b is an example of deactivation of the carbon–car-
bon double bond by adding an electron-donating methyl
group at the b-position. This methyl group would also
affect steric hindrance around the b-position. Com-
pound 1c is an example of sterically less hindered but
electrically deactivated compound by eliminating the
c-methyl group and adding a methyl group at the b-po-
sition of kazusamycin A. Compound 1d is the least reac-
tive compound in these four because of both steric and
electrical factors arising from the addition of two methyl
groups at the b- and c-position of kazusamycin A.


Syntheses of the designed compounds should be
achieved by using a similar route of total synthesis by
Kuwajima.2 Key intermediates of this project are com-
pounds 2a–2d, which would be transformed to the de-
signed compounds easily by using similar reactions of
total synthesis as shown in Scheme 1.


Coupling of aldehydes 2a–2d with fragment D via Wittig
reaction followed by two-step reactions would afford
fragment C, which would be allowed to react with
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Figure 1. Design of kazusamycin A derivatives.

fragment B via Wittig reaction. Then, compound A
would be synthesized in further eight-step reactions.10,11


As shown in Scheme 2, syntheses of 2a–2c were analo-
gous. Aldehydes 3a–3c12 were converted to the dichloro-
ethylene derivatives 4a–4c by Wittig reaction using
CCl3PO(OEt)2. Treatment of 4a–4c with BuLi afforded
the lithiated acetylenes, which were allowed to react with
methyl chloroformate to give the acetylenes 5a–5c.
Hydrogenation of 5a by Lindlar catalyst poisoned by
quinoline in toluene afforded cis-olefin 6a in 87% yield.
Trisubstituted olefins 6b and 6c were synthesized by
addition of Me2CuLi in THF at �78 �C (92% and
82% yield, respectively). Compounds 6a–6c were con-
verted to 2a–2c in six steps each without any difficulty.
Syntheses of 1a, 1b, and 1c were achieved by similar
reactions described in the literature.2


For synthesis of compound 2d we developed a new syn-
thetic route which is shown in Scheme 3. The starting
alcohol 714 was oxidized by sulfur trioxide–pyridine
complex at rt in 97% yield, and methylmagnesium bro-
mide was added to the resulting aldehyde at 0 �C. Then,
the secondary alcohol formed was oxidized by sulfur tri-
oxide–pyridine complex at rt to give the methylketone 8.
Treatment of 8 with 6 N HCl in THF furnished hydro-
lysis of the acetal moiety followed by cyclization to
afford the hemiacetal 9. The primary alcohol moiety
which existed as a ring-opening form of 9 was protected
by the reaction with TBDPSCl in the presence of
DMAP. The total yield of these successive four steps
was 26%. Then, the secondary alcohol moiety of 10
was allowed to react with bromoacetyl bromide in the
presence of triethylamine to afford compound 11 in
98% yield. Treatment of 11 with samarium iodide gave







Table 1. Cytotoxicity against HPAC cell line


Compound R1 R2 R3 IC50
a (nM)


Kazusamycin A CH3 H H 0.0747


1a CH3 CH3 H 0.0382


1b CH3 H CH3 179


1c H H CH3 0.309


1d CH3 CH3 CH3 16100


a IC50 values were calculated from the concentration–response curves,


as the concentration of the test compounds elicited a decrease in the


measured absorbance, equivalent to 50% of the vehicle group.
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the hydroxylactone 12, which was dehydrated via sulf-
inylation by thionyl chloride. Compound 12 could be
converted to 2d in five steps by referring to the reported
method.2


Cytotoxicity of kazusamycin A15 and four derivatives16


against human HPAC cell line (ATCC CRL-2119) was
tested,17 and IC50 values of them are summarized in
Table 1.


Compound 1a exhibited similar cytotoxicity to kazusa-
mycin A, and 1c was slightly less potent than kazusamy-
cin A. IC50 value of compound1b was much greater than
that of kazusamycin A, and 1d showed least potency.


This result is well explained by steric and electric effects.
The high potency of 1a indicates that the upper face of
the lactone ring would not be important for both bind-
ing to CRM1/exportin 1 and addition of sulfhydryl
group of Cys-529 in the target protein to the a,b-unsat-
urated d-lactone moiety. Comparable potency of 1c to
kazusamycin A could be explained by balance of steric
and electric factors. Namely, addition of a methyl group
at the b-position gave unfavorable effect because of both
deactivation of the carbon–carbon double bond and ste-
ric hindrance around the b-position, but removal of the
methyl group at the c-position gave quite favorable
effect. Indeed, addition of a methyl group to the b-posi-
tion of kazusamycin A caused marked decrease of
potency (1b). The least potency of compound 1d is
reasonable since it is most hindered and deactivated
compound of the four.


Finally, toxicity was evaluated to confirm our hypothe-
sis. Compounds 1a, 1c, and kazusamycin A were intra-
peritoneally administered once daily to female BALB/c
mice at dose levels of 0.125, 0.25, and 0.5 mg/kg for four
days. Saline was injected to vehicle control mice.


As regards kazusamycin A, all mice given 0.5 mg/kg
died, and higher value of ALT (GPT) was observed at
0.125 and 0.25 mg/kg in serum biochemistry. As regards
compounds 1a and 1c, all mice survived, and value of
ALT was a similar level to that of the control mice even
at 0.5 mg/kg.18,19


Kazusamycin A exhibited fatal toxicity at higher dose
and hepatic toxicity even at 0.125 mg/kg, whereas com-
pounds 1a and 1c did not exhibit hepatic toxicity even
at 0.5 mg/kg. This result indicates that our designed
compounds with comparable potency to kazusamycin
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A are much less toxic than kazusamycin A. So it would
be possible to say that our hypothesis has been proved.


In summary, novel kazusamycin A derivatives were de-
signed in the viewpoint of decrease of reactivity at the
a,b-unsaturated d-lactone moiety against Michael-type
addition. Although 25–30 steps were required for the
synthesis of each compound, their syntheses were
achieved. Cytotoxicity against HPAC cell line was eval-
uated, and 1a and 1c exhibited comparable potency to
kazusamycin A. Hepatic toxicity of these designed com-
pounds was much lower than that of kazusamycin A.
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Abstract—Two small libraries of tripeptidic-based vinyl ester derivative proteasome inhibitors were synthesized and tested, starting
with the Hmb-Val-Gln-Leu-VE prototype. The P3 and P4 positions were investigated with a complete set of amino acid residues,
some of which showed remarkable selective inhibition of the trypsin-like (b2) subunit. In both positions, aromatic and hydrophobic
residues were preferred.
� 2006 Elsevier Ltd. All rights reserved.
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The proteasome is a multicatalytic protease complex,
which represents the central enzyme of intracellular pro-
tein degradation in prokaryotes and eukaryotes. It is in-
volved in many biological processes, including the
removal of abnormal, misfolded or improperly assem-
bled proteins, and has a key role in the stress response,
cell cycle control and differentiation. In addition, meta-
bolic adaptation and generation of peptide antigens for
presentation by major histocompatibility complex
(MHC) class I molecules to CD8+ cytotoxic T cells1,2


are linked to an ubiquitin- and ATP-requiring protein
degradation pathway involving the 26S proteasome
(2.4 MDa). The 26S proteasomes are made up of a cyl-
inder-shaped multimeric protein complex, whose core
and proteolytic chamber is the 20S proteasome, capped
at each end by a regulatory component termed 19S. The
20S proteasome consists of four stacked rings, where
each of the two inner rings is composed of seven differ-
ent b subunits. Each b-ring contains three different pro-
teolytically active sites: the b1 subunit, which contains a
post-acidic (PGPH) active site, the b2 subunit, which is
associated with a trypsin-like (T-L) activity, and the b5
subunit, which has a chymotrypsin-like (ChT-L) proteo-
lytic function. All the proteolytic sites utilize an N-ter-
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Figure 1. Structures of the reference inhibitor and libraries P3 and P4.
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minal threonine residue of b subunits as nucleophile,
employing a catalytic mechanism similar to those of
the serine proteases.3


The development of proteasome inhibitors into novel
therapeutic agents represents a stimulating approach in
the treatment of many disease states including inflam-
mation and cancer, and for the modulation of immune
responses.4 Proteasome inhibitors are usually short pep-
tides linked to a C-terminal pharmacophore, which is
responsible for the interaction with catalytic threonine.5


Once synthesized and tested, a series of peptide-based
derivatives were found to be the peptidyl portion which
derives from a screening of tripeptide sequences.6 Vinyl
ester moiety has been considered a potential substrate
for the catalytic threonine.7 The more efficacious of
the series, Hmb-Val-Gln-Leu-VE, showed good inhibi-
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Scheme 1. Synthesis of vinyl ester pseudopeptide libraries P3 and P4.

tion, favourable pharmacokinetic properties, and
remarkable selectivity for the trypsin-like activity of
the 20S proteasome. These compounds increased the
generation and presentation of subdominant MHC class
I CTL epitopes without affecting cell viability suggesting
that they may find application as immunomodulators.


The following presents a study of the P3 and P4 posi-
tions of the reference compound, employing small li-
braries of pseudotripeptides with the C-terminal ethyl
acrylate group. These can function as substrates of cat-
alytic threonine in Michael addition in the same way
that has been suggested for the well-known peptide vinyl
sulfone inhibitors.8 As compared to the prototype, both
small libraries bear a glutamine in P2 position in order
to promote selectivity for the b2 subsite, in similar fash-
ion to that previously carried out for vinyl sulfone deriv-
atives.9 P3 and P4 libraries contain a complete set of
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amino acid residues (minus cysteine) in the place of va-
line or 3-hydroxy-2-methylbenzoyl (Hmb) moiety,
respectively (Fig. 1).


Libraries P3 and P4 were obtained by a mixed solution-
solid-phase synthesis approach, adhering to the strategy
reported in Scheme 1. Na-Boc-protected leucine vinyl es-
ter (Boc-Leu-VE) was prepared as reported previously,7


and after Boc removal, H-Leu-VE was acylated with
Na-Fmoc-glutamic acid c-t-butyl ester using 1-ethyl-3-
(3I-dimethylaminopropyl)carbodiimide (WSC) and N-
hydroxybenzotriazole (HOBt) as coupling agents.10


After trifluoroacetic acid (TFA) treatment, pseudodi-
peptide Fmoc-Glu-Leu-VE was bonded to a Rink amide
resin using N,NI-diisopropylcarbodiimide (DIPCDI)/
HOBt. Libraries were synthesized by solid phase, using
an automated continuous-flow peptide synthesizer fol-
lowing the Fmoc/t-Bu-strategy. N-terminal Hmb in li-
brary P3 and Fmoc-Val-OH in library P4 were
condensed to 4-fold excess with DIPCDI and HOBt as
coupling agents. The isokinetic mixture of the 19 resi-
dues was created by using a ratio of equivalents of ami-
no acids based on their reported coupling rates.11 The
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Figure 2. Separation scheme of library P3 and structure of the most active v

total mixture was adjusted to 10-fold excess total amino
acids over resin load; for both libraries, coupling of the
mixture was carried out with DIPCDI/HOBt. Libraries
were cleaved from the resin by addition of 88% TFA,
5% H2O and Et3SiH for 2 h. Cleavage solutions were
treated with diethyl ether and the solid products were
isolated by centrifugation followed by lyophilization.
Composition of the libraries was verified by HPLC
and mass spectrometry by electrospray ionisation
(ESI) (MICROMASS ZMD 2000).12


Biological evaluation of the two small collections of vi-
nyl ester derivatives was carried out according to the
schemes reported in Figures 2 and 3. Both libraries, con-
taining a complete set of amino acid residues at the P3
and P4 sites, were tested to assess inhibition of tryp-
sin-like and chymotrypsin-like active sites. The inhibito-
ry capacity of the vinyl ester libraries was tested on the
20S proteasome, previously purified from lymphoblas-
toid cell lines,13 using fluorogenic substrates specific
for the two main proteolytic activities of the enzymatic
complex; Suc-LLVY-AMC and Boc-LRR-AMC were
used to measure chymotrypsin-like and trypsin-like pro-
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Figure 3. Sequence of separation steps of library P4 and structure of the better vinyl ester derivatives.
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teasome activities, respectively. Substrates were incubat-
ed at 37 �C for 30 min with proteasomes, untreated or
pretreated with 1 and 10 lM (calculated from the aver-
age of the molecular weight of the libraries’ compo-
nents), in activity buffer. Fluorescence was determined
by a fluorimeter (Spectrafluor plus, Tecan, Salzburg,
Austria) using an excitation of 360 nm and emission of
465 nm.14 Activity was evaluated in fluorescence units,
and the inhibitory activity of the libraries is expressed
as percentage control (the ratio of percentage conver-
sion in the presence and absence of inhibitor) versus
inhibitor concentration (Fig. 4A).


Subsequently, the libraries were fractioned by prepara-
tive RP-HPLC. Separations were performed using a
Water Delta Prep 4000 system with a Waters PrepLC
40 mm Assembly column C18 (30 · 4 cm, 300 Å, 15 lm
spherical particle size column). The column was per-

fused at a flow rate of 30 mL/min with a mobile phase
containing solvent A (10%, v/v, acetonitrile in 0.1%
TFA) and a linear gradient from 0% to 50% of solvent
B (60%, v/v, acetonitrile in 0.1% TFA). Thirty-five min-
utes was adopted for the elution of compounds and the
resulting sublibraries (P3 I–P3 IV, P4 I–P4 IV) were
lyophilized and tested against proteasome catalytic sub-
units as described above (Fig. 4). The more hydrophobic
fractions showed interesting activity for both libraries.


Finally, the more efficacious sublibraries, P3 IV, P4 III
and P4 IV, were separated into their single components
by preparative liquid chromatography, and each vinyl
ester pseudopeptide was tested at different concentra-
tions (from 0.001 to 10 lM). Activity was evaluated in
fluorescence units as described above, and the inhibitory
activity of the compounds is expressed as IC50. The data
were plotted as percentage control (the ratio of percent-
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Figure 4. % of inhibition of the P3 and P4 libraries compared to epoxomicin and ZL3VS (A) and corresponding sublibraries after RP-HPLC


separation (B) at 10 and 1 lM concentrations against chymotrypsin-like activity (ChT-L) and trypsin-like activity (T-L) of the proteasome.
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age conversion in the presence and absence of the inhib-
itor) versus the inhibitor concentration and fitted with
the equation Y = 100/1 + (X/IC50)A, where IC50 is the
inhibitor concentration at 50% inhibition and A is the
slope of the inhibition curve.


The most active derivatives, Hmb-Phe(Val)-Gln-Leu-
VE for P3 and H-Tyr(Phe)-Val-Gln-Leu-VE for P4 li-
braries, were identified by mass spectrometry and con-
firmed by NMR.15 Analytical data and inhibitory
capacity against b2 and b5 proteasome subunits of the
four better analogues are reported in Table 1.


Biological data confirm that the C-terminal ethyl acri-
late pharmacophore is a moiety which could be used
for the development of new selective proteasome inhib-
itors. In general, libraries, fractioned sublibraries and
separated vinyl ester pseudopeptides show modest inhi-
bition against chymotryptic-like activity while efficiently
inhibit the b2 subsite. In comparison to reference com-

Table 1. Analytical data and inhibition of trypsin-like and chymotrypsin-lik


from libraries P3 and P4 and reference inhibitors epoxomicin and ZL3VS


Compound HPLCb


KI (a) KI (b)


Hmb-Val-Gln-Leu-VE 7.64 5.97


Hmb-Phe-Gln-Leu-VE 9.45 8.03


H-Tyr-Val-Gln-Leu-VE 7.23 5.88


H-Phe-Val-Gln-Leu-VE 10.38 8.76


Epoxomicin


ZL3VS


a The values reported are the average ± SD of two independent determinatio
b Capacity factor (KI) of the compounds was determined by HPLC using tw

pound (Hmb-Val-Ser-Leu-VE), the presence of the
phenylalanine at the P3 position confers similar potency
and selectivity for trypsin-like activity. Pseudotetrapep-
tides, in which the N-terminal Hmb is substituted by
aromatic residues (Tyr, Phe) in the P4 position, show
a nearly identical biological profile to the prototype.
In summary, the N-terminal pseudodipeptidic portion
determines the selectivity for the b2 subunit, confirming
the data previously obtained. In the P3 position, the
presence of hydrophobic residues promotes the interac-
tion with the catalytic site. Finally, we observed that
amino acids with aromatic side chains in position P4
are able to replace cyclic substituents without greatly
altering the biological profile.


In conclusion, small libraries of vinyl ester pseudopep-
tides able to selectively inhibit trypsin-like activity of
the proteasome (IC50 < 0.1 lM) were designed, synthe-
sized and tested. This proved to be a rapid method for
the analysis of the P3 and P4 positions of a reference

e activities of the proteasome by better vinyl ester derivatives selected


MS (ESI) [M+H]+ IC50
a (nM)


T-L ChT-L


547.5 20 ± 4 6670 ± 387


595.5 32 ± 4 2230 ± 202


576.6 83 ± 6 4320 ± 322


560.6 42 ± 6 4150 ± 299


980 ± 53 47 ± 3


2430 ± 124 61 ± 5


ns.


o different solvent system gradients.13
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compound which could be very useful for further studies
to optimize the structural requirement of this class of the
20S proteasome inhibitors.
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Huber, H.; Baumeister, W. Science 1995, 268, 579; (e)
Kisselev, A. F.; Songyang, Z.; Goldberg, A. L. J. Biol.
Chem. 2000, 275, 14831; (f) Groll, M.; Ditzel, L.; Löwe, J.;
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Abstract—The triplex forming ability of oligonucleotides containing 2 0-O-methyl-2-thiouridine (s2Um) and 2-thiothymidine (s2T)
was studied. The UV melting experiments revealed that triplex forming oligonucleotides (TFOs) containing both s2Um or s2T sta-
bilized significantly parallel triplexes. The main reason for stabilization of triplexes was due to the stacking effect of the 2-thiocar-
bonyl group. Moreover, it turned out that these modified TFOs had a high selectivity in recognition of a matched Hoogsteen base
from a mismatched one.
� 2006 Elsevier Ltd. All rights reserved.

Many modified nucleosides have been tested to enhance
the stability of triplexes.1,2 These studies revealed that
RNA incorporating triplex forming olignucleotides
(TFOs), 2 0-O-methylated RNA or BNA (LNA) stabi-
lized parallel triplex structures.2–4 These results indicate
that the C3 0-endo conformation of nucleotide blocks was
an important factor for stabilization of parallel triplex
structures.


On the other hand, it is known that the 2-thionation of
the uracil base leads to stabilization of the C3 0-endo con-
formation of the ribose moiety because of the steric
repulsion between the 2-thiocarbonyl group and the
2 0-hydroxyl group.5,6 Therefore, oligonucleotides con-
taining 2-thiouridine (s2U) derivatives form stable
RNA duplexes with the complementary RNAs.7–10


Moreover, it was reported on the basis of X-ray analysis
that poly-2-thiouridylic acids form extremely stable A-
form helixes. The enhanced rigidity of poly-2-thiouridy-
lic acids can be explained in terms of the strong stacking
effect of the 2-thiocarbonyl group on the 5 0-upstream 2-
thiouracil base and the 1-N nitrogen atom of the 3 0-
downstream pyrimidine ring.11,12 This strong stacking
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effect might be also contributed to stabilization of
A-form RNA duplexes.


Since s2U derivatives have rigid C3 0-endo conformations
and strong stacking ability, oligonucleotides containing
these modified nucleosides can form not only stable
duplexes but also more stable triplexes. Molecular mod-
eling of a parallel triplex containing a s2T base in the
third strand suggested that the 2-thiocarbonyl group
of the 5 0-upstream s2T base could interact with the
1-N nitrogen atom of the 3 0-downstream pyrimidine ring
(Fig. 1). This result implied that the 2-thiocarbonyl
moieties also could exhibit strong stacking effects in

Figure 1. A part of s2TpT structure of triplex forming oligonucleotide


in triplex structure.
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TFOs. In this study, we evaluated the triplex forming
ability of TFOs containing 2 0-O-methyl-2-thiouridine
(s2Um) and 2-thiothymidine (s2T).


It is known that oligonucleotides containing s2U deriva-
tives react with iodine that was used as an oxidizing
reagent of phosphite intermediates during the oligonu-
cleotide synthetic cycle.13,14 However, in our recent
study, we found that oligonucleotides containing s2U
derivatives could be synthesized by use of standard
phosphoramidite chemistry without changing this oxi-
dizing reagent. Namely, the use of iodine at a lower con-
centration of 0.02 M in pyridine-THF-H2O resulted in
no formation of byproducts arising from the side reac-
tions. Therefore, we synthesized TFOs containing
s2Um or s2T by use of standard phosphoramidite chem-
istry. The synthesis of the s2Um phosphoramidite deriv-
ative was now established in our laboratory and the s2T
phosphoramidite building block is now commercially
available.10,15 The modified TFOs were successfully ob-
tained in good yields (ca. 20–40%).


UV melting experiments were carried out with hairpin
DNA that was composed of a 16 base pair stem re-
gion and a four base internal loop region, and TFOs
were hybridized with their stem part. The sequences of
TFOs and hairpin DNA used in this study are shown
in Figure 2.

Figure 2. Sequence of triplex forming oligonucleotides and hairpin


DNA used in this study.

These TFOs consist of uracil or thymine bases mostly
because the cytosine base requires protonation of the
3-position so that an increase in the number of the cyto-
sine base results in more destabilization of triplexes un-
der the neutral conditions. Taking into account the
relatively unstable property of triplexes, we carried out
UV melting experiments under moderate salt conditions
[10 mM sodium cacodylate buffer (pH 7.0) containing
500 mM NaCl and 10 mM MgCl2] such that Tm values
could be expected at temperatures with the range from
30 to 50 �C. In spite of the possibility that the cytosine
base in TFO-1 or TFO-5 does not form a Hoogsteen
base pair, the UV melting profiles and Tm values of
unmodified triplexes TFO-1/HP-7 and TFO-5/HP-7
were successfully obtained at around 30 �C under neu-
tral conditions. The results obtained by the Tm experi-
ments of the modified triplexes are shown in Tables 1
and 2.


In the case of 2 0-O-methyl-RNA TFO-2 having a single
point modification, the Tm value of the triplex was high-
er than the unmodified TFO-1 (DTm = +6.9 �C). More-
over, 2 0-O-methyl-RNA TFO-3,4 having three
modification points formed more stable triplexes. On
the other hand, the DNA TFO-6 containing three s2T
moieties also showed a high Tm value, but the DTm value
was slightly lower than that obtained in the case of the
s2Um-containing 2 0-O-methyl-RNA TFO-4. Theoretical
studies on the effect of the modified base pair A-s2U on

Table 1. Melting temperature (Tm value, �C) analysis of triplex


containing s2Um and s2T


TFO/hairpin Tm DTm DTm/moda


2 0-O-Methyl-RNA TFO


TFO-1/HP-7 (unmodified) 33.0


TFO-2/HP-7 39.9 +6.9 +6.9


TFO-3/HP-7 49.7 +16.7 +5.6


TFO-4/HP-7 51.1 +18.1 +6.0


DNA TFO


TFO-5/HP-7 (unmodified) 28.2


TFO-6/HP-7 42.6 +14.4 +4.8


Conditions: 10 mM sodium cacodylate buffer (pH 7.0), 500 mM NaCl,


10 mM MgCl2, and 2.0 lM triplex.
a DTm/mod value were DTm/one modification.


Table 2. Melting temperature (Tm value, �C) analysis of triplex


containing mismatch Hoogsteen-pairing site


TFO/hairpin Tm DTm


Unmodified 2 0-O-Methyl-RNA TFO


TFO-1/HP-7 (Um•A:T) 33.0


TFO-1/HP-8 (Um•G:C) 16.9 �16.1


TFO-1/HP-9 (Um•T:A) 16.0 �17.0


TFO-1/HP-10 (Um•C:G) 15.0 �18.0


2 0-O-Methyl-RNA TFO containing s2Um


TFO-2/HP-7 (s2Um•A:T) 39.9


TFO-2/HP-8 (s2Um•G:C) 16.6 �23.3


TFO-2/HP-9 (s2Um•T:A) 15.0 �24.9


TFO-2/HP-10 (s2Um•C:G) 15.0 �24.9


Conditions: 10 mM sodium cacodylate buffer (pH 7.0), 500 mM NaCl,


10 mM MgCl2, and 2.0 lM triplex.
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the hydrogen bond energy have been reported. These re-
sults suggest that the influence of 2-thionation of the
uracil base does not affect significantly the hydrogen
bonding ability. Based on these results, it seems that
the main reason for enhancement of the triplex stability
was due to the stacking effect of the 2-thiocarbonyl moi-
ety.16,17 It is likely that the sugar pucker of TFOs con-
taining s2Um becomes a rigid C3 0-endo conformation
so that higher Tm values were observed.


In the case of the hairpin DNAs HP-8–10 having mis-
matched Hoogsteen-pairing sites, both of the unmodi-
fied TFO-1 and the modified TFO-2 show almost the
same Tm values (Table 2). These results indicated that
the modification site did not form a stable Hoogsteen
base pair. Moreover, it can be assumed that mismatched
Hoogsteen base pair of TFO induced the geometry
change of the triplex structure and these conformational
changes synchronized the stacking effects of the 2-thio-
carbonyl group.


It was concluded that incorporation of s2U derivatives
into oligonucleotides is effective for stabilization of tri-
plexes. The stabilization of triplex formation is mainly
due to the strong stacking effects of the 2-thiocarbonyl
group. Melting temperature analysis of mismatched
Hoogsteen base pairs revealed that incorporation of 2-
thiocarbonyl moieties in TFO did not reduce Hoogsteen
base pair recognition abilities. Such properties are favor-
able for antigene strategy. More detailed studies of the
mechanism associated with the stabilization of triplexes
with s2Um or s2T are now under progress.
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Abstract—We describe a series of pyrazole and isoxazole analogs as antagonists of the avb3 receptor. Compounds showed low to
sub-nanomolar potency against avb3, as well as good selectivity against aIIbb3. In HT29 cells, most analogs also demonstrated sig-
nificant selectivity against avb6. Several compounds showed good pharmacokinetic properties in rats, in addition to anti-angiogenic
activity in a mouse corneal micropocket model. Compounds were synthesized in a straightforward manner from readily available
glutarate precursors.
� 2006 Elsevier Ltd. All rights reserved.

The integrin avb3 is a heterodimeric transmembrane
receptor found on the surface of activated endothelial
cells, smooth muscle cells, and many tumor cells. avb3


recognizes the RGD tripeptide sequence on numerous
extracellular matrix proteins1 allowing endothelial cells
and tumor cells to interact with these proteins. A num-
ber of antagonists of avb3 have been reported to demon-
strate anti-angiogenic activity, and thus have potential
utility in inhibiting tumor growth.2 avb3 is also the
predominant integrin found on the surface of osteo-
clasts, which are responsible for cellular attachment,
and subsequent bone resorption.3 Antagonists of avb3


have been shown to block the degradation of bone in
animal models of osteoporosis4 and thus may also have
utility in the treatment of this disease.

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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We previously described an RGD-based peptidomimetic
avb3 antagonist, SC-68448, which demonstrated anti-
tumor efficacy in a mouse Leydig cell tumor model.5


We later reported a series of conformationally restricted
cinnamic acid analogs such as 1 in which the glycine-3-
aminopropionic acid functionality was replaced by the
bioisosteric 4-aminocinnamic acid moiety.6 In two re-
cent papers, this work was extended to a series of oxa-
diazole- and thiazole-containing analogs (2 and 3).7,8


These compounds were shown to be potent and selective
antagonists of avb3 with a reasonable pharmacokinetic
profile in rats. To further expand upon this work, two
additional heterocyclic series, pyrazoles and isoxazoles,
were investigated using intermediates available from
the previously described heterocyclic series.7,8


The glutarate portion of the molecule was synthesized
from readily available aryl or heteroaryl aldehydes
(Scheme 1). Condensation with ethylacetoacetate pro-
vided the cyclic compound 26, which could be converted
to either glutaric diacid 27 or diester 28. Treatment of 27



mailto:thomas.penning@abbott.com





N
H


OH
N


CO2H
H
N


N


OMe


N
H


O
H
NH2N


NH


H
N


O
CO2H


Cl Cl


SC-68448


1


N
H
N


Y Z


X
CO2HAr


2  X=N, Y=N, Z=O
3  X=N,Y=S, Z=CH 


T. D. Penning et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3156–3161 3157

with acetic anhydride gave glutaric anhydride 29, while
enzymatic resolution followed by chiral chromatogra-
phy provide chiral mono-ester 30. The 1,8-tetra-
hydronaphthyridine guanidine mimetic 32 was
synthesized using conditions somewhat modified from
what was previously described10 (Scheme 2). 2-Amino-
3-pyridine carboxaldehyde was treated with acetone un-
der Friedlander conditions to provide 31, which was
deprotonated and reacted with diethyl carbonate. Cata-
lytic hydrogenation followed by LAH reduction provid-
ed alcohol 32. The synthesis of other guanidine isosteres
detailed in the tables has been described previously.7–9


Scheme 3 describes the general synthesis of racemic pyr-
azoles and isoxazoles. The lithium enolate of ethyl ace-
tate was added to anhydride 29 to give b-ketoester 33.
Condensation with hydroxylamine, followed by esterifi-
cation, gave hydroxyisoxazole 34. Mitsunobu reaction
with a guanidine-containing alcohol 35, followed by
saponification, gave the desired isoxazole acids (4 and
6–10). Alternately, condensation of 33 with hydrazine
or a mono-substituted hydrazine gave, after esterifica-

N


CHO


NH2 N N b, c
H
Na


31


Scheme 2. Reagents and conditions: (a) acetone, LL-proline, EtOH, D; (b) LiH


(d) LAH, THF.
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R
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b, c
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Scheme 1. Reagents: (a) ethyl acetoacetate, piperidine; (b) i—10% NaOH, Et


ii—chiral chromatography.

tion, hydroxypyrazole 36. Mitsunobu reaction with 35
or alkylation with bromide 37 provided ester 38.
Saponification gave the desired pyrazole acids (5, 11–
19, and 22–24). Hydroxypyrazole 36 could also be con-
verted to thiol 39 using Lawesson’s reagent. Alkylation
with 37 gave ester 40, which was saponified to acid 20
or oxidized with Oxone� and saponified to give acid
21. The (S)-isomer of pyrazole 11 was prepared under
somewhat modified conditions (Scheme 4). Chiral acid
30 was condensed with Meldrum’s acid to give, after
refluxing in ethanol, diester 41. Condensation with
methylhydrazine, Mitsunobu reaction with 32, and
saponification gave (S)-11.


To expand upon the previously described oxadiazole
and thiazole series of inhibitors,7,8 related pyrazole
and isoxazole series were investigated. The initial
synthesis focused on analogs that maintained a 3,4-
methylenedioxyphenyl b-substituent and the 1,8-tetra-
hydronaphthyridine guanidine isostere (4 and 5).
Isoxazole 4 and unsubstituted pyrazole 5 (Tables 1
and 2) both showed very similar low-nanomolar potency
in the avb3 solid-phase receptor assay (SPRA). Com-
pounds 4 and 5 also demonstrated reasonable selectivity
against the other b3 integrin, aIIbb3. In addition, these
compounds showed excellent cellular activity against
avb3 in 293 cells11 and were selective versus avb6 in
HT29 cells. Based on the promising potency and selec-
tivity profiles of 4 and 5, as well as ease of synthesis,
more detailed SAR studies were carried out on these
two heterocyclic classes. Table 1 describes the SAR of
a series of isoxazole analogs. b-substituents that had
previously demonstrated good potency against avb3 in
other heterocyclic series were chosen for further study.
In addition to the relatively optimized tetra-
hydronaphthyridine group, several other guanidine isos-
teres were also investigated. These included additional
groups with reduced basicity relative to a simple guani-
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dine group, as well as a more basic cyclic guanidine
(i.e., 10). These analogs demonstrated excellent poten-
cy, both in SPRA and cellular assays. In addition,
good selectivity versus avb6 in cells was observed, par-
ticularly with aminopyridine 9 and cyclic guanidine 10.
In general, significant selectivity versus avb5 was not
obtained.


N-substituted analogs of pyrazole 5 were also investigated
(Table 2). Several diverse substituents on the pyrazole
ring nitrogen were well tolerated, providing analogs
with low to sub-nanomolar potency in both avb3 SPRA
and cellular assays. Both sterics and electronics seemed
to have minimal effect on potency. However, for the

substituted analogs, selectivity versus aIIbb3 was some-
what diminished, while selectivity versus avb6 was gen-
erally maintained. Since 11 was identified as one of the
more potent analogs, particularly in 293 cells, the (S)-
enantiomer (in previous series, consistently the more
potent isomer) was synthesized, and as expected,
showed a modest increase in potency. Based on the
excellent potency of 11, further modifications of this
N-methyl analog were investigated, focusing on alter-
nate b-substituents and guanidine isosteres (Table 3).
In addition, a thioether (20) and sulfonyl (21) linker
were explored in place of the ether linkage. All were
very potent inhibitors of avb3, in both SPRA and 293
whole cell assays. As before, aminopyridine and cyclic







Table 1. In vitro data for isoxazole analogs
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Compound G R IC50
a (nM)


avb3 SPRA avb3 293 avb5 293 avb6 HT29
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2.4 2.49 17.5 8225 (2)
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O


0.9 0.58 9.4 6830


a Average of at least three determinations except where noted.


Table 2. In vitro data for N-substituted pyrazole analogs
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Compound R IC50
a (nM)


avb3
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293


avb5
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avb6


HT29


5 –H 1.2 81.9 0.71 2.1 674


11 –Me 1.1 23.8 0.21 0.77 754


(S)-11 –Me 0.44 — — — 347


12 –n-Bu 2.7 39.4 1.25 3.0 1633 (2)


13 –CH2CF3 1.5 32.7 1.09 1.03 465


14 –CH2CH2OH 1.0 — — — 25.9


15 –CH2CO2H 0.6 — — — 491


16 –CH2Ph 2.6 13.5 0.9 1.84 2108


17 –Ph 1.4 24.4 1.18 3.27 352


a Average of at least three determinations except where noted.
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guanidine analogs (24 and 25) also demonstrated excel-
lent selectivity against avb6 in HT29 cells, along with
thioether analogs 20 and 21.

Rat pharmacokinetic data, along with anti-angiogenic
efficacy data in a mouse corneal micropocket model12


are shown for select analogs in Table 4. In general, most
compounds in these series demonstrated good pharma-
cokinetic properties in rats, with excellent oral bioavail-
ability and a reasonable half-life. The exception was for
those analogs that contained a more basic guanidine
moiety, such as 10, which was poorly absorbed orally
and had a relatively short half-life.


Compounds 4, 10, and 11 all showed good efficacy in the
micropocket model when dosed by osmotic mini-pump
(OMP) for 5 days at doses from 50 to 100 mg/kg/day.
Although 4 and 11 showed good oral bioavailability in
the rat, oral dosing was not investigated in this model.
However, 23 was dosed orally at 30 mg/kg/day and dem-
onstrated reasonable efficacy.


In conclusion, we have described a new series of avb3


receptor antagonists with excellent potency in a solid-
phase receptor assay as well as in a cellular assay. These
analogs also showed reasonable selectivity versus aIIbb3


and avb6, and a very good rat pharmacokinetic profile.
In addition, several analogs also demonstrated efficacy
in an in vivo model of angiogenesis, further supporting
the concept of using avb3 receptor antagonists for select
disease states.







Table 3. In vitro data for pyrazole analogs
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2.6 80.3 (1) 1.77 11 4762 (2)


25
H
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–O–


O
O


21 16.2 (1) — — >10,000 (2)


a Average of at least three determinations except where noted.


Table 4. Pharmacokinetic and in vivo efficacy data


Compound Rat PK Mouse CMP


F (%) t1/2 (h) (% inhib of angiogenesis)


4 86 1.3 25% at 100 mpk/d (OMP)


10 8.5 0.5 50% at 50 mpk/d (OMP)


11 95 4.9 41% at 100 mpk/d (OMP)


23 100 5.0 33% at 30 mpk/d (po,bid)
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Abstract—A novel series of tetracyclic indoles have been designed, synthesized and evaluated as androgen receptor (AR) ligands.
Studies of structure–activity relationships (SARs) were investigated, which led to some compounds in this series as strong binders
to androgen receptors.
� 2006 Elsevier Ltd. All rights reserved.
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The androgen receptor (AR) is a member of the nuclear
receptor superfamily of ligand-dependent transcription
factors.1 It plays a critical role in numerous physiologi-
cal processes, including the development and mainte-
nance of male secondary sexual characteristics such as
muscle, hair, bone mass, prostate growth, and spermato-
genesis. Two endogenous androgens most active in
promoting these effects are, testosterone and nonaroma-
tizable 5a-dihydrotestosterone (5a-DHT) (Fig. 1). The
primary focus for drug design has been the synthesis
of chemicals to regulate the transcriptional activity of
AR based upon the structural, steroidal or nonsteroidal,
and functional androgenic, antiandrogenic, or anabolic
properties of ligands.2 Nonsteroidal androgens can be
designed and synthesized that will mimic the pharmaco-
logical effects of testosterone, and would likely avoid
many of the undesired physicochemical and pharmaco-
kinetic properties of their steroidal counterparts, includ-
ing poor oral bioavailability, rapid hepatic metabolism,
and activation of other steroid receptors.3 The AR ago-
nists and antagonists are useful in the treatment of a
variety of disorders and diseases.4 More particularly,
antagonists of the androgen receptor could be employed
in the treatment of prostate cancer, benign prostate
hyperplasia, hirsutism in women, alopecia, anorexia
nervosa, breast cancer, and acne. Agonists of the andro-
gen receptor could be employed in male contraception,
male performance enhancement, as well as in the treat-
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ment of cancer, AIDS, cachexia, and other disorders.
In our efforts directed at identifying novel AR ligands,
we have examined various chemical scaffolds as core
structural elements.5 Herein, we wish to present our de-
sign and synthesis of a novel series of nonsteroidal tetra-
cycles (I) that incorporate indole moiety as the core to
mimic the tetracyclic alignment of testosterone struc-
ture. SAR studies based on the binding affinity and
the potency in cell functional assay will be described.


The indole core present in the target structures was most
conveniently introduced by a Fisher-indole type of reac-
tion between various substituted phenyl hydrazine HCl
salts (1) and ketones (2) via acid catalysis (Scheme 1).6


Indoles 3 were then N-alkylated or acylated to afford
the corresponding protected adducts 4. Compound 4i
was prepared from 4h by treatment with CuCN in
DMF. The target compounds 4j–t, 4v, 5c–h, and 6a–g
were obtained in accepted yields after de-methylation
under pyridine HCl or AlCl3 and EtSH condition. Sulf-
oxide 5a and sulfone 5b were synthesized through oxone
oxidation of the sulfide 4d followed by de-methylation
under pyridine HCl condition.
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To prepare quinolone 11, we employed a Winterfeldt
oxidation procedure (t-BuOK and O2) to achieve the in-
dole-quinolone conversion in good yield (Scheme 2).7


The required tetracyclic indole 10 for this reaction was
prepared by Fisher indole synthesis from hydrazine 8
and ketone 9. Compound 11 was then N- or O-methyl-
ated by treatment with K2CO3 and MeI to afford 12a
and 12b, which were then converted into the phenols
5i and 5j after reductive de-benzylations.


The synthetic approaches to the indole analogues with
non-aromatized A-ring (7a and 7b) were initiated from
Wieland–Miescher ketone 13 (Scheme 3). Selective pro-
tection of the conjugated ketone group of 13 by 1,2-bis-
trimethylsilanylsulfanyl-ethane and ZnI2 gave 14. Con-
densation of 14 with phenyl hydrazines via Fisher-indole
synthesis afforded the corresponding indoles 15 in
acceptable yields. Compound 15 was then methylated
and the thio-ketal protective group was removed by
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the treatment of 16 with Hg(ClO4)2 in MeOH. De-
protection of the methoxy groups provided the targets
7a and 7b. Analogous synthesis from the bicyclic keto
lactam 18 via the similar procedure afforded 7c.


The lead optimization was primarily guided by a COS-7
whole-cell androgen receptor binding assay for assessing
the AR binding affinities of the ligands.8 Our initial SAR
studies were focused on modifications of the tetacyclic
core structure at R1, R2, and R3 groups, as shown in
Table 1. Exemplified by 4j, one salient feature of the
series was the phenol group at R2 position. Any modifi-
cation of the phenol group, including deletion (4a),
replacement with halogen (4c and 4e–h) or CN (4i)
and masking as methyl ether (4d) or ester (4u), resulted
in partial or total loss of activity. This indicates that the
phenol group at D-ring might mimic 17b-OH of testos-
terone, which was crucial for hydrogen bonding with the
receptor. 3 0-OH group at R3 position seemed to promote
higher binding affinity than 1 0-OH did, as illustrated by
4q versus 4s, albeit 2 0-OH at R3 position led to equally
potent binder as its 3 0-OH analogue did (4v vs 4j).
Another important requirement for strong binding affin-
ity was having a methyl group at R3 position. Significant
loss in activity was seen for the compounds with more

Table 1. SAR at the substitutions R1, R2, and R3


S


N
R3 R2


R1


1
2


3
4


1' 2'


3'


4'


Compound R1 R2 R3 Rat AR COS-7


whole-cell bindinga


IC50 (lM)


R1881d 0.0015


Bicalutamide 0.85


4a H H Me —b


4b H 3 0-Me Me —b


4c H 3 0-Cl Me 1.5


4d H 3 0-OMe Me —b


4e H 3 0-F Me 3.7


4f 2-F 3 0-F Me 48%c


4g 2-CF3 3 0-F Me 2.8


4h H 3 0-Br Me —b


4i H 3 0-CN Me —b


4j H 3 0-OH Me 0.11


4k H 3 0-OH H 4.5


4l H 3 0-OH Et 2.3


4m H 3 0-OH Ac 1.0


4n H 3 0-OH (CH2)2NMe2 —b


4o 2-OMe 3 0-OH Me 3.0


4p 2-Br 3 0-OH Me 2.8


4q 2-F 3 0-OH Me 0.63


4r 3-F 3 0-OH Me 0.11


4s 2-F 1 0-OH Me 3.8


4t 2-OH 3 0-OH Me 2.1


4u H 3 0-OAc Me 0.88


4v H 2 0-OH Me 0.13


a IC50 values are representative of multiple determinations (N = 2–3).
b ‘—’, not active (<20% and/or binding affinity >10 lM).
c Inhibition at 10 lM.
d Methyltrienolone.

steric bulky group, such as Et, Ac, and dimethylamino-
ethyl groups (4l–n). It was not surprising to observe par-
tial loss of activity in 4k wherein H replaced methyl
group at R3 position. This might be due to the decreased
lipophilicity of the ligand, which was critical for its fit-
ting into the AR binding pocket. Additions of bulky
(4o and 4p) or hydrophilic groups (4t) at R1 position
were detrimental to activity. Replacements of H with
F at R1 position (4q and 4r) were tolerated showing
comparable binding affinities.


We next turned our attention to B- and C-ring modifica-
tions, as shown in Table 2. On the basis of the structure
4j, B-ring was modified by various replacements based
on steric bulkiness or functionality in order to define
the SAR at this area. Attempts to replace sulfide of 4j
with some hydrophilic functionality such as sulfoxide
(5a), sulfone (5b) or amino group (5h) resulted in total
loss of activity. Surprisingly, switching the linkage of
A- and C-ring from (ring A)–S–CH2–(ring C) of 4j to
(ring A)–CH2–S–(ring C) of 5c abolished the binding
affinity. This result indicated that the alignments of the
tetracyclic cores in 4j and 5c resulted in different confor-
mations, which led to total different binding affinities be-
tween these two regio-isomers. Steric bulkiness (4t vs 5d)
at Y seemed to be tolerated for comparable binding
affinity. Compared with 4j, the carbon analogue 5e
bound to the AR receptor with an improved affinity.
Seven-membered B-ring analogues produced a detri-
mental effect, as presented by 5f versus 5e and 5g versus
4j. With regard to C-ring modification, replacement of

Table 2. SAR at B- and C-rings


X
Y


N
Me


R1


1
2


3
4 OH


Compound R1 X Y Rat AR COS-7


whole-cell


bindinga


IC50 (lM)


5a H SO CH2 —b


5b H SO2 CH2 —b


5c H CH2 S —b


5d 2-OH S C(Me)2 3.4


5e H CH2 CH2 0.03


5f H CH2 (CH2)2 0.92


5g H S (CH2)2 5.0


5h H NMe CH2 —b


5i
N


O


Me


OH


—b


5j N


OH


OMe


—b


a IC50 values are representative of multiple determinations (N = 2–3).
b ‘—’, not active (<20% and/or binding affinity >10 lM).







Table 4. SAR at nonaromatized A ring


Compound Structure Rat AR Cos-7


whole-cell


bindinga


IC50 (lM)


7a
N


Me
OH


O


—b


7b


N
Me


O


OH
42%


7c


N
Me


N
Me


O


OH


—b


a IC50 values are representative of multiple determinations (N = 2–3).
b ‘—’, not active (<20% and/or binding affinity >3 lM).


Table 5. Inhibitory activity toward L929 AR cells


Compound L929 % of inhibition at 3 lM
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the indole with the quinolone core resulted in total loss
of activity (5i and 5j) (Table 3).


With the SAR of the compounds containing phenyl as
A-ring understood, we then explored the effect of the
heterocyclic A-ring analogues. These would potentially
have the benefit of improved pharmacokinetic profile.
As illustrated by 6b and 6d in Table 4, replacement of
phenyl A-ring of 4j or 5e with 2-pyridinyl group dis-
played either comparable or better binding affinity.
The best compound 6b bound to the AR receptor with
an IC50 of 29 nM. This result indicated that heteroaryl
replacement was an effective strategy, albeit not all mod-
ifications presented here were rewarded by generating
potent AR ligands (6a, 6c, and 6e–g).


The final group of compounds tested were nonaroma-
tized A-ring analogues 7a–c, which acted as a close mim-
ic of testosterone structure. It was noted in these cases
that the unsaturated A-ring seemed to have a detrimen-
tal effect for binding affinity.


Selected compounds showing high binding affinities
were then evaluated in cell-based functional assay
(Table 5). These compounds were somewhat less active
in L929 AR mediated transcriptional assay.9 However,

Table 3. SAR at heteroaryl A-ring


X


N
Me R2


1' 2'


3'


4'
het


Compound


het


X R2 Rat AR COS-7


whole-cell


bindinga


IC50 (lM)


6a
N


CH2 30-OH 0.93


6b


N


CH2 30-OH 0.029


6c


N


CH2 20-OH 29%b


6d


N


S 30-OH 0.052


6e


N


N
CH2 30-OH 33%b


6f
S


CH2 30-OH 0.58


6g
N
Me


CH2 30-OH 0.37


a IC50 values are representative of multiple determinations (N = 2–3).
b Inhibition at 3 lM.


4j 21


4q 87


4v 35


5e 43


6b 15


6d 18

it seemed that the ligands were able to cross the cell
membrane and turn on the AR function. Nevertheless,
these data provided us further confirmation to advance
some lead compounds for in vivo evaluation later.


In summary, we have developed and characterized a
novel series of teracyclic indoles as AR ligands. These
compounds were evaluated by AR binding and cell-
based functional assays. Some of them demonstrated
strong binding affinity. Further studies will be focused
on transferring in vitro activity to in vivo efficacy.

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bmcl.
2006.03.047.
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Abstract—A synthetic sequence has been developed to selectively functionalize the furan ring of the natural product salvinorin A
(2a). The synthetic routes described convert the furan ring in 2a into an N-sulfonylpyrrole, oxazole or an oxadiazole. In addition, a
procedure has been found to remove the furan skeleton completely. Biological results indicate that replacement of the furan ring
with an N-sulfonylpyrrole leads to reduced affinity and efficacy at j opioid receptors.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of morphine (1), salvinorin A (2a), and salvinorin


B (2b).

G-protein coupled, seven transmembrane segment
receptors (GPCRs or 7TM receptors) are the largest
superfamily of proteins in the body.1,2 Currently, more
than 60% of drugs target GPCRs.3 One class of GPCRs
are opioid receptors. These receptors are particularly
intriguing members of this family in that they are acti-
vated both by endogenously produced opioid peptides
and by exogenously administered opioid drugs, such as
morphine (1) (Fig. 1).4 There are at least three opioid
receptor subtypes, l, d, and j.4 Opioid receptor ligands
are among the most effective analgesics known but are
also highly addictive drugs of abuse.5 New opioid recep-
tor ligands are needed to gain a greater understanding of
the mechanisms of opioid tolerance and dependence, as
well as, to provide new insight into the design of more
effective treatments for pain.


Previous work has shown salvinorin A (2a), a neoclero-
dane diterpene from Salvia divinorum, to be a potent and
selective j opioid receptor agonist.6,7 This is unique giv-
en that virtually all opioid ligands feature a basic nitro-
gen, which is protonated at physiological pH and is
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thought to interact with a conserved aspartate residue,
located inside the receptor transmembrane domain and
conserved among all the opioid receptors.8,9 Several re-
cent reports have begun to explore the structure–activity
relationships of 2a at opioid receptors.10,11,7,12–15


As part of our program to develop novel analgesics with
a potential for reduced tolerance and dependence, we
initiated studies to prepare several heterocyclic replace-
ments for the furan ring present in 2a. This was based
on the activities of salvinicin A and B, as well as, our
goal to reduce the potential for hepatotoxicity seen with
furan containing natural products.16–19 There are few
reported methods for the functionalization of 3-substi-
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tuted furans.20–23 Previously described methods have de-
tailed the photooxidation of the furan moeity under ba-
sic conditions to form a c-hydroxybutenolide. However,
there are few reports of converting the furan ring to
other heterocycles such as an N-sulfonylpyrrole, oxa-
zole, or oxadiazole. Thus, we set out to develop the
methodologies to alter 2a to help further define our
understanding of the elements important to molecular
recognition at opioid receptors.


Salvinorin A (2a) was isolated from S. divinorum as de-
scribed previously.24 With 2a in hand, we sought to con-
vert the furan ring to a pyrrole (Scheme 1). The
treatment of 2a with bromine in a mixture of CH2Cl2
and methanol at �30 �C gave the corresponding 2,5-
dimethoxydihydrofuran derivative in 93% yield as a
mixture of cis and trans isomers.15 This alkene was re-
duced with hydrogen and 5% rhodium on carbon as cat-
alyst to afford dimethoxytetrahydrofuran 3 in 92% yield.
The reduction of 3 leads to a mixture of compounds,
presumably containing the 2,5-dimethoxy cis and trans
isomers and appearing as two spots on TLC, that were
not separated. The reaction of dimethoxytetrahydrofu-
ran 3 (as a mixture of compounds) with methanesulf-
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Scheme 1. Reagents and conditions: (a) Br2, MeOH, CH2Cl2; (b) H2, 5% Rh/C


NaIO4, CCl4/CH3CN/H2O; (e) EDCI, HOBt, LL-serine methyl ester hydroc


CH2Cl2; (h) EDCI, CH3C(NH2)@NOH, CH2Cl2; (i) toluene, heat; (j) PhOP

onamide at 95 �C in acetic acid afforded a mixture of
methanesulfonylpyrrole 4a (30%) and its C-8 epimer
(25%).25 These compounds, however, were readily
separated by column chromatography. Using similar
methodology, benzenesulfonamides 4b and 4c were pre-
pared in 30% and 23% yield, respectively. As seen with
4a, significant amounts of the C-8 epimers were also
formed (20% and 18%, respectively). Attempts to re-
move the benzenesulfonyl group in 4b using Mg and
MeOH,26 and tetrabutylammonium fluoride27 were
unsuccessful.


Upon first glance, the epimerization of the C-8 position
was not without precedent. Koreeda and co-workers
have previously proposed a complex mechanism for this
epimerization under basic conditions, involving cleavage
of the C-8/9 bond.28,29 Recently, Rizzacasa and co-
workers proposed that this epimerization seen is the re-
sult of enolate formation, followed by protonation from
the opposite face.10 The exact mechanism of this trans-
formation is currently unresolved. However, it was
interesting to note that unlike the previously described
conditions this epimerization occurs under acidic
conditions.
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Table 1. Binding affinities of 4a–4c and 6 at opioid receptors using


[125I]IOXY as radioligand33,34


Compound Ki ± SD (nM)


l d j


2aa >1000b >1000b 1.9 ± 0.2


4a >10,000 >10,000 840 ± 90


4b >10,000 >10,000 410 ± 30


4c >10,000 >10,000 1620 ± 110


6 >10,000 >10,000 8530 ± 550


a Data from Ref. 7.
b Partial inhibitor.


Table 2. Results from [35S]GTP-c-S functional assay carried out in


stably transfected CHO cells containing DNA for human j receptors


Compound j Agonism


Emax
b ED50 ± SD (nM)


2aa 120 ± 2 40 ± 10


4a 70 ± 3 3600 ± 580


4b 60 ± 3 9160 ± 1900


4c 60 ± 5 15190 ± 3590


a Data from Ref. 7.
b Emax is the percentage at which compound stimulates binding com-


pared to (�)-U50,488 (500 nM) at j receptors.
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Given the mixture of compounds formed in the hydro-
genation step, it was thought that perhaps this reaction
leads to C-8 epimerization. The two spots of 3 on TLC
were reminiscent of 2b and its C-8 epimer formed upon
hydrolysis of 2a, and thus it was presumed that one spot
corresponded to the C-8 epimer of 3 and the other to the
desired epimer. Subsequently, both spots were isolated
and purified. 1H NMR of the separated spots indicated
that neither compound contained any C-8 epimer. Inter-
estingly, the reaction of either spot of 3 with benzene-
sulfonamide in acetic acid afforded a mixture of 4b
and its C-8 epimer. This suggested that C-8 epimeriza-
tion was occurring during the pyrrole formation step.


To test if the C-8 proton was labile under acidic condi-
tions, 2a was heated in acetic acid at 95 �C overnight. As
expected, this led to a mixture of 2b and its C-8 epimer.
Interestingly, further heating did not increase the
amount of the C-8 epimer of 2b. Energy calculations
indicate that the C-8 epimer of 2a is lower in energy than
2a by approximately 2.2 kcal/mol. Similar calculations
showed that the C-8 epimer of 4a is lower in energy than
4a by approximately 1.7 kcal/mol.


Having successfully converted the furan ring in 2a to
an N-sulfonylpyrrole, we focused on preparing other
heterocyclic derivatives of 2a. The reaction of 2a with
NaIO4 and a catalytic amount of RuCl3Æ3H2O in a
mixture of CCl4, acetonitrile, and water afforded the
C-13 acid in 74% yield.15 The C-13 acid was then
coupled with LL-serine methyl ester hydrochloride using
N-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydro-
chloride (EDCI) and 1-hydroxybenzotriazole hydrate
(HOBT) to give the corresponding b-hydroxy amide
in 75% yield. Cyclization of the b-hydroxy amide
using bis(2-methoxyethyl)aminosulfur trifluoride (Deo-
xo-Fluor) afforded oxazoline 5 in 74% yield.30 The
conversion of oxazoline 5 to oxazole 6 was accom-
plished in 80% yield by treatment with bromotrichlo-
romethane and 1,8-diazabicyclo[5.4.0]undec-7-en
(DBU).30 It is interesting to note that these conditions
did not result in epimerization at the C-8 position.
This is presumably due to the low temperature, short
reaction time, and bulky nature of DBU. The cou-
pling of C-13 acid with acetamide oxime followed by
heating in toluene afforded oxadiazole 7 in 56%
yield.31 Unfortunately, these conditions lead to the
formation of the corresponding C-8 epimer (11%
yield). Finally, we focused on removing the furan skel-
eton completely from 2a. The coupling of the C-13
acid derivative of 2a with selenophenol was accom-
plished via the mixed anhydride using phenyl dichlo-
rophosphate to give the corresponding phenyl seleno
ester in 64% yield.32 Decarbonylation of the phenyl
seleno ester with tri-n-butyltin hydride and 2,2 0-azo-
bis(2-methylpropionitrile) (AIBN) in toluene afforded
8 in 70% yield.32


Diterpenes 4a–4c and 6 were then evaluated for opioid
receptor affinity (Table 1).35 Generally, replacement of
the furan ring led to decreased affinity at j receptors
compared to 2a. The replacement of the furan ring with
an N-sulfonylpyrrole (4a–4c) was found to be better tol-

erated than a 4-carbomethoxyoxazole (6). Diterpenes
4a–4c were then tested for functional activity at j recep-
tors using a [35S]GTP-c-S assay (Table 2).35 As a group,
pyrroles 4a–4c were found to be less active at j receptors
compared to 2a. Interestingly, 4a–4c were found to be
partial agonists compared to (�)-U50,488 and 2a. N-
Methylsulfonylpyrrole 4a was found to be the most ac-
tive in the series (ED50 = 3600 nM) but was 90-fold less
active than 2a. These results indicate that replacement of
the furan ring with an N-sulfonylpyrrole leads to re-
duced affinity and efficacy at j opioid receptors com-
pared to 2a.


In conclusion, we have provided methodology to
selectively functionalize the furan containing natural
product salvinorin A.36–41 In particular, we have
shown it is possible to convert the furan to either
an N-sulfonylpyrrole, oxazoline, oxazole or oxadia-
zole. Finally, we have described a method to remove
the furan skeleton altogether. Biological results indi-
cate that replacement of the furan ring with an N-sul-
fonylpyrrole leads to reduced affinity and efficacy at j
opioid receptors compared to 2a. Further exploration
of these findings is underway and will be reported in
due course.
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layer was dried (Na2SO4), filtered, and concentrated in
vacuo to give the crude ester. A solution of the ester in
toluene (30 mL) was then heated at reflux overnight. The
solvent was removed under reduced pressure to afford a

crude residue. The crude residue was purified by column
chromatography (eluent: EtOAc/hexanes, 40%) to afford
0.03 g (56%) of 7 as an oil: 1H NMR (CDCl3): d 1.12 (3H,
s); 1.48 (3H, s); 1.64 (3H, m); 1.83 (1H, dd, J = 2.7, 9.9);
1.92 (1H, dd, J = 11.1, 13.5); 2.18 (3H, s); 2.29 (4H, m);
2.42 (3H, s); 2.66 (1H, dd J = 6.6, 13.5); 2.74 (1H, dd,
J = 7.2, 9.9); 3.74 (3H, s); 5.15 (1H, dd, J = 9.6, 10.2); 5.74
(1H, dd, J = 6.6, 10.5); 13C NMR (CDCl3): d 11.7, 15.7,
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41. Preparation of 8: NEt3 (71 lL, 0.5 mmol) and phenyl
dichlorophosphate (50.3 lL, 0.34 mmol) were added to a
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(20 mL) at 0 �C. After 30 min, NEt3 (117 lL, 0.84 mmol)
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the solution was warmed to room temperature. Et2O
(100 mL) was added and the mixture was washed with
saturated NaCl (50 mL). The organic portion was dried
(Na2SO4) and the solvent was removed under reduced
pressure to afford a crude oil. The oil was purified by
column chromatography (eluent: EtOAc/hexanes, 40%)
to afford 0.06 g of the phenyl seleno ester. A solution of
the phenyl seleno ester (0.06 g, 0.11 mmol), tri-n-butyltin
hydride (87 lL, 0.33 mmol), and a catalytic amount of
AIBN (0.007 g) in toluene (20 mL) was heated at reflux
for 3 h. The solvent was then removed under reduced
pressure to afford a crude residue. The crude residue
was purified by column chromatography (eluent: EtOAc/
hexanes, 40%) to afford 0.03 g (70%) of 8 as a white
solid, mp 203–206 �C: 1H NMR (CDCl3): d 1.09 (3H, s);
1.29 (1H, m); 1.36 (3H, s); 1.57 (2H, m); 1.61 (1H, s);
1.71 (1H, m); 1.80 (1H, dd, J = 3.3, 12.0); 2.07 (1H, m);
2.19 (3H, s); 2.30 (3H, m); 2.77 (1H, dd, J = 6.9, 9.9);
3.74 (3H, s); 4.31 (1H, dd, J = 6.0, 12.0); 4.41 (1H, m);
5.15 (1H, dd, J = 9.6, 10.5); 13C NMR (CDCl3): d 16.4,
17.7, 18.4, 20.8, 30.9, 35.1, 37.0, 38.2, 42.4, 49.9, 52.2,
53.8, 65.2, 65.5, 75.3, 170.2, 171.8, 172.6, 202.1; Anal
(C19H26O7): C, H, O.
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Abstract—Synthetic hybridization of two privileged drug scaffolds, pyrazolone on the one hand and pyrimidine nucleoside on the
other, resulted in the generation of two novel 5-substituted pyrimidine nucleosides with potent in vitro antiviral activity against two
representative orthopoxviruses, vaccinia virus and cowpox virus.
� 2006 Elsevier Ltd. All rights reserved.

In 1983, the World Health Organization (WHO) de-
clared smallpox, a disease responsible for more deaths
than all the wars of all time, eradicated.1,2 By 1983, all
known stocks of variola virus were in two World Health
Organization (WHO) collaborating centers: the US Cen-
ters for Disease Control and Prevention (CDC) in
Atlanta and (after a transfer in 1994) the Russian State
Research Center of Virology and Biotechnology (the
Vektor Institute) in Novosibirsk. The WHO Committee
on Orthopoxvirus Infections voted on several occasions
to recommend destruction of the stocks, but each time
the decision was deferred to permit more research on
live variola virus.


Meanwhile, intelligence estimates have suggested the
possible existence of clandestine stocks of variola and
the possibility of bioengineered strains resistant to the
classical vaccination protection. When these concerns
are combined with the established fact that the present
form of smallpox vaccination is the most dangerous vac-
cination extant in terms of morbidity and mortality, it is
patently obvious that novel antiviral agents for this
threat be discovered.3–14 The goal of the US Govern-
ment is to provide two FDA approved drugs with two
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more in the development pipeline. Only one drug,
cidofovir, is available for treatment of smallpox vaccina-
tion complications.12–14


To discover novel antivirals for orthopoxvirus infec-
tions, we have employed two different ‘‘privileged’’ drug
scaffolds;15,16 that is, those molecular frameworks that
have spawned a significant number of drugs and other
biologically active agents and can be used to discover
molecular ‘masterkeys.’17 The first is the nucleoside scaf-
fold that has yielded many valuable therapeutics for
HIV and herpes virus infections. The second scaffold is
the pyrazolone ring that is the basis of agents with var-
ious biological activities including antihyperglycemic
properties,18 anti-tumor necrosis factor activity,19,20


non-steroidal anti-inflammatory drugs (NSAIDs),21


inhibition of human telomerase,22 and antibacterial
activity.23


Entry to such chimeric structures centered on the 5-po-
sition of pyrimidine nucleosides can be gained most
readily through the intermediacy of the previously de-
scribed 5-formyl-2 0-deoxyuridine.24–27 The aldehyde
precursor, 3 0,5 0-di-O-acetyl-5-formyl-2 0-deoxyuridine
(3, Scheme 1), was prepared through the oxidation of
3 0,5 0-di-O-acetylthymidine (2, Scheme 1) with potassium
peroxysulfate (K2S2O8) in the presence of CuSO4Æ5H2O
and 2,6-lutidine in aqueous acetonitrile. The corre-
sponding deacetylated counterpart, 5-formyl-2 0-deoxy-
uridine (8, Scheme 2), was prepared by first protecting
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Scheme 1. Reagents and conditions: (a) (CH3CO)2O, DMAP, rt, overnight, 92%; (b) K2S2O8, CuSO4Æ5H2O, 2,6-lutidine, CH3CN/H2O (1:1, v/v),


65 �C, 2 h, 35%; (c) ethanol, rt, overnight, molar ratio of 3 and 4: 1:1; (d) ethanol, rt, overnight, molar ratio of 3 and 4: 1:2.5.
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the aldehyde group of 3 as the dimethyl acetal (7), fol-
lowed by sequential treatment with NaOMe/MeOH
and AcOH/H2O to give 8. The pyrazolone derivatives
were prepared through the condensation of an appropri-
ate aldehyde (3, Scheme 1 or 8, Scheme 2) with 1-phenyl-
3-methyl-2-pyrazolin-5-one (4). Condensation product
528 was obtained by stirring a solution of 3 with one
equivalent of 4 in ethanol at room temperature over-
night (Scheme 1). Compound 628 was obtained from
the condensation of 3 with 2.5 equiv of pyrazolone 4
(Scheme 1). The other two pyrazolone derivatives 928


and 1028 (Scheme 2) were prepared in a similar manner.
Condensation of the pyrimidine aldehyde and the pyraz-
olone led to a new double bond exocyclic to the pyraz-
olone ring C2 and in conjugation with the pyrimidine
ring. This alkene substructure can exist as two isomers,
namely E and Z. From the 1H NMR and 13C NMR re-
sults, it was clear that only one isomer was formed since
there was one signal each for the newly formed vinylic
proton and for the pyrimidine H6. The identification
of the Z-configuration was based on NOE experiments
which showed that the vinylic proton exhibited a strong
NOE effect with the protons of the pyrazolone 3-methyl
group.

In vitro activities (Table 1) were determined according
to previously described methodologies.29 None of the
compounds described here had any significant cytopath-
ic effect on uninfected cells under these conditions. The
CC50’s all were in excess of 250 lM. These novel agents
possessed in vitro antiviral activities that exceeded the
activity of cidofovir against VV and CV under these
in vitro test conditions. For the pyrimidinylidene
monopyrazolone (9), the EC50, as defined by the CPE
assay, was 0.3 lM. These compounds (9 and 10) were
somewhat more active against CV than against VV.
Since CV is often considered to be a closer model to
the smallpox variola virus than is VV, these results have
to be considered to be encouraging. The potent antiviral
activities of compounds 9 and 10 provide strong leads to
novel orthopoxvirus antivirals; moreover, the novelty of
these structures implies a new paradigm in the structure–
activity driven search for nucleosides with antiviral
activity. Such potent activity in the context of pyrimi-
dine nucleoside 5-substituent hypermodification has
not been observed previously. Studies are in progress
to ascertain the spectrum of activity of 9 and 10, and
to elucidate the mechanism of inhibition of virus replica-
tion and the in vivo potential of these novel agents.







Scheme 2. Reagents and conditions: (e) MeOH, Amberlite IR-120 (H+), reflux, 2 h; (f) NaOMe/MeOH, rt, 3 h; (g) AcOH/H2O, 50 �C, overnight;


(h) ethanol, 60 �C, 2 h; rt, overnight, molar ratio of 8 and 4: 1:1; (i) ethanol, 60 �C, overnight, molar ratio of 8 and 4: 1:2.5.


Table 1. Inhibition of orthopoxvirus replication by pyrazolo-pyrimidine nucleosidesa


Compound Efficacy EC50
b (lM) Toxicity CC50


c (lM)


Vacciniad CPE Vacciniad PRe Cowpoxd CPE Cowpoxd PRe Neutral red uptake


Cidofovir 3.2 20 ± 11 7.1 32 ± 10 >317 ± 0


5 32 56 ± 5.1 33.7 48 ± 20 >252 ± 37


6 43 119 ± 81 37.1 25 ± 1.1 >288 ± 13


9 1.7 6.9 ± 0.9 0.3 5.6 ± 5.2 >286 ± 25


10 20 11 ± 1.0 1.8 9.0 ± 7.0 >292 ± 14


a Assays were performed according to the procedures described previously.29


b EC50, effective concentration to reduce viral cytopathogenicity (CPE) or plaque formation (PR) by 50%. Values without a standard deviation refer


to experiments carried out once in triplicate.
c CC50, concentration which causes a cytotoxic effect (as ascertained by neutral red uptake) on 50% of uninfected cells.
d Virus used for challenge: vaccinia virus (Copenhagen) or cowpox virus (Brighton).
e Values are the means ± standard deviation of 2 or more assays.


3226 X. Fan et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3224–3228

Acknowledgments


This research was supported by funds from the US
Army Medical Research Institute of Infectious Diseases
(USARMRIID DAMD 17-03-C-0081 US Army Medi-
cal Research Materiel Command) and Public Health
Service Contract NO1-AI-30049 from NIH, NIAID,
Bethesda, MD (ERK). The technical assistance of
Robert Smith and Shalisa Sanders is gratefully
acknowledged.

References and notes


1. Torrence, P. F. Introduction: Pestilence, Plague, Bioter-
rorism. In Antiviral Drug Discovery for Emerging Diseases
and Bioterrorism Threats; Torrence, P. F., Ed.; John Wiley
& Sons: New York, NY, 2005; pp 3–16.


2. Bray, M. Viral Bioterrorism and Antiviral Countermea-
sures. In Antiviral Drug Discovery for Emerging Diseases
and Bioterrorism Threats; Torrence, P. F., Ed.; John Wiley
& Sons: New York, NY, 2005; pp 17–30.


3. Alibek, K. Int. J. Infect. Dis. 2004, 8, S3.







X. Fan et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3224–3228 3227

4. Henderson, D. A. Science 1999, 283(Suppl. 2), 1279.
5. Henderson, D. A. Clin. Infect. Dis. 2002, 34, 79.
6. Henderson, D. A.; Inglesby, T. V.; Bartlett, J. G.; Ascher,


M. S.; Eitzen, E.; Jahrling, P. B.; Hauer, J.; Layton, M.;
McDade, J.; Osterholm, M. T.; O’Toole, T.; Parker, G.;
Perl, T.; Russell, P. K.; Tonat, K. JAMA 1999, 281, 2127.


7. Kaiser, J. Science 2005, 307, 1540.
8. Cohen, J.; Marshall, E. Science 2001, 294, 498.
9. Mahalingam, S.; Damon, I. K.; Lidbury, B. A. Trends


Immunol. 2004, 25, 636.
10. Thornton, R.; Court, B.; Meara, J.; Murray, V.; Palmer,


I.; Scott, R.; Wale, M.; Wright, D. Occup. Med. Lond.
2004, 54, 101.


11. Tom, W. L.; Kenner, J. R.; Friedlander, S. F. Dermatol.
Clin. 2004, 22, 275.


12. Tseng, C. K. Overview of Antiviral Drug Discovery
and Development. In Antiviral Drug Discovery for
Emerging Diseases and Bioterrorism Threats; Torrence,
P. F., Ed.; John Wiley & Sons: New York, NY, 2005;
pp 31–82.


13. Kern, E. R. Discovery and Development of New
Antivirals for Smallpox. In Antiviral Drug Discovery
for Emerging Diseases and Bioterrorism Threats; Tor-
rence, P. F., Ed.; John Wiley & Sons: New York, NY,
2005; pp 331–353.


14. De Clercq, E. Antiviral Drug Targets and Strategies for
Emerging Viral Disease and Bioterrorism Threats. In
Antiviral Drug Discovery for Emerging Diseases and
Bioterrorism Threats; Torrence, P. F., Ed.; John Wiley &
Sons: New York, NY, 2005; pp 83–114.


15. DeSimone, R. W.; Currie, K. S.; Mitchell, S. A.; Darrow,
J. W.; Pippin, D. A. Comb. Chem. High Throughput
Screen. 2004, 7, 473.


16. Horton, D. A.; Bourne, G. T.; Smythe, M. L. Mol. Divers.
2002, 5, 289.


17. Muller, G. Drug Discovery Today 2003, 8, 681.
18. Kees, K. L.; Fitzgerald, J. J., Jr.; Steiner, K. E.; Mattes, J.


F.; Mihan, B.; Tosi, T.; Mondoro, D.; McCaleb, M. L.
J. Med. Chem. 1996, 39, 3920.


19. Clark, M. P.; Laughlin, S. K.; Laufersweile, M. J.;
Bookland, R. G.; Brugel, T. A.; Golebiowski, A.; Sabat,
M. P.; Townes, J. A.; VanRens, J. C.; Djung, J. F.;
Natchus, M. G.; De, B.; Hsieh, L. C.; Xu, S. C.; Walter,
R. L.; Mekel, M. J.; Heitmeyer, S. A.; Brown, K. K.;
Juergens, K.; Taiwo, Y. O.; Janusz, M. J. J. Med. Chem.
2004, 47, 2724.


20. Laufersweiler, M. J.; Brugel, T. A.; Clark, M. P.;
Golebiowski, A.; Bookland, R. G.; Laughlin, S. K.;
Sabat, M. P.; Townes, J. A.; VanRens, J. C.; De, B.;
Hsieh, L. C.; Heitmeyer, S. A.; Juergens, K.; Brown, K.
K.; Mekel, M. J.; Walter, R. L.; Janusz, M. J. Bioorg.
Med. Chem. Lett. 2004, 14, 4267.


21. Schillaci, D.; Maggio, B.; Raffa, D.; Daidone, G. Farmaco
1992, 47, 127.


22. Kakiuchi, Y.; Sasaki, N.; Satoh-Masuoka, M.; Murofushi,
H.; Murakami-Murofushi, K. Biochem. Biophys. Res.
Commun. 2004, 320, 1351.


23. Soliman, R.; Habib, N. S.; Ashour, F. A.; el-Taiebi, M.
Boll. Chim. Farm. 2001, 140, 140.


24. Kittaka, A.; Takayama, H.; Horii, C.; Kuze, T.; Tanaka,
H.; Nakamura, K. T.; Miyasaka, T.; Inoue, J. Nucleic
Acids Symp. Ser. 1999, 33–34.


25. Ono, A.; Okamoto, T.; Inada, M.; Nara, H.; Matsuda, A.
Chem. Pharm. Bull. (Tokyo) 1994, 42, 2231.


26. Park, J. S.; Chang, C. T.; Schmidt, C. L.; Golander, Y.;
De Clercq, E.; Descamps, J.; Mertes, M. P. J. Med. Chem.
1980, 23, 661.


27. Kampf, A.; Pillar, C. J.; Woodford, W. J.; Mertes, M. P.
J. Med. Chem. 1976, 19, 909.

28. Selected data for 1-(2-deoxy-3,5-di-O-acetylpentofurano-
syl)-5-[(3-methyl-5-oxo-1-phenyl-4,5-dihydro-4H-pyrazol-
4-ylidene)pyrimidine-2,4(1H,3H)-dione (5): mp 228–230 �C;
1H NMR (CDCl3) d: 1.97 (s, 3H, CH3,on the pyrazolone
ring), 2.14 (s, 3H, CH3, –OCOCH3), 2.34 (s, 3H, CH3, –
OCOCH3), 2.54–2.59 (m, 2H, H2 0), 4.33–4.57 (m, 3H,
H40, H5 0), 5.38–5.41 (m, 1H, H30), 6.36–6.40 (m, 1H,
H10), 7.20 (t, 1H, J = 7.6 Hz, PhH), 7.42 (t, 2H,
J = 7.6 Hz, PhH), 7.69 (s, 1H, @CH), 7.92 (d, 2H, J =
7.6 Hz, PhH), 8.70 (br s, 1H, NH), 10.93 (s, 1H, H6).
13C NMR (CDCl3) d: 13.34, 20.92, 21.15, 37.72, 63.99,
74.35, 83.14, 86.60, 109.01, 119.48, 125.40, 126.62,
129.08, 136.23, 138.31, 148.43, 149.18, 151.06, 161.58,
162.71, 170.41, 170.61. ESI LRMS m/e: 497 (MH+), 519
(MNa+). HRMS (ESI) Calcd for C24H25N4O8: 497.1673
(MH)+, found 497.1687. Selected data for 5-[bis(3-methyl-
5-oxo-1-phenyl-4,5-dihydro-4H-pyrazol-4-yl)methyl-1-
(2-deoxy-3,5-di-O-acetylpentofuranosyl)pyrimidine-2,4(1H,
3H)-dione (6): mp 158–160 �C; 1H NMR (CDCl3) d: 1.83
(s, 3H, CH3 of pyrazolone ring), 2.04 (s, 3H, CH3, of
pyrazolone ring), 2.19 (s, 3H, CH3, –OCOCH3), 2.28–2.39
(m, 5H, CH3,–OCOCH3, H2 0), 4.06–4.18 (m, 3H, H40,
H50), 4.49 (s, 1H, –CH), 5.15–5.17 (m, 1H, H3 0), 6.10–6.14
(m, 1H, H10), 7.10–7.16 (m, 2H, PhH), 7.25–7.32 (m, 4H,
PhH), 7.54–7.58 (m, 4H, PhH), 7.84 (s, 1H, H6), 9.82 (br s,
1H, NH). 13C NMR (CDCl3) d: 11.96, 12.21, 20.76, 21.12,
26.32, 37.00, 63.82, 74.71, 82.60, 86.94, 114.50, 121.37,
121.57, 126.35, 126.52, 129.11, 129.20, 136.89, 137.46,
138.04, 147.09, 147.41, 150.13, 163.89, 170.42, 170.93. ESI
LRMS m/e: 671 (MH+), 693 (MNa+). HRMS (ESI) Calcd
for C34H35N6O9: 671.2484 (MH)+, found 671.2454.
Selected data for 1-(2-deoxypentofuranosyl)-5-[(3-methyl-
5-oxo-1-phenyl-4,5-dihydro-4H-pyrazol-4-ylidene)pyrimi-
dine-2,4(1H,3H)-dione (9): mp >275 �C; 1H NMR (DMF-
d7) d: 2.32 (s, 3H, CH3, on the pyrazolone ring), 2.38–2.48
(m, 2H, H2 0), 3.86–3.89 (m, 2H, H5 0), 4.05–4.08 (m, 1H,
H40), 4.52–4.53 (m, 1H, H30), 4.84 (t, 1H, J = 6.4 Hz, 50-
OH), 5.46 (d, 1H, J = 4.0 Hz, 30-OH), 6.32–6.36 (m, 1H,
H10), 7.22 (t, 1H, J = 7.6 Hz, PhH), 7.46 (t, 2H,
J = 8.0 Hz, PhH), 7.76 (s, 1H, @CH), 8.02 (d, 2H,
J = 8.0 Hz, PhH), 10.79 (s, 1H, H6), 12.01 (br s, 1H,
NH). 13C NMR (DMF-d7) d: 12.58, 40.67, 62.54, 71.51,
86.86, 89.36 108.04, 118.71, 123.80, 124.91, 129.09, 138.82,
138.98, 149.56, 150.05, 151.76, 162.98. ESI LRMS m/e:
413 (MH+), 435 (MNa+). HRMS (FAB) Calcd for
C20H21N4O6: 413.1462 (MH)+, found 413.1452. Com-
pound 9 was easily soluble in DMSO. In addition, a
0.1 mM solution of 9 in 1% DMSO–phosphate-buffered
saline (pH 7.5) or in 1% DMSO/H2O could be prepared
readily. Selected data for 5-[bis(3-methyl-5-oxo-1-phenyl-
4,5-dihydro-4H-pyrazol-4-yl)methyl-1-(2-deoxypentofur-
anosyl)pyrimidine-2,4(1H,3H)-dione (10): mp 182–184 �C;
1H NMR (CD3OD) d: 2.13–2.20 (m, 1H, H2 0-1), 2.25–2.32
(m, 4H, H2 0-2, CH3 of pyrazolone ring), 2.38 (s, 3H, CH3


of pyrazolone ring), 3.48–3.50 (m, 2H, H5 0), 3.81–3.83 (m,
1H, H40), 4.26–4.29 (m, 1H, H30), 4.95 (s, 1H, –CH), 6.26–
6.29 (m, 1H, H1 0), 7.27–7.31 (m, 2H, PhH), 7.42–7.47 (m,
4H, PhH), 7.61–7.65 (m, 4H, PhH), 7.85 (s, 1H, H6). 13C
NMR (DMSO-d6) d: 12.39, 25.99, 62.65, 71.16, 79.86,
84.44, 87.96, 115.12, 121.4,4 121.69, 126.38, 129.57,
136.37, 146.51, 146.85, 150.70, 163.32. ESI LRMS m/e:
587 (MH+), 609 (MNa+). HRMS (ESI) Calcd for
C30H31N6O7: 587.2255 (MH)+, found 587.2228.


29. Keith, K. A.; Wan, W. B.; Ciesla, S. L.; Beadle, J. R.;
Hostetler, K. Y.; Kern, E. R. Antimicrob. Agents Chemo-
ther. 2004, 48, 1869, Briefly, an initial evaluation using
viral cytopathogenic effect (CPE) as the endpoint was
performed in 96-well plates seeded with human foreskin
fibroblast (HFF) cells containing a range of drug concen-







3228 X. Fan et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3224–3228

trations. Infection with vaccinia virus (VV) Copenhagen
or cowpox virus (CV) Brighton at 1000 PFU per well was
followed by incubation at 37 �C for 7 days. After
incubation, the plates were stained with a crystal violet
solution for 4 h, rinsed, allowed to dry for 24 h, and then
read on a BioTek Plate Reader at 620 nm. Confirmatory
assays using a plaque reduction (PR) assay were per-
formed using HFF cells seeded in 6-well plates 2 days
prior to use and infected with VV or CV at 20–30 PFU per
well. After a 1 h incubation period, various concentrations
of drug were added in triplicate and the plates were
incubated at 37 �C for 3 days. The cells were stained with a

neutral red in PBS and incubated for 5–6 h. After
aspiration of the stain, viral plaques were counted using
a stereomicroscope at 10· magnification. The concentra-
tion of agent that inhibited viral CPE or plaque formation
by 50% was defined as the EC50 and was calculated using
standard methods. The effect of the potential antiviral
agent on uninfected host cell viability was evaluated using
HFF cells seeded in 96-well plated incubated with various
concentrations of drug for 7 days. After incubation, cell
monolayers were stained with a solution of neutral red and
the concentration of agent that reduced neutral red uptake
by 50% was defined as the CC50.
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Abstract—A trifunctional probe (binding element–photoreactive group–affinity tag) of natural product paeoniflorin was designed
and synthesized based on the previous primary structure-activity relationship. This new probe is a potential tool for labeling,
purification, and identification of the target proteins.
� 2006 Elsevier Ltd. All rights reserved.

Paeoniae alba radix (red peony root; Chi shao Yao),
the dried, peeled root of Paeonia lactiflora Pall or
Paeonia veitchii Lynch, is a traditional Chinese crude
drug. It has been used as a spasmolytic and pain-re-
lieving agent to treat certain types of dementia and re-
lieve abdominal spasmodic pain and muscle stiffness.
Paeoniflorin (PF; Fig. 1), the main monoterpene
glucoside isolated from the root of P. lactiflora in
1963,1 is one of the bioactive components of Paeoniae
radix. It has been reported to exert antihyperglyce-
mic,2 antithrombotic,3 and anticonvulsant effects,4


stimulate the release of noradrenaline,5 enhance cogni-
tive function,6–8 and to have antihypotensive effects
via activation of the adenosine A1 receptor.9 Recently,
Liu et al.10 reported that PF has a neuroprotective ef-
fect without cardiovascular side effects, which might
be mediated by the activation of the adenosine A1


receptor in a manner different to that of classical
adenosine A1 receptor agonists, and therefore suggest-
ed that the adenosine A1 receptor may be a potential
molecular target of PF. However, it is difficult to ex-
plain many of the pharmacological effects of PF ob-
served in various disease models based on only one
target protein. Efforts for the further optimization
based on PF and structure–activity relationship studies
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have been hindered by the lack of knowledge of its
target protein(s). We designed and synthesized a tri-
functional biotin-tagged photoaffinity probe for PF
based on the results of previous primary structure–
activity relationship studies. The probe could be used
as a chemical tool not only to label its target proteins,
but also to purify and identify the target after photo-
cross-linking.


Photoaffinity labeling technology is emerging as a very
useful tool for the identification and localization of
proteins and their active sites in drug-discovery stud-
ies.11–14 Not only do photoprobes enable the target
protein to be identified but they also furnish structural
information about the receptor-binding domain by
forming a covalent bond between the ligand and the
specific reactive protein. Various photophores, such
as phenyldiazirine, arylazide, and benzophenone, have
been used. The 3-aryl-3-trifluoromethyldiazirines ap-
pear to come closest to satisfying the chemical and
biological criteria required for useful photophores.15


A combination of this technology with the widely used
avidin–biotin method has emerged as a powerful tool
in many fields, especially in the design of molecular
probes16–20 and their utilization in proteomic studies.
In our study, a trifunctional biotin-tagged photo-
affinity probe of PF (Fig. 1) was designed and synthe-
sized. The probe comprises a binding element, a
photoreactive group, and an affinity tag. The binding
element group ferries the probe to the enzyme active
site. Upon UV irradiation, the photolabile group
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covalently modifies the enzyme to form a covalent en-
zyme–probe adduct, and the tag renders the modified
enzyme distinguishable from unlabeled proteins for
subsequent purification, digestion, and sequencing.


In designing our trifunctional probe, we took into con-
sideration previous reports that indicated that the ben-
zoyl group of PF has little effect on its activity.2


Consequently, we modified the photolabile unit and
the tag at the phenyl group by inserting a flexible hydro-
philic polyether spacer between the tag and the phenyl
group (Fig. 1) to reduce the effect of the modification
on the activity of PF. A competitive experiment was
conducted (Fig. 2) to verify that the action mode of
the photoaffinity probe was similar to that of its parent
compound, PF.


The synthesis of the probe followed that shown in
Scheme 1. First, two of the four hydroxyl groups of
PF (PF was obtained from P. alba radix by isolation,
purity >98%) were protected with TBSCl in the pres-
ence of imidazole in DMF to obtain compound 1.
The other two hydroxyl groups in the carbohydrates
could not be protected easily and have low reactivity.
Compound 2 was obtained by hydrolyzing compound

Figure 2. Photoaffinity labeling of rat cortex homogenate followed


SDS–PAGE electrophoresis and then transfer onto PVDF membrane


and detection with streptavidin–HRP. Samples were prepared by


incubating 2.5 mg/mL cortex homogenate with 0 lM probe and


exposed to UV light for 30 min (A), with 10 lM probe and exposed


to UV light for 0 min (B), with 10 lM probe and exposed to UV light


for 30 min (C), with 10 lM probe and 1 mM PF and then exposed to


UV light for 30 min (D).

1 with LiOH in methanol to remove the benzoyl
group. Condensation of compound 2 with compound
521 using DCC and DMAP in dichloromethane pro-
duced compound 3. Deprotection of compound 3
using aqueous tetrabutylammonium fluoride in THF
yielded the trifunctional photoaffinity probe, com-
pound 4.22


Photoaffinity labeling and streptavidin detection. The
trifunctional probe was then evaluated for its ability
to label target protein in homogenate preparation of
rat cortex23 in a preliminary labeling experiment.24


The results showed that an approximate 54 kDa pro-
tein was specifically labeled by the probe (Fig. 2, lane
C) and the cross-linked band could be decreased by
adding PF competed with probe (Fig. 2, lane D).
No specific labeling band could be detected if no
probe was used (Fig. 2, lane A) or UV irradiation
was omitted (Fig. 2, lane B). PF has been reported
to exert a variety of pharmacological effects, sugges-
tive of its binding to multiple protein targets, but
to our knowledge, the exact mechanisms responsible
for these effects and its molecular targets were un-
clear. This preliminary labeling experiment suggests
that the present trifunctional probe (binding ele-
ment–photoreactive group–affinity tag) for PF can
be used to label its target proteins. By the way, the
probe with an affinity group also provides the power
to purify and identify the targets after photo-cross-
linking.


A trifunctional probe (binding element–photoreactive
group–affinity tag) for natural product Paeoniflorin
was designed and synthesized. Preliminary labeling
experiment suggests that this probe can be used to label
its potential target protein specifically, and therefore
provides a potential tool for purification and identifica-
tion of the target protein, as well as for elucidation of
the structural information of the binding site of target
protein. Efforts to use this novel probe for further
photoaffinity labeling and identification of the target
protein are in progress.
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Abstract—Enantiomeric separation of the racemic 4-{3-(4-chlorophenyl)-3-hydroxypyrrolidin-1-yl}-1-(4-fluorophenyl)butan-1-one,
a pyrrolidine analog of haloperidol, {(±)-SYA 09}, and subsequent binding studies revealed that most of the binding affinity at dopa-
mine and serotonin receptors resides in the (+)-isomer {(+)-SYA 09} or the eutomer. Further pharmacological evaluation of the
eutomer revealed that it has a higher affinity for the dopamine D4 (DAD4) receptor subtype (Ki = 3.6 nM) than for the DAD2 sub-
type (Ki = 51.1 nM) with a ratio of 14.2 (D2Ki/D4Ki ratio = 14.2). In an animal model of antipsychotic efficacy, the (+)-SYA 09 was
efficacious with an ED50 value of 1.6 mg/kg, ip, and at twice this value, (+)-SYA 09 did not induce significant catalepsy in rats.
� 2006 Elsevier Ltd. All rights reserved.

Previous studies in several laboratories including
ours1–3 have revealed that haloperidol is converted
to quaternary pyridinium metabolites (BCPP+ and
RHPP+) that, based on its structural similarity to
MPP+, may possess the potential to induce irrevers-
ible Parkinsonism-like side effects. Consequently, we4


have hypothesized that agents possessing binding pro-
files similar to that of haloperidol but lacking the
structural features required to form quaternary pyri-
dinium metabolites should produce little or no long-
term Parkinsonism-like side effects.


In designing agents that could not undergo metabolic
transformation to pyridinium species, several com-
pounds were synthesized including the tropane analog5


(1) and the pyrrolidine analog4,6 (2) of haloperidol. Sub-
sequent pharmacological evaluation of 1, however,
showed that its capacity to induce acute catalepsy in ani-

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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mal models is identical to that of haloperidol.5 On the
other hand, compound 2 which could not undergo sim-
ilar metabolic transformation but binds with only mod-
erate affinity to DAD2 receptors showed significantly
reduced extrapyramidal reaction in an animal model.4


Thus, the notion that haloperidol’s acute catalepsy
may be associated with its high DAD2 binding affinity
is supported by the observation.


Others7–9 have suggested that the low affinity binding of
clozapine (3) at DAD2 receptors and the higher binding
affinity at DAD4 receptors are an important element in
its superior therapeutic action in treating schizophrenia.
Hence, the identification of SYA 09 (2) with moderate
binding affinity for the DAD2 receptor and a D2 to
D4 binding profile {D2, Ki = 33 nM; D3, Ki = 200 nM;
and D4, Ki = 11 nM; [Ki(D2)/Ki(D4)] = 3.0}4 similar to
that of clozapine10 {D2, Ki = 130 nM; D3, Ki = 240 nM;
and D4, Ki = 54 nM; [Ki(D2)/Ki(D4) = 2.4]} was consid-
ered significant. Unlike clozapine or haloperidol howev-
er, compound 2 has a chiral center, and thus is a mixture
of two enantiomers. The purpose of this study, there-
fore, was to synthesize, separate the enantiomers of 2,
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evaluate the eutomer’s in vitro and in vivo pharmaco-
logical profile, and to compare the activities to that of
clozapine, compound 1, and haloperidol.


N


N
N


N


H


H3C


Cl Clozapine (3)

The synthetic procedures for obtaining 1 and 2 are
similar and were previously reported.4–6 Briefly, the
procedure for obtaining compound 2 requires a car-
bamate-protected ketone (5) as the key intermediate.
This intermediate was obtained by carbamylation of
commercially available pyrrolidin-3-ol (4) and oxida-
tion to the carbamate-protected pyrrolidinone (5).
Reaction of 5 with freshly generated 4-chlorophenyl
magnesium bromide produced a carbamate-protected
aminoalcohol (6). After decarbamylation in alcoholic
KOH, the resulting intermediate (7) was alkylated
with the commercially available fluorobutyrophenone
chloride to obtain the desired product (Scheme 1).
Compound 1 was similarly obtained starting with
carbamate-protected tropanone as previously
reported.5

N
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Scheme 1. Synthesis of the racemic mixture of the pyrrolidine analog (2)


C6H4MgBr, Et2O (anhydrous), N2, reflux, 12 h, 42%; (iii) KOH, EtOH, r


(anhydrous), N2, reflux, 12 h, 23%.

Separation of the enantiomers of 2 was achieved on a
Chiralpak AD-H column from Chiral Technologies,
Inc. Column dimensions were 250 · 4.6 mm. Mobile
phase was a volume ratio of 70:25:5 hexane/EtOH/i-
PrOH at a flow rate of 1 ml/min. The separation was
monitored at 254 nm and 10–20 ll of 30–65 mg/ml race-
mate solution was injected. Two fractions were collected
and their purities were verified by re-injecting isolated
fractions into the HPLC system and examining the chro-
matograms as shown in Fig. 1.


Chiral chromatographic separation of racemic com-
pound 2 was accomplished in high enantiomeric purity
(2a = 100% and 2b > 95%) as shown in Figure 1. The
specific rotation, [a] at 25 �C, of the (�)-enantiomer
(tR = 13.5 min) is �8.1 and the (+)-enantiomer
(tR = 18.3 min) is +8.9. The binding profiles of these
enantiomers along with haloperidol, clozapine, and
compound 1 are presented in Table 1. These results indi-
cate that the (+)-SYA 09 binds with higher affinity at
both DA and 5HT receptors investigated, while (�)-
SYA 09 binds with a higher affinity at a and H-1 recep-
tors. Thus, the (+)-isomer is the active enantiomer or
eutomer at dopamine and serotonin receptors. (+)-
SYA 09 also binds with a higher affinity at the D4 sub-
type than that at the D2 subtype with a ratio of 14.2
(D2Ki = 51.1 nM and D4Ki = 3.6 nM; D2Ki/
D4Ki = 14.2). This ratio is different from that of the
racemic mixture (D2Ki/D4Ki = 3.0) but is consistent
with our proposed hypothesis4 that a ratio greater than
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Figure 1. Chromatograms of the chiral separation of (±)-SYA 09, (�)-SYA 09, and (+)-SYA 09, respectively. Mobile phase: 70:25 hexane/EtOH/i-


PrOH.


Table 1. Binding affinity data for (+) and (�)-SYA 09, compound 1, clozapine, and haloperidol


Receptor (+)-SYA 09 Ki (nM) mean (�)-SYA 09 Ki (nM) mean Compound 1 Ki


(nM) mean


Clozapine Ki
a


(nM) mean


Haldol Ki
a


(nM) mean


hDA D2 51.1 ± 6.0 489 ± 119 1.6 ± 0.1 130 2.0


hDA D3 1069.0 ± 292 1177 ± 149 5.1 ± 1.4 240 12.0


hDA D4.4 3.6 ± 0.5 245 ± 29 5.3 ± 0.1 54 15.0


h5-HT1A 722.3 ± 90 832 ± 126 27.7 ± 6.0 140 1202


h5-HT2A 75.8 ± 12 241.5 ± 41.8 30.9 ± 3.0 8.9a 435


h5-HT2C 3598.0 ± 162 1252 ± 461 872.1 ± 178 17.0a >5.454


ha-1A 114.8 ± 7.0 34 ± 4 39.3 ± 6.6 1.6 12.0


ha-1B 102.4 ± 8.0 41.7 ± 1.3 42.7 ± 1.4 7.0 8.0


ha-2A 2239.0 ± 403 5817 ± 419 2835.0 ± 220 142 473.0


ha-2B 4559.0 ± 1075 1543 ± 85 515.5 ± 100.5 27.0 480.0


ha-2C 94.3 ± 14.4 16.4 ± 4.2 142.8 ± 12.7 34.0 550.0


hHis H1 1467.0 ± 473 259.6 ± 34.0 8780.0 ± 1625 1.8 3002.0


a Data obtained from Ref. 10 and/or kidb.case.edu.
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one (D2Ki/D4Ki = >1) and a D2 receptor binding within
a Ki range of 30–150 nM are therapeutically desirable.


Further evaluation of the binding profile of (+)-SYA 09
at 5HT and a-adrenergic receptors was carried out in or-
der to compare its profile with that of clozapine. The
D2Ki/5HT2A Ki ratio (D2Ki = 51.1 nM and 5HT2A
Ki = 75.8 nM) was found to be 0.67 compared to that
of clozapine’s ratio of 24.1 and indicates a significant
difference in binding at these receptors. In addition,
(+)-SYA 09 binds poorly to 5HT1A (Ki = 722 nM),
5HT2C (Ki = 3598 nM), and H-1 (Ki = 1462 nM) recep-
tors, while clozapine binds with moderate affinities at
5HT1A and 5HT2C receptors (Ki = 105 nM and
Ki = 29 nM) (Table 1), and with high affinity at H-1
receptors (1.8 nM).10 Interestingly, compound 1, which
was previously shown to induce catalepsy in rats,4 binds
with a much higher affinity at 5HT1A (Ki = 27.7 nM)
and 5HT2A (Ki = 30.9 nM) receptors. These receptors
have been shown to play significant roles in the superior
therapeutic profile of atypical antipsychotics such as ari-
piprazole.11 The low affinity of (+)-SYA 09 for the H-1
receptor is therapeutically advantageous since the H-1
receptor is implicated in weight gain associated with
atypical antipsychotic medication.2


(+)-SYA 09 was also subjected to evaluation in animal
models for antipsychotic efficacy. When given by ip
injection, (+)-SYA 09 was found to be effective in
inhibiting apomorphine-induced climbing with an
ED50 of 1.6 mg/kg compared to that of clozapine
and haloperidol of 5.5 and 0.007 mg/kg, respectively.

These results are consistent with the binding affinities
of these agents at DAD2 receptor subtype supporting
the critical role played by D2 receptors in these animal
models for testing antipsychotic efficacy. It was also of
interest to evaluate the potential of (+)-SYA 09 to in-
duce catalepsy in rats. Lack of catalepsy combined
with inhibition of apomorphine-induced climbing
would indicate that the compound is efficacious and
is unlikely to induce extrapyramidal side effects
(EPS) in man. The results are shown in Figure 2.
These results confirm the previous observation that
racemic 2 does not induce catalepsy to the same extent
as haloperidol or compound 14 at equivalent doses. In-
deed, the catalepsy profile of (+)-SYA 09 is similar to
those of clozapine at the doses investigated. Since the
ED50 value (1.6 mg/kg) of (+)-SYA 09 falls within the
doses tested for catalepsy (0.1–4.0 mg/kg), this suggests
that the compound may not induce EPS at the thera-
peutic dose in man. Since the common element in
receptor binding between (+)-SYA 09 and clozapine
is related primarily to their DAD2 binding affinity, it
can be deduced that the major pharmacological ac-
tions observed are probably due to their D2-like recep-
tor binding profile rather than to their serotonin or
alpha receptor profiles.


In this paper, we have synthesized and separated enanti-
omers of a pyrrolidine analog of haloperidol incapable
of undergoing metabolism to pyridinium-type metabo-
lites but possess moderate binding affinity at D2-like
receptors. Since haloperidol produces pyridinium-like
metabolites with the potential to contribute to some of
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Figure 2. Mean catalepsy scores at various doses and times for (+)-SYA 09, haloperidol, and clozapine.


Table 2. Inhibition of apomorphine-induced climbing in Swiss–Web-


ster mice by (+)-SYA 09, the eutomer of SYA 09


Drug ED50 (mg/kg ip)


Haloperidol 0.007 ± 0.001


(+)-SYA-09 1.60 ± 0.70


Clozapine 5.54 ± 1.25


Each ED50 value was derived from a separate dose–response curve,


using four doses and a vehicle-treated apomorphine control group;


n = 5 mice/dose. ED50 values are expressed as free base equivalents.
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the long-term side effects through destruction of dopa-
minergic neurons in the nigrostriatum, (+)-SYA 09 has
a potential therapeutic advantage over haloperidol.
The fact that (+)-SYA 09 possesses D2/D4 binding affin-
ity ratio greater than 1 and has a behavioral profile with
similarities to clozapine is interesting and requires fur-
ther evaluation in animal models. The hypothesis that
low affinity for D2 receptor and {Ki(D2)/Ki(D4) > 1}
may lead to agents with efficacy against positive schizo-
phrenia and a low propensity to induce movement disor-
ders is thus supported by the observations on (+)-SYA
09.


Radioligand binding studies were performed by the
National Institute of Mental Health Psychoactive Drug
Screening Program (NIMH-PDSP) as previously de-
scribed in Shapiro et al.11 Briefly, a number of transient-
ly and stably transfected cloned human cDNAs were
used for radioligand binding assays as previously de-
tailed in Rothman et al.14 and Tsai et al.13 In initial
screening assays, compounds were tested at a concentra-
tion of 10 lM in quadruplicate at all receptors
evaluated.


Inhibition of apomorphine induced climbing-stereotypy
was determined using a modified climbing test by Need-
ham et al.12 Swiss male mice (20–25 gm, N = 125) in
groups of five per time point (30 min, 1, 2, 4, and 6 h)
were injected ip with 1.0 ml/100 g of vehicle (0.1% lactic
acid and 0.9% saline) or increasing milligrams per kilo-
gram equivalent doses of dopamine antagonists haloper-
idol, (+)-SYA 09, and clozapine. Animals were then
challenged with 2.8 · 10�6 mol/kg of the agonist apo-

morphine, placed in cylindrical wire cages (12 cm in
diameter, 14 cm in height), and observed for climbing
behavior at 10 and 20 min post-dose. Climbing behavior
was assessed as follows: 4 paws on the cage floor = 0
score; 2 or 3 paws on the cage = 1 score; 4 paws on
the cage = 2 scores. Scores were expressed as mean per-
centage of climbing inhibition and the ED50 calculated
(Table 2).


Catalepsy was determined using a modified bar test by
Needham et al.4,12 Male SD rats (60–100 gm, N = 100)
were injected ip with 1 ml/kg of vehicle (<0.5% acetic
acid in H2O) or increasing doses of haloperidol, (+)-
SYA 09, and clozapine (i.e., 0.1–4.0 mg/kg). Catalepsy
severity was assessed immediately at various time points
(15, 30, 45, 60, and 90 min) post-injection, by scoring
how long the rat maintained both forepaws motionless
on a horizontal metal bar (1.1 cm in diameter, 10 cm
above the bench top in a box). A score of 1 was given
for every 5 s (2 min maximum) the animal remained
on the bar. Mean scores from five animals per time point
were recorded for catalepsy (Fig. 2).
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The Student t test was used to compare the compounds
used in the animal behavioral tests. Results were consid-
ered significant at p < 0.05.
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Abstract—The synthesis of the major metabolite of a potent 3-aminopyrazole CDK2/cyclin A inhibitor is presented. A stereocon-
servative approach starting from malic acid was employed to construct the hydroxy-substituted pyrrolidinone moiety. In the key
step of the synthesis the use of cyanoborohydride immobilized on Amberlyst 26 in trifluoroethanol represented a valid alternative
to conventional solution-phase reducing agents.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of PHA-533533 (1) and metabolites.

CDKs/cyclins, a series of binary protein complexes
showing genetic defects in many malignant diseases,
are rate-limiting enzymes in cell cycle progression and
as such represent excellent molecular targets for thera-
peutic intervention.1,2 As part of our medicinal chemis-
try programme aimed at finding novel CDK2/cyclin A
inhibitors, PHA-533533 (1, Fig. 1) was identified as a
potential clinical candidate.3 Compound 1 showed po-
tent CDK2 inhibition in biochemical and cellular assays
and also possessed, in comparison to other members of
the same class, improved physico-chemical properties
such as solubility and plasma protein binding.


The metabolic stability of 1 was investigated using both
microsomes from different species (mouse, rat, dog,
monkey and human) as well as rat hepatocytes. The ma-
jor metabolite in all species (both hepatocytes and
microsomes), except for mouse, was the mono-oxidized
compound 2. Another mono-oxidation product 3 was
also identified in all species. In the mouse the ratio of
2 to 3 was reversed. A further minor metabolite 4 was
also detected and is thought to arise from dehydration
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of either 2 or 3. This metabolite was only found in
mouse microsomes where the metabolic rate of the com-
pound 1 was very low (intr. CL <6 mL/min/kg). Eluci-
dation of the structures of 2 and 3 was based upon the
MSn and accurate mass MS/MS spectra (Fig. 2).4


Hydroxy-substituted pyrrolidinones are components of
many natural products and syntheses of the racemic
core as well as enzymatic and stereoconservative prepa-
rations have been described.5 In this communication, we
report a short and practical synthesis of metabolite 2
(Scheme 1) via reductive alkylation of amine 5 with alde-
hyde 6, prepared in turn from malic acid. Since the ste-
reochemistry of the hydroxy group of metabolite 2 was
unknown, the synthesis of both possible diastereomers,
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Figure 2. Cross species mass chromatograms at m/z 355 showing the ratio of metabolites 2 to 3 in microsomes incubated with 1.
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namely (S,S)-2 and (S,R)-2, was performed starting
from either enantiomer of malic acid.


The amino component 5 was prepared by reacting
tert-butyl-5-amino-3-cyclopropyl-1H-pyrazole-1-carbox-
ylate with (S)-2-(4-tert-butoxycarbonylamino-phenyl)-
propionic acid chloride followed by removal of the
protecting groups in 49% overall yield.6b


By a known three-step procedure7 (S)-malic acid was
protected as the acetonide (2,2-dimethoxypropane and
p-TsOH) to give (S)-(2,2-dimethyl-1,3-dioxolan-4-one)-
5-ethanoic acid in 95% yield. The carboxylic acid was
then reduced to the alcohol (BH3–THF) in quantitative
yield and oxidized (PCC and DCM) to the correspond-
ing aldehyde (S)-6 (43% yield).


Reductive amination was performed at first with
Na(CN)BH3 in MeOH.8 Under these conditions (rt,
5 h) formation of the secondary amine followed by
spontaneous ring closure to produce the 3-hydroxy-2-
pyrrolidinone derivative (S,S)-2 did occur, but yields

were low (�10%). The choice of the dioxolanone
protecting group proved most convenient as it turned
out to be more reactive towards nucleophilic displace-
ment than an ordinary ester (methyl and ethyl). This en-
hanced reactivity allowed the spontaneous formation of
the pyrrolidinone ring. Unfortunately, the presence of a
by-product deriving from the attack of the dioxolanone
intermediate by methanol was also observed.9 In addi-
tion, the final product (S,S)-2 resulted rather hydrophil-
ic and therefore its separation from the contaminating
excess of reducing agent proved rather tedious.


To overcome part of these problems, we tried
Na(CN)BH3 in trifluoroethanol for its less nucleophilic
character but unfortunately the reaction was too slow.10


We reasoned that solubility of the reagent under these
conditions was not sufficient to ensure good reactivity
and therefore we considered the use of cyanoborohy-
dride immobilized on Amberlyst 26 as a possible alter-
native. Indeed, when amine 5 and aldehyde (S)-6 were
stirred together in trifluoroethanol in the presence of
polymer-supported cyanoborohydride, not only clean







Table 1. CDK2/cyclin A inhibition and in vitro antiproliferative


activity of PHA-533533 1, (S,S)-2 and (S,R)-2 metabolites


Compound CDK2/cyclin Aa A2780 cellsa


IC50 (nM)b IC50 (lM)


1 37 0.8


(S,S)-2 27 2.2


(S,R)-2 27 1.6


a See Ref. 3a for description of biological assays.
b At least two independent experiments were performed for each


compound in order to determine IC50 values. Potency is expressed as


the mean of IC50 values obtained by non-linear least-squares


regression fitting of the data. The coefficient of variation of the mean


ranges from 10% to 24%.
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formation of the secondary amine was observed but also
subsequent ring closure to produce the desired lactam
occurred very smoothly under the same reaction condi-
tions employed for the reductive amination.11 More-
over, by using an immobilized reagent, aqueous
workup of the reaction could be avoided and therefore
isolation of the hydrophilic final product resulted less
troublesome.12


Both diastereomers (S,S)-2 and (S,R)-2 were tested and
resulted equipotent in inhibiting CDK2/cyclin A in vitro
but displayed lower antiproliferative activity on A2780
ovarian tumour cell line when compared to compound
1 (Table 1).


In summary, the major metabolite of a potent 3-amino-
pyrazole CDK2/cyclin A inhibitor was synthesized. By
employing a stereoconservative approach, the two possi-
ble diastereomers were accessible starting from malic
acid derivatives with opposite configuration.13 Key step
of the synthesis was the use of polymer-supported
cyanoborohydride in trifluoroethanol as a valid alterna-
tive to conventional solution-phase reducing agents.
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Abstract—The preparation of three different 2-alkoxy-8-hydroxyadenylpeptide conjugates has been accomplished by solid-phase
synthesis combined with ‘on-resin’ Cu(I) catalyzed Huisgen cycloaddition. The immunogenicity of the compounds has been evalu-
ated in IL-12 production and antigen presentation assays.
� 2006 Elsevier Ltd. All rights reserved.

Toll-like receptors (TLRs) are key targets in the devel-
opment of well-defined, potent and selective vaccines.1


TLRs recognize specific molecules associated with com-
mon pathogens, such as bacteria and viruses, and elicit
an inflammatory response.2 A range of TLRs (TLR1
through TLR11) have been discovered, however the ex-
act molecular identity of only a limited number of their
ligands has been established.3 The most notable
structurally defined ligands are lipopeptides having
a terminal N-palmitoyl-S-[2,3-bis(palmitoyloxy)-(2R)-
propyl]cysteine (Pam3Cys-OH) moiety, a ligand of
TLR24, and oligodeoxynucleotides containing the CpG
motif, a ligand of TLR9.5 Interestingly, TLR7, that is
expressed intracellularly in the endosomes, can bind
small drug-like compounds such as imidazoquinolines6


and guanine derivatives.7


It has been previously discovered that covalent attach-
ment of Toll-like receptor ligands (TLR-L) to antigenic
proteins enables the development of model vaccines with
enhanced immunogenicity in comparison to a mixture
of the two components.8,9 Up to now, however, only

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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lipopeptides10a (peptides containing a palmitoylated cys-
teine residue) and nucleopeptides10b (hybrids of peptides
and CpG phosphorothioate DNA) have been reported
as structurally defined constructs designed for TLR-2
and TLR-9 recognition, respectively.


In this paper, we present the synthesis and biological
evaluation of hydroxyadenylpeptide hybrid structures
3, 4 and 5 (Fig. 1) containing the well-known major his-
tocompatibility complex (MHC) class I epitope from
ovalbumin (SIINFEKL, Figure 1, sequence in bold).


The potent interferon-alpha inducer 2-alkoxy-8-hydroxy
adenine derivative 1 (Fig. 1)11,12 is thought to act as a
TLR7 ligand (TLR7-L). Structure–activity studies11 jus-
tify alteration of the 2-substituent in 1 such as in alky-
lazide derivative 2 which is suitable for chemoselective
attachment to alkyne functionalized peptides through
copper catalyzed Huisgen cycloaddition.13,14 This
chemoselective transformation does not necessitate any
protective group manipulation on the exocyclic amino
group of hydroxyadenine and enables a straightforward
synthetic entry to the target peptide derivatives 3, 4 and
5 (Fig. 1) with the TLR7-L attached to either the C- or
the N-terminus of the peptide.


The primary structure of the selected model peptides
reflects earlier findings15 indicating that for an optimal
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immune response a CTL (cytotoxic T lymphocyte)-
epitope (SIINFEKL in this study) has to be embedded
in a longer peptide motif. This results in predominant
presentation of the epitope (after proteolytic processing)
on professional antigen-presenting cells (such as dendrit-
ic cells) and allows for exposure to the immune system in
the context of MHC class I molecules. An important
feature in the processing of polypeptides towards
MHC class I epitopes is the involvement of the protea-
some, which is responsible for the generation of the
C-terminus of the epitope (here L in SIINFEKL). A
peptide epitope targeted for presentation in the MHC
class I route should not interfere with this process. In
practice, this entails that either the conjugate terminates
in the correct C-terminal residue or has a C-terminal
peptide extension motif. Conjugate 3 meets the first cri-
terion (it features the SIINFEKL motif at the C-termi-
nus) thereby allowing the introduction of the adenine
moiety to the N-terminus. Compounds 4 and 5 contain-
ing the penta-alanine elongated peptide, suitable for
proteasomal processing, are modified with the adenine
moiety at the N- and C-termini, respectively.


The assembly of conjugates 3, 4 and 5 (Fig. 1) requires
the availability of azide derivative 2 (Scheme 1). The
synthesis of 2 is based on procedures published for the
preparation of related 9-alkyl-2-alkoxyadenines11,12


and commences with N-alkylation of 2,6-dichloropurine
(6) with benzyl bromide under the agency of TBAF16 to
give 9-benzyl-2,6-dichloropurine 7 together with the 7-
benzylated isomer. Chromatographic separation led to
the isolation of both isomers in 61% (7) and 36% yield,
respectively (Scheme 1).17 Regioselective ammonolysis
by heating of 7 with methanolic ammonia in a sealed
tube under microwave irradiation for 15 h at 120 �C
yielded 6-amino-2-chloropurine 8 in 97% yield. Treat-
ment of 8 with 2-[2-(2-azidoethoxy)ethoxy]ethanol18


(9) and NaH afforded the corresponding 2-alkoxyade-
nine 10. Selective bromination at the C(8)-position was
carried out with bromine to provide 11 in 78% yield.


Treatment of 11 with 3 N HCl at reflux gave 9-benzyl-
8-hydroxy-2-(2-[2-(2-azidoethoxy)ethoxy]ethoxy) adenine
2. Compound 2 was found to be of satisfactory purity
(62%, RP-HPLC) and contained as detectable side prod-
ucts only compounds lacking the azidotriethyleneglycol
tail, and we therefore opted to use the mixture in the
solid-phase Huisgen reaction without purification.

The synthesis of 3 (Scheme 2) started with a stepwise
assembly of the peptide chain on the commercially
available TFA sensitive Tentagel S PHB resin preloaded
with Fmoc-Leu-OH (12). Repetition of the coupling
cycle, entailing cleavage of the Na-Fmoc-groups with
piperidine and introduction of the amino acids, as well
as the electron-deficient propiolic acid residue, using
HCTU (2-(6-chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetra-
methylaminium hexafluorophospate) assisted19 activa-
tion led to immobilized 13. Subsequent attachment of
the hydroxyadenine moiety was executed by treatment







Figure 2. Potency of 8-hydroxyadenine derivatives in dendritic cells,


activation determined by the level of induced IL-12p40.


Figure 3. Comparing MHC class I antigen presentation of conjugated


and non-conjugated peptides. Dendritic cells were incubated for 2 h in


the presence of either conjugate 3 or a mixture of compound 2 with 18


meric parent peptide containing the cytotoxic T-cell epitope SIIN-


FEKL. Subsequently cells were washed and incubated with B3Z T-cell


hybridoma for 24 h before quantification of the T-cell response.
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(48 h) of resin 13 suspended in NMP with alkylazide
functionalized building block 2 in the presence of CuI
and DiPEA. Target compound 3 was released from
the solid support and simultaneously deprotected by
treatment20 with TFA and isolated by ether precipita-
tion. Crude hydroxyadenylated peptide 3 was analyzed
by LC–MS using a C18-column. No trace of the propiol-
yl peptide was detected, suggesting that the cycloaddi-
tion reaction went to completion. Purification using a
semi-preparative RP-HPLC column gave homogeneous
3 in 4.3% overall yield.21


After the successful completion of the synthesis of con-
jugate 3, very similar methodology was adopted for the
preparation of the structurally different conjugates 4 and
5 (Fig. 1). Copper(I) catalyzed cycloaddition of azide
2 to alkyne functionalized peptide resin 15 (Scheme 3),
obtained via SPPS initiated on immobilized Fmoc-
Lys(Mtt) residue (14, Scheme 3), gave after TFA treat-
ment and purification conjugate 4 in an overall yield
of 11.3%.21 Alternatively, Fmoc-Lys(Mtt) resin 14 was
converted into immobilized 16 by the following proce-
dure: HCTU/DiPEA assisted Fmoc-SPPS, Boc2O/Di-
PEA treatment to block the N-terminus, 1% TFA/
DCM22 treatment to selectively cleave the Mtt group
from the side chain of the C-terminal lysine residue
and finally HCTU/DiPEA mediated introduction of
the propiolic acid residue. Subsequent CuI catalyzed
Huisgen cycloaddition followed by TFA treatment and
RP-HPLC purification furnished 5 in 2.9% overall
yield.21


We next investigated the ability of the pure synthetic
8-hydroxyadenine derivative 2 and the modified peptides
3, 4 and 5 to induce production of the T helper cell
(Th1)-activating cytokine, interleukin-12 (IL-12p40).
The known11 derivative 1 and the established TLR7 li-
gand6 R848 were included in the assays as reference
compounds. Bone-marrow derived dendritic cells
(DCs) were incubated with the indicated substances
and IL-12p40 production in the culture supernatant
was measured after either 24 or 48 h. As evident from
Figure 2 both 1 and 2 efficiently induce IL-12p40
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production. Conjugation of the peptides to the TLR7 li-
gand (compounds 3, 4 and 5) led to complete abolishment
of the IL-12p40 production. Next, we investigated the ef-
fect of the hydroxyadenine modification on the antigen
presentation. As evident from Figure 3, specific T cell re-
sponse against the SIINFEKL epitope can be elicited
when DCs are treated with either TLR7-L-conjugate 3
or the free parent peptide in a mixture with compound
2. A pronounced enhancement in antigen presentation
was observed with the conjugate peptide compared to
the mixture. Exactly the same effect was observed when
conjugates 4 and 5 were compared to the parent peptide
mixed with 2.23


In summary, an efficient solid-phase synthesis of three
different 2-alkoxy-8-hydroxy adenyl peptide conjugates
(3, 4 and 5) is presented. In comparison with a mixture
of their individual components, these conjugates give
rise to enhanced antigen presentation in vitro but lack
the ability to induce DC activation. As the in vitro







J. J. Weterings et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3258–3261 3261

antigen presentation assay is independent of the matura-
tion status of the antigen-presenting cells, the enhance-
ment of the antigen presentation of the conjugates
may be explained by the improved targeting of the con-
jugate to the DCs compared to the free peptide. The lack
of DC activation by the conjugates is likely due to either
the poor binding of the conjugated ligand to TLR7 as a
result of steric hindrance of the peptide moiety, the im-
paired intracellular trafficking of the conjugated ligand
compared to free 2, or both.


According to this line of reasoning the stimulatory
capacity of the conjugates can be restored by the intro-
duction of cleavable linker between the TLR-ligand and
the peptide moiety allowing release of the ligand after
internalization. The internalization itself can be im-
proved by inclusion of functionalities known to enhance
endosomal uptake.


The design, synthesis and evaluation of such next-gener-
ation conjugates are now in progress and will be reported
in due course.
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Abstract—Several open-chained analogues of UK-2A, a novel antifungal antibiotic isolated from Streptomyces sp. 517-02, were
prepared for structure–activity studies. The in vitro antifungal activities of these compounds against Rhodotorula mucilaginosa
IFO 0001 and the inhibition of uncoupler-stimulated respiration in bovine heart submitochondrial particles (SMP) were evaluated.
Oxidative potentials were measured by cyclic voltammetry. An analogue prepared from dihexyl LL-glutamate showed comparable
inhibitory activity as UK-2A.
� 2006 Elsevier Ltd. All rights reserved.

UK-2A is an antifungal antibiotic produced by Strepto-
myces sp. 517-02 and is similar to antimycin A3 (AA) in
both structure and inhibitory activity toward electron
transport at mitochondrial complex III.1–4 Both UK-2A
and AA consist of 9-membered dilactone rings linked
via an amide bond to an aromatic acid moiety
(Fig. 1): UK-2A possesses a 3-hydroxy-4-methoxypicol-
inic moiety, while the AAs have 3-formamidosalicylic
moieties, which are reported to be essential for complex
III binding and inhibition of electron transfer between
cytochromes b and c1 in the mitochondrial respiratory
chain.5 A benzyl group at the C2-position in UK-2A
has recently been reported in antimycin A9 as a
phenylacetyl residue connected to C3 via an ester bond;6


however, a methyl group is lacking at the C8-position.
Furthermore, UK-2A was less cytotoxic than AA
against several mammalian cell lines, including murine
leukemia P388, murine melanoma B16, porcine renal
proximal tubule LLC-PK1, human oral epidermoid
carcinoma KB, and human colon adenocarcinoma

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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COLO201.7 In our continuing studies on UK-2A,8 we
have focused on establishing the structure–activity rela-
tionships among UK-2A analogues.9–12 We recently
demonstrated that strict respiratory inhibition and the
subsequent ROS generation does not directly induce

Figure 1. Structures of AA, UK-2A, and analogue 2, showing the


focus of SAR.
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cytotoxicity and that the methyl group at the C8-posi-
tion contributes to the cytotoxic activity of the AA
derivatives.12 This study focuses on the 9-membered
dilactone ring itself, which was replaced by suitable
mimetic structures, as shown in Figure 1, and reports
the results of preliminary studies on the preparation
and biological evaluation of open-chained UK-2A
analogues.


In order to examine the role of the dilactone moiety in
biological activity, UK-2A analogues 1–6 were prepared
as shown in Scheme 1. Diesters of LL-glutamic acid a–d
were prepared from C5–C8 alcohols by conventional
methods.13 Amide formation with 3-hydroxy-4-meth-
oxypicolic acid proceeded smoothly to afford the corre-
sponding analogous compounds 1–4 in moderate yields.
Compounds 5 and 6 were prepared from dihexyl DD-glu-
tamate e and dihexyl LL-aspartate f, respectively, in the
same manner. Preparation of 7–9 is summarized in
Scheme 2. AA analogue 7 having a 3-formylamino-
salicylyl group was prepared from 2-hydroxy-3-nitro-
benzamide 10 in 2 steps: hydrogenation over 10% Pd
on carbon in MeOH and N-formylation with HCO2


H-Ac2O in CH2Cl2. Selective bis-methylation of 4-pyro-
gallolcarboxylic acid was achieved to afford 3,4-dimeth-
oxysalicylic acid 12.14 Subsequent oxidation with
K2S2O8 provided the corresponding hydroquinone 13
in 16% yield.15 Amide formation of 12 and 13 with b
proceeded to afford ubiquinol analogues 8 and 9, respec-
tively, in moderate yields. The identity and purity of 1–9
were established by 1H NMR and MS. On the 1H NMR
spectra (400 MHz, CDCl3) of each compound, a signal
for the phenolic OH proton was seen at 11.7–
12.9 ppm. This downfield-shifted signal suggests the for-
mation of an intramolecular hydrogen bond between the
phenolic OH proton and the carbonyl oxygen of the

Scheme 1. Preparation of open-chained UK-2A analogues.

salicylamide linkage. The intramolecular hydrogen bond
was shown in the crystal structure of AA and a
rearrangement of the hydrogen-bonding pattern upon
binding was observed in the bovine mitochondrial bc1


complex with AA bound.16


Compounds 1–9 were then evaluated for in vitro anti-
fungal activity against a strict aerobic yeast, Rhodotorula
mucilaginosa IFO 0001. For antifungal assay, each com-
pound was first dissolved in DMF. Minimal inhibitory
concentration (MIC) values were determined by the seri-
al 2-fold agar dilution method17 after 48 h of cultivation
on Sabouraud dextrose agar at 25 �C. The results are
summarized in Table 1. All tested UK-2A analogues
(1–6), except 4, inhibited the growth of R. mucilaginosa
IFO 0001, although the inhibitory activities of 1, 3, 5,
and 6 were more than 100–1000 times less than that of
UK-2A, demonstrating that the 9-membered dilactone
moiety is not essential for such an weak antifungal activ-
ity, as reported for AA.5 This is also consistent with our
previous results.9 The length of alkyl chain has some
effect on antifungal potency; two n-hexyl groups could
fit best in the ubiquinol pocket and provide suitable
hydrophobicity for membrane permeability to a series
of LL-glutamic acid diester analogues. The decrease in
inhibitory activity of DD-glutamate 5 is attributable to a
stereochemical mismatch that interferes with binding
to the active site of complex III. The MIC of 6 was lower
than that of 2, thus suggesting that the distance between
the two carbonyl groups affects growth inhibitory
activity. Ubiquinol analogue 9 showed weak antifungal
activity, although the reasons are not apparent. Among
the derivatives evaluated here, n-hexyl diester 2 showed
the strongest inhibitory activity; compound 2 was
further compared with UK-2A in respiratory inhibition
in addition to 4 and 7–9.







Table 2. Respiratory inhibition of 2, 4, 7–9, UK-2A, AA, and C8-


UK-2A in bovine heart SMP


Compound pI50


2 6.0


4 5.7


7 7.1


8 4.9


9 5.0


UK-2A 6.0


AA 7.4


C8-UK-2A 4.7a


a Ref. 9.


Scheme 2. Preparation of AA analogue 7 and ubiquinol analogues 8 and 9.


Table 1. Antifungal activity of 1–9, UK-2A, and AA against


Rhodotorula mucilaginosa IFO 0001


Compound MIC (lg/mL)


1 12.5


2 3.13


3 50


4 >100


5 100


6 100


7 >100


8 >100


9 100


UK-2A <0.1


AA 0.39
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Inhibitory activity of 2, 4, and 7–9 against uncoupler-
stimulated respiration of bovine heart submitochondrial
particles (SMP) was then examined. Bovine heart SMP
were prepared using the method of Matsuno-Yagi and
Hatefi.18 SMP respiration using 10 mM succinate as
the respiratory substrate was measured with a Hanza-
tech oxygen electrode at 25 �C. Table 2 lists the molar
concentrations of inhibitors needed to halve the 2,4-dini-
trophenol-stimulated respiratory rate of bovine heart.
The log of the reciprocal of I50 is taken as the inhibitory
index. Compound 2 showed relatively high inhibitory
activity when compared with C8-UK2A, which was
previously reported.9 Analogues 2 and 7 showed compa-
rably high inhibitory activity similar to UK-2A and AA.
Comparison between 2 and 4 in respiratory inhibition
suggests that the change of the hydrophobicity has little
effect on the inhibitory activity. Measurement of oxygen
consumption by bovine heart SMP in the presence of
various respiratory substrates revealed the effect of 2
on SMP respiration; 2 inhibited the respiration using
b-hydroxybutyrate as a substrate of mitochondrial com-

plex I. After the addition of rotenone and succinate, the
inhibition of respiration did not disappear. Moreover,
no inhibition was observed using ascorbate-reduced
tetramethyl p-phenylenediamine as the substrate. These
indicate that the site of the respiratory inhibition of 2
is complex III of mitochondrial electron transport, as
is the case for UK-2A. When the intact cell suspensions
of R. mucilaginosa IFO 0001 were incubated with 2,
quick decrease in the respiratory activity was observed;
addition of UK-2A or 2 at 3.13 lg/mL resulted in 50%
inhibition at 30 min. These results suggest that the bind-
ing site conformation of the dihexyl LL-glutamate moiety
is similar to that of the 9-membered dilactone moiety in
UK-2A and AA (ubiquinone reduction site of cyto-
chrome bc1 complex).16 However, the antifungal activi-
ties of 2 and 7 were weaker than those of UK-2A and
AA. This could be due to the limited cell membrane







Table 3. Oxidative potential of 2, 7–9, UK-2A, AA, and QH2


Compound Ep (mV)


2 +1125


7 +1141


8 +1119


9 +786, +1577


UK-2A +1108


AA +1057


QH2 +810, +1402
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permeability of 2 and 7. The activities of 8 and 9 were
about 1% of that of UK-2A, indicating that these ubi-
quinol analogues do not act as inhibitors of respiration,
even if they permeate into cells. This suggests the possi-
bility that ubiquinol analogues 8 and 9 serve as media-
tors of electron transport.


Furthermore, cyclic voltammetric measurements were
performed with a BAS-50W electrochemical analyzer
using a conventional three-electrode system, in which a
glassy carbon disk (/ = 3 mm), an Ag|Ag+ (0.01 M) ace-
tonitrile, and a platinum electrode were the working, ref-
erence, and counter electrodes, respectively. The sample
solutions (�0.2 mM) in acetonitrile containing 0.1 M
Bu4NPF6 were degassed with Ar prior to the voltammet-
ric measurements at room temperature. The ferrocene/
ferrocenium redox couple was used as an internal stan-
dard and the redox potential of the couple was
+200 mV under the above conditions. The voltammo-
grams for compounds 2, 7–9, UK-2A, AA, and ubiqui-
nol (QH2)19 show well-defined oxidation peak(s). The
oxidation potentials are summarized in Table 3. Com-
pounds 2, 7, 8, UK-2A, and AA gave one oxidation
peak at around +1100 mV and no significant correla-
tions between oxidative potential and structure/MIC
were observed. Compounds 9 and QH2 had two
oxidation peaks; the second oxidation potential of
QH2 (+1402 mV) was much lower than that of 9
(+1577 mV). This suggests that oxidation of 9 to a
quinone derivative to mediate electron transfer does
not proceed in vivo.


In summary, the 9-membered dilactone ring in UK-2A
and AA could be substituted for open-chained LL-glu-
tamic acid esters with no effect on respiratory inhibition
in SMP. However, antifungal activity depends on the

structure or hydrophobicity of the dilactone ring, as cell
membrane permeability is necessary.


This research was partially supported by Grants-in-Aid
for Scientific Research from the Ministry of Education,
Culture, Sports, Science and Technology of Japan (No.
14580615).
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Abstract—A stereoselective synthesis of dinucleoside boranophosphates by using nucleoside 3 0-oxazaphospholidine derivatives is
described. The diastereoselectivity of the internucleotidic bond formation reactions varied with the nucleobase used. (Rp)- and
(Sp)-dithymidine boranophosphates were synthesized with excellent diastereoselectivity both in solution and on a solid-support,
whereas a loss of diastereopurity was observed for the 2 0-deoxycytidine derivative having an unprotected nucleobase amino group.
On the other hand, complete chemoselectivity of the 3 0-oxazaphospholidine derivatives toward hydroxy groups over amino groups
was serendipitously found during the study. This unique chemoselectivity of the 3 0-oxazaphospholidine derivatives was investigated
by comparing them with the conventional nucleoside 3 0-phosphoramidite.
� 2006 Elsevier Ltd. All rights reserved.

Boranophosphate DNA is a new class of modified
nucleic acids, in which one of the non-bridging oxygens
of the phosphodiester linkage is replaced by a BH3


group.1 Incorporation of the boranophosphate linkages
into oligonucleotides results in significant increase of
their nuclease resistance and lipophilicity.2,3 In addition,
a duplex consisting of a boranophosphate DNA and its
complementary RNA is a good substrate for RNase
H.2,4 Thus, boranophosphate DNA is regarded as a
promising candidate for therapeutic agents applicable
to antisense and antigene approaches as well as boron
neutron capture therapy (BNCT).5


Boranophosphate DNA has chiral internucleotidic link-
ages, and it has been reported that the chirality affects
the properties of boranophosphate DNA.3,4b Shaw
and co-workers and Just and co-workers have reported
the preparations of (Rp)- and (Sp)-dithymidine borano-
phosphates based on chromatographic separations.6,7


These approaches can be applicable only to dinucleoside
boranophosphates, because the separation of diastereo-
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mers is virtually impossible in the cases of long oligo-
mers. Just and co-workers have demonstrated the
stereocontrolled synthesis of (Sp)-dithymidine borano-
phosphate with excellent diastereoselectivity by using
(S)-3-hydroxy-4-(2-indolyl)butyronitrile as a chiral aux-
iliary, though it has not been applied to the synthesis of
boranophosphate DNA oligomers.8 In contrast, fully
(Sp)-stereoregulated boranophosphate DNA can be ob-
tained by the enzymatic method using nucleoside 5 0-O-
a-boranotriphosphates.9 However, (Rp)-boranophos-
phate DNA cannot be obtained by the enzymatic meth-
od because of the substrate specificity of the enzyme.
Under these circumstances, the development of an effi-
cient method for the chemical synthesis of stereodefined
boranophosphate DNA is of great importance.


Recently, we have developed an oxazaphospholidine
approach for the stereocontrolled synthesis of phosp-
horothioate DNA by the use of nucleoside 3 0-O-oxaza-
phospholidine monomer units and less-nucleophilic acid
activators.10 The method enables us to synthesize (Rp)-
and (Sp)-phosphite triester intermediates in high yields
and with excellent diastereoselectivity. The resulting dia-
stereopure phosphites are expected to be converted to the
corresponding diastereopure boranophosphates. In this
paper, we wish to describe a novel approach for the dia-
stereoselective synthesis of dinucleoside boranophos-
phates by the oxazaphospholidine method.
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As we previously reported, the diastereopure 5 0-O-(tert-
butyldiphenylsilyl)thymidine 3 0-O-oxazaphospholidine
monomer units (Sp)-1 and (Rp)-1 were obtained from
the corresponding enantiopure 1,2-amino alcohols with
the diastereomer ratios of >99:1 and 99:1, respectively.10


The monomer (Sp)-1 was condensed with 3 0-O-(tert-
butyldimethylsilyl)thymidine 2 in the presence of the
activator 3 to give the diastereopure phosphite interme-
diate (Rp)-4 (dr > 99:1).10 The resultant phosphite was
then boronated by treatment with 1 M BH3ÆTHF at rt
for 10 min to afford the boranophosphate triester
(Rp)-5 (Scheme 1). The chiral auxiliary in (Rp)-5 could
be easily removed by treatment with DBU for 30 min
at 50 �C to give the 5 0-O- and 3 0-O-silylated dithymidine
boranophosphate (Sp)-6. Finally, the 5 0-O- and 3 0-O-si-
lyl groups were removed by treatment with 3HFÆEt3N,11


and purification by reverse-phase column chromatogra-
phy gave the fully deprotected dimer (Sp)-7a in 66% iso-
lated yield (4 steps). The resultant dimer was almost
diastereopure (dr = 98:2), which was confirmed by re-
verse-phase HPLC. The P-configuration of the dimer
was determined to be Sp by 1H, 31P NMR and RP-
HPLC analysis.3,6,12 Previously, we have found that
the condensation of (Sp)-1 with 2 in the presence of 3
proceeded with inversion of the configuration at the
phosphorus atom and that the removal of the chiral aux-
iliary by DBU treatment took place with retention of the
configuration.10 Moreover, it is known that the conver-
sion of a phosphite triester to a boranophosphate by
BH3ÆTHF proceeds with retention of the P-configura-
tion. Therefore, the absolute P-configuration of the
resultant dithymidine boranophosphate is consistent
with those reported in the previous studies.10 In a similar
manner, (Rp)-7a could be obtained from (Rp)-1 in 63%
isolated yield (4 steps) with the dr of 96:4.


On the basis of these results, we applied this method to
the solid-phase synthesis of diastereopure dithymidine
boranophosphates (Scheme 2). The monomer (Rp)-
8a10 was condensed with thymidine anchored to a con-
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Scheme 1. Solution-phase synthesis of (Sp)-dithymidine boranophos-


phate (Sp)-7a.

trolled-pore glass (CPG) (9) in the presence of 3, and
the resultant phosphite triester (Sp)-10a was boronated
under various conditions (Table 1). The 5 0-O-DMTr
group of (Sp)-11a was then removed by treatment with
3% DCA in CH2Cl2 in the presence of Et3SiH as a trityl
cation scavenger.13 After removal of the chiral auxiliary
in (Sp)-12a, the dimer was cleaved from the solid-sup-
port by treatment with concd NH3 at 50 �C for
30 min, and analyzed by reverse-phase HPLC. When
the boronation of the phosphite intermediate (Sp)-10a
and the deprotection of the chiral auxiliary in (Sp)-12a
were carried out under similar conditions to those for
the solution-phase synthesis, the HPLC profile of the
crude product was very complicated (Table 1, entry 1).
A prolonged boronation reaction was found to be less
effective (entry 2). Milder deprotection conditions result-
ed in the improved yield of the dimer (entry 3), though
many unidentified byproducts were still observed. When
BH3ÆMe2S was used as a boronating agent in place of
BH3ÆTHF, the yield of the dimer was appreciably im-
proved (entry 4). During the deprotection of (Sp)-12a,
the 5 0-hydroxy group would attack the neighboring
phosphorus atom to decompose the product. In order
to avoid this undesirable side reaction, the 5 0-hydroxy
group was acetylated prior to the DBU treatment (entry
5). This treatment was found to be very effective to avoid
the decomposition of the product. Under the optimized
conditions, (Rp)- and (Sp)-dithymidine boranophos-
phates were synthesized with the dr of 98:2 (94% yield)
and 99:1 (92% yield), respectively.14
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Table 1. Reaction conditions for boronation and deprotection


Entry Boronation Deprotection TPBT:Ta


1 1 M BH3ÆTHF/THF/10 min 0.2 M DBU/50 �C/30 min 53:47b


2 1 M BH3ÆTHF/THF/30 min 0.2 M DBU/50 �C/30 min 55:45b


3 1 M BH3ÆTHF/THF/30 min 0.2 M DBU/25 �C/overnight 70:30b


4 1 M BH3ÆMe2S/CH2Cl2/30 min 0.2 M DBU/25 �C/overnight 89:11


5c 1 M BH3ÆMe2S/CH2Cl2/30 min 0.2 M DBU/25 �C/overnight 93:7


a The ratios were determined by HPLC.
b Many side products were observed other than TPBT.
c Acetylation was carried out before the DBU treatment.
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Next, we attempted to apply this method to the synthe-
sis of dinucleoside boranophosphates having nucleobas-
es other than thymine. It has been reported that
boronating reagents, such as BH3ÆMe2S, reduce the con-
ventional acyl protecting groups for nucleobase amino
groups into the corresponding alkyl groups (e.g., benzo-
yl to benzyl). The resultant alkyl groups on the nucleo-
base amino groups would be difficult to remove from the
products.3,15,16 On the other hand, the reactions between
the unprotected nucleobases and boronating reagents
have been reported to be reversible coordinations of
the nucleobase nitrogen atoms to BH3 rather than irre-
versible reductions of the nucleobases.17,18 These reports
suggest that nucleoside 3 0-oxazaphospholidine mono-
mers having an unprotected nucleobase should be used.
First, a monomer unit having N4-unprotected cytosine
[(Rp)-8b] was synthesized. The phosphitylation of the
3 0-OH was carried out at �78 �C to minimize undesired
phosphitylations at the nucleobase to afford the diaste-
reopure oxazaphospholidine monomer (Rp)-8b in 44%
yield after silica gel column chromatography. (Rp)-8b
was then applied to the synthesis of CPBT on the CPG
(Scheme 2). The HPLC analysis showed that CPBT
was generated in 86% yield without any base modifica-
tions. However, a significant loss of diastereopurity
was observed (dr = 76:24). Although the exact mecha-
nism is still not clear, the contributor to this low dia-
stereoselectivity must be the unprotected cytosine
amino group judging from the fact that TPBT [(Rp)-
and (Sp)-7a] were obtained with little loss of diastereo-
purity. This implies the necessity for the development
of a new base-protecting group for the nucleobase ami-
no groups, which are compatible with boronating
reagents, for the synthesis of stereoregulated borano-
phosphate DNA having nucleobases other than thy-
mine. A study based on this consideration is currently
in progress.


On the other hand, it is noteworthy that the CPBT ob-
tained by this method was not accompanied with any
N-phosphorylated products, because it is well-known
that the nucleobase amino group of cytosine, as well as
that of adenosine, is reactive enough to be phosphitylat-
ed by the conventional phosphoramidites.19 To confirm
that the oxazaphospholidine monomer units do not give
any adducts with the nucleobase amino groups, trans-8a
(a mixture of (Rp)-8a and (Sp)-8a) was mixed with 3 0,5 0-
bis(tert-butyldimethylsilyl)cytidine 14 and 3 in CH3CN–
CD3CN (4:1, v/v), and analyzed by 31P NMR. No ad-
ducts between trans-8a and 14 were observed; only the
P-epimerization from the trans-8a to the cis-8a was ob-

served (Fig. 1A).10b,20 On the contrary, the experiment
using the conventional thymidine 3 0-phosphoramidite
15 in the place of 8a gave a complex mixture, in which
several broad signals around 132–123 ppm were ob-
served by 31P NMR probably due to the N-phosphityla-
tion (Fig. 1B). Similarly, 8a did not give any observable
adducts with the adenine and guanine amino groups
either, whereas 15 gave broad 31P NMR signals around
132–123 ppm. Our first assumption was that the acid
activator 3 mediated the chemoselective phosphityla-
tions because the chemoselectivity of the O-selective
phosphitylations reported in the literature was depen-
dent on activators.21 However, we found that 8a did
not give any N-phosphitylated products even when the
conventional acidic activator for the phosphoramidite
method, 1H-tetrazole, was used in the place of 3, whereas
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15 gave the N-phosphitylated nucleosides.14 To the best
of our knowledge, this is the first example of an O-selec-
tive phosphitylation the chemoselectivity of which is
independent of activators. This chemoselectivity peculiar
to the oxazaphospholidine derivatives can be explained
by the intramolecular re-cyclization of the oxazaphosp-
holidine ring, which would be much faster than the inter-
molecular nucleobase phosphitylations (Fig. 2). This new
O-selective phosphitylation may lead to a new synthetic
method for nucleic acid analogs without nucleobase
amino protection.


In summary, the stereocontrolled synthesis of dithymi-
dine boranophosphates by the oxazaphospholidine
method afforded (Rp)- and (Sp)-dithymidine borano-
phosphates with excellent diastereoselectivity both in
solution- and solid-phase syntheses. On the contrary,
the application of this method to the synthesis of dinucle-
oside boranophosphate having an unprotected nucleo-
base amino group resulted in a significant loss of
diastereopurity. However, the analysis of the resultant
dinucleoside boranophosphate showed that the nucleo-
side 3 0-oxazaphospholidine monomers did not give any
nucleobase-phosphitylated byproducts. 31P NMR analy-
sis of the reactions demonstrated that the chemoselectivity
of the oxazaphospholidine derivatives toward hydroxy
groups over amino groups was independent of activators.
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Abstract—Several stilbenes, related to known resveratrol, have been synthesized and tested for their anticancer effect on HL60 leu-
kemia cell line, taking particular care of the cell cycle analysis. The most potent compound was the known (Z)-3,4 0,5-trimethoxy-
stilbene (6b) which was active as apoptotic agent at 0.24 lM. Differently from other stilbenes (including resveratrol) that induced a
prevalent recruitment of cells in S phase of cell cycle, we found a peculiar behavior of 6b that caused a decrease of cells in all phases
of cell cycle (G0–G1, S, and G2–M) and a proportional increase of apoptotic cells. The potent pro-apoptotic activity shown by com-
pound 6b and its effects on cell cycle make this compound of great interest for further investigations.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Resveratrol and a known methoxylate analogue with potent


cancer growth inhibitory activity.

Resveratrol (1), a phytoalexin present in grapes and
other food products,1,2 has recently been suggested as
a potential cancer chemopreventive agent based on its
striking inhibitory effects on cellular events associated
with cancer initiation, promotion, and progression.3


This triphenolic stilbene has also been shown to induce
apoptosis (programmed cell death) in different cell
lines.4–6 Since reduced apoptosis has been implicated
in the development and progression of malignant
tumors7,8 and in the occurrence of chemoresistant
phenotypes,9–12 resveratrol-induced apoptosis might
therefore contribute to its antitumor activity (Fig. 1).


The complex variety of biological activities shown by
resveratrol and other natural polyphenolic derivatives
is a feature shared with several results observed from
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doi:10.1016/j.bmcl.2006.03.028


Keywords: Resveratrol analogues; Anticancer agents; Cell cycle


analysis.
* Corresponding author. Tel.: +39 0532 291291; fax: +39 0532


291296; e-mail: smd@unife.it

other research fields of medicinal chemistry. The sim-
plicity of resveratrol, associated with its interesting anti-
cancer activity, offers promises for the rational design of
new chemotherapeutic agents, and efforts have recently
been devoted regarding a detail study on the struc-
ture–activity relationship (SAR) of this type of substi-
tuted stilbene derivatives.13–16


In previous works, we described the synthesis of a series
of cis- and trans-stilbene-based resveratrols with the aim
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of discovering new lead compounds with clinical poten-
tial.17,18 The best results were obtained with cis-3,5-
dimethoxy analogues of rhapontigenin and its 3 0-amino-
and 3 0-hydroxy derivatives, which showed apoptotic
activity at nanomolar concentration.17 We have also
demonstrated that 3 0-hydroxy stilbenes possess interest-
ing antileukemic properties and they may constitute
effective and powerful drugs in MDR and apoptosis-re-
sistant hematological malignancies.18 Of interest,
intriguing results were recently described regarding the
3,4,5,4 0-tetramethoxystilbene (2), a methoxylated ana-
logue of resveratrol, which was found to potently inhibit
the growth of cancer cell lines, but with almost no inhib-
itory effect on the growth of normal cells.19 Thus, on the
basis of our previous observations regarding the impor-
tance of the 3,5-dimethoxy motif in conferring pro-
apoptotic activity, together with the interesting selective
tumor growth inhibitory activity of 2, we further
explored other modified resveratrols and, therefore, we
planned the preparation of a small library mainly based
on methoxylated analogues with the aim to obtain
potent and selective proapoptotic agents.


In this letter, we observe that some of the synthesized
stilbenes are potent inducers of apoptosis but, for the
first time, we demonstrate that the 3,4 0,5-trimethoxystil-
bene 6b causes a not phase-specific block of cell cycle,
suggesting that its mechanism of cytotoxicity on neo-
plastic cells could be different from those of other stilb-
enes. Our data suggest that 6b could be a compound
effective in cancers with different kinetics and it should
be useful alone or in combination with other anticancer
agents to decrease the percentage of minimal residual
disease caused by kinetic factors.


Stilbenes were prepared through classic Wittig couplings
from ylide 3a and aldehydes 4a–d (Scheme 1) or, for

MeO


MeO


PPh3Br


R2


R3


CHO
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OMe


MeO
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+ _


+
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BzO CH2PO3Et2
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4a,e


(ii, iii)3b


Scheme 1. Reagents and conditions: (i) 3a (1.1 equiv), 4a–d (1 equiv), NaH (1


to 1:3 Z/E isomer ratio; (ii) same conditions as (i), but only E-isomers were

trans compounds 5e,f, (3,4-dimethyl- or 4-nitro-4 0-
hydroxystilbene) through Horner–Emmons–Wadsworth
reaction with (4-benzyloxybenzyl)-phosphonic acid
diethyl ester (3b), NaH, and 3,4-dimethyl benzaldehyde
(4e) or 4-nitrobenzaldehyde (4a), respectively, in THF
(40–50% yield), and subsequent debenzylation with
N,N-dimethylaniline (3 equiv), AlCl3 (4 equiv) in dichlo-
romethane (60% yield). Meanwhile, procedures were
attempted also with employment of resin-bound triphe-
nyl phosphine and 3,5-dimethoxybenzyl bromide (for
compounds 5a–d and 6a–d) or Wang-bromo resin as
analogue of resin-bound 4-hydroxybenzyl bromide for
compounds 5e,f, but we did not find improvements in
synthetic yields.


In this work, the effects of 10 different stilbenes on the
myeloblastic leukemia cell line HL60 cells (myeloblastic
acute leukemia) are described. Antiproliferative (IC50)
and apoptosis-inducing (AC50) activities are reported
in Table 1. Apoptosis was detected by morphological
examination and confirmed by Annexin V test. The
most active compounds resulted in the stilbenes
5b,13,14,16,20 e,21 f,22 6b,13,16,23 c,24 d.25 Compounds
5b,e,f and 6d showed a similar antiproliferative and
apoptotic-inducing activity, a little less than that of
compound 6c. Compound 5b showed an apoptotic
activity about 10–12 times higher than the natural ana-
logues resveratrol and piceatannol, and 19 times higher
than that of pterostilbene.18 The most active compound
of this series, however, was 6b, which was about 10 and
17 times more active than compounds 6c and 5b. From a
structure–activity relationship point of view, remarkable
results were obtained when the hydroxyl group of ptero-
stilbene was changed to the methoxy derivative 5b, hav-
ing the latter about 14 times smaller IC50.18 Analogous
results were also obtained with the cis-methoxy deriva-
tive 6b that is about 13 times more active than the cor-
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4a, 5a, 6a: R1=R3=H, R2=NO2


4b, 5b, 6b: R1=R3=H, R2=OCH3
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HO 4e, 5e: R1=R2=CH3
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.2 equiv), THF, 4–16 h, room or reflux temperature, 30–50% yield, 1:1


recovered; (iii) AlCl3, N,N-dimethylaniline, CH2Cl2, rt, 60% yield.







Table 1. Antiproliferative effects (expressed as IC50) and apoptosis-


inducing effects (expressed as AC50) of stilbene derivatives on HL60


cells


Compound IC50 (lM) AC50 (lM)


1a 5 (±2) 50 (±6)


5a 35 (±3) 68 (±5.6)


5b 2.5 (±0.6) 4 (±2.1)


5c 22 (±3.7) 42 (±6.2)


5d 37 (±2.9) 70 (±10)


5e 3.5 (±0.2) 6 (±0.7)


5f 2.5 (±0.3) 4.8 (±0.6)


6a 10 (±1.8) 28 (±2.1)


6b 0.15 (±0.01) 0.24 (±0.017)


6c 1.8 (±0.22) 2.6 (±0.3)


6d 2.8 (±0.4) 5.4 (±0.4)


a Ref. 18.
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responding 4 0-hydroxy derivative.17 Of note, by locating
the methoxy substituent at the 4 0-position, as in 5b and
6b, we obtained compounds with significantly better
activity than the corresponding 3 0-methoxy derivatives
5d and 6d.

Figure 2. Flow cytometry analysis of cell cycle. HL60 cells were exposed 24


Control; A, sub-G0–G1 peak.


Figure 3. Flow cytometry analysis of cell cycle in HL60 cells exposed 24 an

The effects on cell cycle of the most active cis (6b,c) and
trans (5b,f) were examined by flow cytometry after stain-
ing of cells with propidium iodide. HL60 cells were
exposed to each compound at the concentrations
reported in Figure 2. In previous studies, we observed
that most stilbene compounds cause a block of cells in
a specific phase of cell cycle, acting as phase-specific
drugs; in particular many trans-stilbenes (trans-resvera-
trol and natural resveratrol analogues such as piceatan-
nol) induced a prevalent block in S phase, while
cis-stilbenes (such as combretastatin analogues) in
G2–M phase,26,27 although some trans-stilbenes can still
cause a block in G2–M.16 Similar to resveratrol, com-
pounds 5b,f and 6c induced a partial block of cells in S
phase and an apoptotic sub-G0–G1 peak corresponding
of about 20%, suggesting that these compounds act on
HL60 cells as phase-specific cytotoxic agents. In contrast,
compound 6b caused an evident sub-G0–G1 peak increase
but no modification in cell cycle distribution (phases G0–
G1, S, and G2–M) respect to the control.


To better understand the effects of 6b on cell cycle, we
exposed HL60 cells to different concentration of 6b

h to 3.5 lM 5b (b), 2.5 lM 6c (c), 4 lM 5f (d) and 0.2 lM 6b (e). (a)


d 48 h to different concentrations of compound 6b.
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for 24 and 48 h. As shown in Figure 3, 6b caused a
decrease of G0–G1, S, and G2–M peaks, and a pro-
portional increase of the apoptotic sub-G0–G1 peak
which was correlated to the time of exposure (24 or
48 h.) and to the concentration used. These data indi-
cate that the effect of 6b on HL60 cells is not phase-
specific and suggest that 6b could be a compound
effective in cancers with different kinetics. This is par-
ticularly interesting, because it could be useful alone
or in combination with other anticancer agents to de-
crease the percentage of minimal residual disease
caused by kinetic factors.


In conclusion, our results indicate that introduction of
methoxy groups at the stilbene motif of resveratrol is
important to confer cytotoxic and apoptotic activity to
this class of compounds and, in some cases, the methoxy
derivatives were more active than the corresponding
phenols. The potent apoptosis-inducing activity and
the ability of 6b to decrease the number of neoplastic
cells in all phases of cell cycle make this compound of
great interest for further investigations.

Acknowledgment


This work has been supported in part by Ministero
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Abstract—This paper reports the synthesis of new chlorin–polyamine conjugates designed to improve the targeting of cancer cells.
Photocytotoxic activity of these photosensitizers was tested against human chronic myelogenous leukemia cells (K562) and
compared to the effects of Photofrin II� and chlorin e6.
� 2006 Elsevier Ltd. All rights reserved.

Photodynamic therapy (PDT) is a promising cancer
treatment based upon systemic or local administration
of a photosensitizing drug followed by illumination of
the tumor with visible or near-infrared light.1,2 Photo-
sensitizer molecules that accumulate into cancer cells
are subjected to light activation; two types of photoreac-
tion mechanisms are invoked to explain photosensitizer
action: light-activated photosensitizer in its triplet state
can generate free radicals by electron or proton transfer
(type I photochemical reactions) or singlet oxygen (1O2)
is produced by energy transfer (type II reactions). Sin-
glet oxygen seems to be the major mediator of photo-
chemical cell damage,3 yet the mechanism of action is
not well understood.4 Photofrin II� is the first genera-
tion photosensitizer which has been the most extensively
studied for the treatment of a variety of cancers.5


The ability to enhance penetration depth in tissues with
longer wavelengths of light (>630 nm) and the introduc-
tion of lasers that emit light from 660 to 800 nm have
stimulated the development of compounds absorbing
in this region of the electromagnetic spectrum. Such
compounds mainly include chlorins, bacteriochlorins,
benzoporphyrins, and phthalocyanines. For example,
meta-tetrahydroxyphenylchlorin (m-THPC trade name

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2006.03.044
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Foscan�) is a second generation photosensitizer that ap-
pears to be one of the most efficient photosensitizing
compounds studied to date. It received regulatory
approval in 2002 in the European Union for the pallia-
tive treatment of head and neck cancer.6 Benzoporphy-
rin derivative monoacid ring A (BPD-MA. trade name
Visudyne�) is being used for the treatment of age-relat-
ed macular degeneration.7 Monoaspartyl chlorin e6


(MACE) developed under the acronym NPe6 is being
used against breast adenocarcinoma, basal cell carci-
noma, and squamous cell carcinoma.8


The poor selectivity of photosensitizing drugs frequently
leads to necrosis of surrounding healthy tissues along
with a cutaneous photosensitivity that may last several
weeks after treatment. Thus, targeting of photosensitiz-
ers to cancer cells appears as a viable means to circum-
vent these problems and to increase efficiency of PDT
treatment. Many approaches have been developed by
several teams to target tumoral cells,9–11 and one of
them consists in covalently binding polyamines such as
spermidine or spermine.12,13


Polyamines are ubiquitous low molecular weight cat-
ions, which are required for cell proliferation14 and
whose concentrations are especially elevated, in rapidly
proliferating tumor cells.15 A large number of eukaryot-
ic cells harbor a hyperactive polyamine uptake system.16


Most importantly, the structural requirements of poly-
amine uptake systems are not stringent; for instance,
N1 and N8 primary amines of spermidine are the most
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critical determinants for molecular recognition by the
transport system, leaving the central N4 secondary
amine for possible derivatization.17 Polyamine conjuga-
tion to enhance the conveying of cytotoxic drugs (acri-
dine–carborane, chlorambucil, and nitroimidazole) to
rapidly growing cells is well documented in the
literature.18


In connection with our research program on photo-
sensitizers and their use in PDT, it occurred to us that
porphyrin-based sensitizers in combination with an
intracellular recognition element might acquire ‘dual
action’ capabilities.10,19 To this end, we wanted to
generate a suitable hybrid chlorin grafted to poly-
amine moities. In this paper, we report the synthesis
of chlorin derivatives 14 and 15 used from mesoaryl-
porphyrins bearing four polyamine units (spermidine
or spermine) (Scheme 2) and 19 and 20 issued from
natural chlorin e6 (Scheme 3), bearing three molecules
of polyamines. In all cases, spermine and spermidine
analogues 7 and 8 have been attached to the macrocy-
cle core by a spacer arm and an amide linkages.
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Scheme 2. Reagents and conditions: (i) Propionic acid, reflux, 90 min, 16%; (i


23% 10, 41% 11; (iii) K2CO3 (10 equiv), toluene-4-sulfonohydrazide, dry pyri


rt, 2 h, quantitative yields 14 and 15.

Synthesis of chlorin–polyamines requires selective
protections of spermidine 1 and spermine 2 (see
Supplementary Scheme 1). We have used the Boc-
protective group because it can be selectively removed
in high yields in acid medium.20 SpermidineBoc2 3
and spermineBoc3 4 were obtained in 83% and 72%
yields, respectively, in one step from spermidine and
spermine using 2-(tert-butoxycarbonyloxiimino)-2-phe-
nylacetonitrile (Boc-ON) in dry THF.18,21 Condensa-
tion of protected polyamines 3 and 4 in the
presence of N-(4-bromobutyl)phthalimide and
K2CO3 in dry CH3CN under reflux for 18 h gave
polyamine derivatives 5 and 6, each in 90% yield.
Deprotection of the phthalimide group was realized
by addition of a large excess of hydrazine monohy-
drate in THF/EtOH (8:2) to lead to the polyamine
derivative 7 or 8.22 Reaction was stirred at 90 �C
for 5 h and then at 50 �C for 18 h. After treatment
and purification by flash chromatography on silica
gel, compounds 7 and 8 were obtained in 95% and
86% yield, respectively.23 The synthesis of meso-tetra-
kis(4-carboxyphenyl)porphyrin 9 (TCPP) is shown in
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Table 1. Partition coefficient of chlorin–polyamine conjugates (Deter-
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Scheme 3. Reagents and conditions: (i) 7 or 8 (20 equiv), DCC (20 equiv), HOBt (20 equiv), DMF, rt, 96 h, 71% 17, 72% 18; (ii) CF3COOH/CH2Cl2
(1:1), Ar, rt, 2 h, quantitative yields 19 and 20.
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Scheme 2. It was synthesized by the Little method,
condensation of pyrrole with para-carboxybenzalde-
hyde in stoichiometric quantity in propionic acid
and gave the expected porphyrin in 16% yield.24 Con-
densation of TCPP 9 with polyamine derivative 7 or
8 was realized in the presence of N,N 0-dicyclocarbo-
diimide (DCC) and 1-hydroxybenzotriazole (HOBt)
in dry DMF, at room temperature for 18 h. After
purification by TLC (CHCl3/EtOH 7:3 + 2% Et3N),
protected polyamine porphyrin conjugates 10 and 11
were obtained in 42% and 51% yield, respectively.
Porphyrins 10 and 11 were reduced with di-imide
using the method of Whitlock.25 Porphyrin, anhy-
drous K2CO3, and dry pyridine were stirred by argon
flushing. The mixture was heated at 104 �C and fur-
ther quantities of p-toluenesulfonohydrazide (standard
di-imide precursor) were added every 2 h for 8 h.26


After 24 h, the reaction mixture purified with normal
workup and compounds 12 and 13 were obtained
both in 42% yield. Finally chlorin derivatives 14
and 15 were obtained in quantitative yields after
deprotection by treatment with TFA/CH2Cl2 (1:1) at
room temperature for 2 h.27 Linkage of chlorin e6


with polyamine derivatives 7 and 8 was realized as
described in the example above (Scheme 3). Then,
chlorin e6–spermidine 17 and chlorin e6–spermine 18
were obtained in 71% and 72% yields, respectively,
and protecting group (Boc) was removed in quantita-
tive yields with TFA in CH2Cl2 at room temperature
(2 h).


1H NMR (400 MHz) spectra of final compounds
showed the expected signals. Mass spectrometry of all
chlorin derivatives was performed using the
MALDI-TOF technique and for all synthesized chlo-
rins, spectra gave the quasi-molecular peaks [M+H]+.
Furthermore, these chlorins show characteristic absorp-
tion spectra with a Soret band near 400 nm and a Q (I)

band near 660 nm (see Supplementary spectroscopic
data).


In order to determine the photosensitizing properties of
chlorins 14, 15, 19, and 20, trapping reactions of 1O2


with ergosterol acetate were carried out.28 Reference
experiments with eosin, rose bengal or hematoporphyrin
(HP), known singlet oxygen producers, gave ergosterol
acetate epidioxide with nearly quantitative yields. In
the same experimental conditions, synthesized chlorins
showed the same 1O2 production efficiency as HP.


In medicinal chemistry, lipophilicity has proven an
important molecular descriptor that often is well-corre-
lated with the bioactivity of drugs. Lipophilicity is indi-
cated, for example, by the logarithm of a partition
coefficient, logP, which reflects the equilibrium parti-
tioning of a molecule between a nonpolar and a polar
phase, such as the 1-octanol/water system.29 In this
work, we have determined logP of chlorin–tetrapoly-
amine 14 and 15 and chlorin e6–polyamine conjugates
19 and 20 as log ([chlorin]1-octanol/[chlorin]water) (see Sup-
plementary measurement of logP protocol). Results
indicate that compounds 14 and 15 are more hydrophilic
than 19 and 20 (Table 1).


Chlorin–polyamine conjugates (14, 15, 19, and 20) were
evaluated for their photocytotoxicity against human
chronic myelogenous leukemia cell line (K562) and com-
pared to Photofrin II� and chlorin e6 at the same con-
centration (see Supplementary cell culture method).
Cells were incubated for 3 h in a RPMI medium in the
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presence of 2 · 10�6 M chlorins and irradiated with a
broad band light source (570–670 nm) (PhotoCureTM


Lamp (CURElight)—PhotoCure ASA, Oslo-Nor-
way—COSMEDICO-Medizintechnik) and with a flu-
ence rate of 5–75 J/cm2 (fluence measured with a red
light measuring equipment RLM-1 COSMEDICO-
Medizintechnik). Dead cells were identified as propidi-
um iodide (PI) permeable ones and were detected by
flow cytometry immediately after irradiation or after a
further 24 h incubation in the dark. Cells illuminated
without chlorins and cells kept in the dark in the pres-
ence of chlorins, used as controls in each experiment,
did not present any loss of viability.


The chlorin e6–polyamine conjugates (19 and 20) tested
induce significant cell death either just after irradiation
or after 24 h in the dark (Fig. 1). Chlorin e6 shows a less
photocytotoxicity and Photofrin II� displays a feeble
activity. After 24 h of incubation, a decrease of dead cell
percentage was specifically observed in wells containing
chlorin e6–polyamine conjugates (19 and 20); this appar-
ent increase is misleading and is most likely the conse-
quence of a massive lysis of nonviable cells during the
additional 24 h incubation: a microscopic examination
of the well contents revealed the presence of a large
amount of cell debris and a very small number of remain-
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Figure 1. Percentage of propidium iodide (PI)-stained cells versus fluence. Cel


during 3 h prior to irradiation. Open bars: dead cell count after indicated irra


in the dark. Each histogram represents the average of three independent exp

ing cells among which the percentage of viable ones was
actually higher than before this additional 24 h incuba-
tion in the dark. This massive lysis and this huge drop in
cell count that were not observed in wells containing chlo-
rin e6 could then be attributed to the presence of poly-
amine groups on the same side of the chlorin e6.


For chlorin–tetrapolyamine conjugates 14 and 15, bio-
logical assays have showed a less photocytotoxicity
(Fig. 1). Thus, the efficacy of the photoactivity is influ-
enced by the hydrophilic/lipophilic character of the com-
pounds; the presence of three polyamine units on the
same side of the macrocycle (19 and 20) increases in par-
allel amphilic character and phototoxicity of these
molecules.


On the other hand, the nature of polyamine units does
not seem to be important; indeed, chlorin conjugates
bearing spermine and spermidine units showed the same
activity. Further biological evaluation of compounds 19
and 20 is currently in progress in our laboratory and will
be reported elsewhere.


A series of new polyamine–chlorin conjugates have
been designed, synthesized, and characterized. Preli-
minary in vitro tests confirm previous observations
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suggesting the requirement of amphiphilicity for effi-
cient photodynamic activity. The grafting of three
polyamine units is obviously a good means for bring-
ing a efficient balance between hydrophilicity and
hydrophobicity. Owing to the high photosensitizing
potential of these new conjugates, the specific influenc-
es of polyamine moieties on cellular uptake and bind-
ing to specific cellular targets deserve additional
studies that are currently underway, along with inter-
actions with nucleic acids and their subsequent
photocleavage.
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Abstract—A series of substituted pyrrolidine-2,4-dicarboxylic acid amides were synthesized as potential antidiabetic agents, and
many of them showed good in vitro DPP-IV inhibition (IC50 = 2–250 nM) with selectivity over DPP-II, DPP8, and FAP enzymes.
Selected compounds 8c and 11a showed in vivo plasma DPP-IV inhibition after oral administration in Wistar rats.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. DPP-IV inhibitors.

Dipeptidyl peptidase IV (DPP-IV; CD26; E.C. 3.4.14.5)
inhibition is a new and promising approach for the
treatment of type-II diabetes.1,2 Inhibition of DPP-IV
results in elevated circulating levels of endogenously
secreted glucagon-like peptide-1 (GLP-1),3 which is pro-
duced by L-cells of the small intestine in response to
food.4 GLP-1 stimulates the secretion of insulin in a glu-
cose dependent fashion, inhibits glucagon release, slows
gastric emptying, and induces satiety, each a benefit in
the control of glucose homeostasis in patients with
type-II diabetes. But the active form of GLP-1 is rapidly
inactivated (t1/2 � 1 min) by the plasma DPP-IV,
through the cleavage of the dipeptide from the N-termi-
nus, thereby limiting its duration of action.5,6 Thus,
inhibition of DPP-IV could lead to longer-lasting
GLP-1 levels, which in turn enhance insulin secretion
and improve the glucose tolerance. In fact human
clinical trials proved unequivocally the benefits of
DPP-IV inhibition in type-II diabetes patients.7 Several
DPP-IV inhibitors are under late-stage clinical develop-
ment, including NVP-LAF237 (1),8 MK-0431 (2),9 and
BMS-477118 (3)10 (Fig. 1).

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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DPP-IV is a serine protease that preferentially hydro-
lyzes N-terminal dipeptide from proteins having pro-
line or alanine in the penultimate position. Design
of small molecule inhibitors of DPP-IV has mainly re-
volved around investigation of compounds which
resemble the P2-P1 dipeptide substrate cleavage prod-
uct with the P1 site occupied by a proline mimic.11–13


Based on this strategy, various groups have success-
fully reported the use of (2S)-cyanopyrrolidine as
the P1 portion to mimic the proline in the develop-
ment of potent DPP-IV inhibitors. Some of these
workers emphasized the development of selective



mailto:wtjiaang@nhri.org.tw





T.-Y. Tsai et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3268–3272 3269

DPP-IV inhibitors over other related prolyl peptidase
such as DPP-II, DPP8, DPP9, and FAP (fibroblast
activation protein).12,14 Achieving selective inhibition
of DPP-IV becomes very important, as inhibition of
DPP-II results in the apoptosis of quiescent T-cells
and DPP8/9 inhibition causes toxicities in animal
studies.15,16


In continuation to our efforts to develop selective
DPP-IV inhibitors,17 we have reported compound 4,
a potent DPP-IV inhibitor (IC50 = 15 nM) with high
selectivity over DPP8 (IC50 >100 lM) and DPP-II
(IC50 >100 lM).18 To further explore the structure–
activity relationships (SAR), and to develop potent
and selective DPP-IV inhibitors, introduction of ring-
constraint in the P2 portion of lead compound (4)
as depicted in Figure 2 was contemplated. Sakashita
et al. improved DPP-IV potency by conformationally
constraining NVP-DPP728.19 Thus, by conformation-
ally constraining the P2 portion of 4, a better binding
with DPP-IV was envisaged. Herein, we report the
synthesis, DPP-IV inhibition, selectivity profile, and
in vivo efficacies of substituted pyrrolidine-2,4-dicar-
boxylic acid amides.
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The general synthetic route for the preparation of vari-
ous substituted pyrrolidine-2,4-dicarboxylic acid amides
is shown in Scheme 1. Compound 5 was prepared
according to the literature procedure20,21 and was cou-
pled with the required amine (R1H) using DCC and
HOBt in 1,4-dioxane to give 6. Saponification, followed
by coupling with the required amine (R2H) and Cbz
deprotection with HBr/AcOH mixture, gave the desired
compounds 8a–m in 36–55% overall yields. For the syn-
thesis of compounds with (2S)-cyanopyrrolidine as the
P1 portion, the Cbz protection of 6 was changed to
Boc protection in 9. DCC coupling of 9 with LL-prolin-
amide yielded carboxamide 10. Dehydration of com-
pound 10 using POCl3 gave the corresponding nitrile,10


and then removal of Boc protection by treatment with
trifluoroacetic acid gave the desired compounds 11a,b
in 24–32% yields. Substituted isoindolines were synthe-
sized starting from corresponding phthalic anhydride
by reaction with formamide to obtain phthalimide deriv-
atives, followed by reduction with borane–THF accord-
ing to the literature procedure.22,23


For the SAR explorations of the ring-constrained
analogues, pyrrolidine ring without the dimethyl
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substitution was selected, as the synthesis was easy com-
pared to that of the 5,5-dimethyl pyrrolidine core. First,
the requirements of S2 pocket were explored, by keeping
pyrrolidine as the 2-position substituent and varying the
4-position substituent. The data shown in Table 1 com-
pare DPP-IV, DPP-II, DPP8, and FAP inhibitory prop-
erties of these compounds.24 Use of isoindoline (bicyclic
system) as the 4-position substituent (8a) led to a potent
DPP-IV inhibition (IC50 = 109 nM), with a high selectiv-
ity over other enzymes assayed. Introduction of a mono-
substitution at the 5-position of isoindoline ring (8b–e)
only slightly increased the inhibitory activity at DPP-
IV, and most of the compounds retained their selectivity
over other enzymes. Maximum of 2-fold increase in
DPP-IV inhibition was observed for 8c analogue with
a chlorine substituent (IC50 = 50 nM), which also
showed a weak FAP inhibition. However, 4,5-dichloro
substituted compound 8f showed a drop in activity. This
compound is less selective compared to 8a and mono-

Table 1. Inhibition of DPP-IV, DPP8, DPP-II, and FAP by substi-


tuted 2-(pyrrolidine-1-carbonyl)-pyrrolidine-4-carboxylic acid amides


N
H


R


O


O


N2
4


Compound R IC50
a (lM)


DPP-IVb DPP8 DPP-II FAP


8a NN 0.109 >20 >20 16.985


8b N


F
0.073 >20 >20 13.609


8c N


Cl
0.050 >20 >20 7.951


8d N


F C
0.073 >20 >20 >20


8e 0.072 >20 >20 8.803


8f N


Cl


Cl


0.144 12.210 >20 5.129


8g
NH


4.130 >20 >20 >20


8h
NH


1.957 >20 >20 >20


8i
NH


2.587 >20 >20 >20


4 0.015 >20 >20 >20


1 (LAF237) 0.051 14.219 >20 >20


2 (MK-0431) 0.030 >20 >20 >20


a See Ref. 24.
b Values are expressed as means of three independent determinations.

substituted compounds 8b–e. As monocyclic system,
aniline 8g, benzylamine 8h, and phenylethylamine 8i
were tested. All these modifications led to a minimum
of 20-fold decrease in DPP-IV potency. The most potent
compound 8c in this series showed similar range of
activity to that of LAF237 (1) and MK-0431 (2).


After optimizing the P2 portion, we turned our attention
to the P1 portion of the molecule. The requirements of
the S1 pocket for DPP-IV inhibition were explored by
keeping isoindoline as the 4-position substituent and
varying the 2-position substituent. Their inhibitory
properties are shown in Table 2. Changing the 2-posi-
tion substituent from pyrrolidine 8a to thiazolidine 8j
showed a slight improvement in potency. Introduction
of electron-withdrawing fluorine atom into the pyrroli-
dine ring (8k–m) did not improve the activity. When
(2S)-cyano group was introduced in the pyrrolidine ring
(11a), more than 50-fold increase in DPP-IV inhibitory
activity was observed compared to that of unsubstituted
pyrrolidine 8a. Even though 11a showed a potent DPP-
IV inhibition (IC50 = 1.7 nM), it also exhibited strong
inhibitory activity against FAP (IC50 = 175 nM) and
moderate inhibition against DPP8 (IC50 = 2.7 lM).
Next, the effect of introduction of gem-dimethyl substi-
tuent adjacent to the P2-site amine was investigated.
Compound 11b showed a 500-fold loss of DPP-IV inhib-
itory potency in comparison to its unsubstituted ana-

Table 2. Inhibition of DPP-IV, DPP8, DPP-II, and FAP by substi-


tuted 4-(isoindolin-2-carbonyl)-pyrrolidine-2-carboxylic acid amides


R


O


O


N


N
H


2
4


X


X


Compound X R IC50
a (lM)


DPP-IVb DPP8 DPP-II FAP


8a H N 0.109 >20 >20 16.985


8j H
S


N 0.084 >20 >20 10.352


8k H
N


F
0.245 >20 >20 >20


8l H N


F
0.228 >20 >20 >20


8m H
N


F
F 0.129 >20 19.250 19.478


11a H
N


NC


0.0017 2.727 >20 0.175


11b CH3


N


NC


0.984 >20 >20 >20


4 0.015 >20 >20 >20


a See Ref. 24.
b Values are expressed as means of three independent determinations.







Figure 3. Effects of 8c and 11a on the plasma DPP-IV activity in


Wistar rat. Each compound was orally administered at a single dose of


10 mg/kg to rat at 0 h. Data are expressed as means ± SEM (n = 4/


group).
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logue 11a. The results show that gem-dimethyl substitu-
ent adjacent to the P2-site amine is not essential for
activity in this series of compounds, but rather detrimen-
tal to the activity. In the lead compound (4) series,
gem-dimethyl substituent is essential for potent and selec-
tive DPP-IV activity.18 The difference could be due to
unfavorable steric interactions by the introduction of
gem-dimethyl substituent in the P2-site pyrrolidine ring.
Thus, by introducing ring-constraint in lead compound
4 and carrying out SAR studies in a series of substituted
pyrrolidine-2,4-dicarboxylic acid amides, we obtained
11a with a 10-fold improvement in the in vitro DPP-IV
inhibition.


Two of the most potent compounds 8c and 11a were
tested for in vivo DPP-IV inhibition. The compounds
were orally administered to Wistar rats at 10 mpk and
the plasma DPP-IV inhibition was assessed ex vivo,
and shown in Figure 3.25 Both compound showed max-
imum plasma DPP-IV inhibition around 30 min after
oral dosing, with similar inhibition onset and duration
of action. For both compounds, more than 50% of inhi-
bition lasts up to 12 h after oral dosing. Plasma DPP-IV
inhibition by the compounds could be considered as an
indicator of down stream antihyperglycemic activity and
oral bioavailability. Compound 8c is a better candidate
for further evaluation, since 11a exhibits FAP and DPP8
inhibitory activity. Moreover, in 11a, the amino func-
tion could undergo intramolecular cyclization with the
nitrile group resulting in inactive cyclic amidine or dike-
topiperazine product as reported for other DPP-IV
inhibitors containing 2(S)-cyanopyrrolidine portion.8,26


An aqueous solution of 11a analyzed by LC–MS
revealed the formation of the diketopiperazine, but 8c
analogue was stable due to the absence of (2S)-cyano
function.


In summary, by introducing ring-constraint in the lead
compound 4 and carrying out SAR studies in a series
of substituted pyrrolidine-2,4-dicarboxylic acid amides,
compound 11a with 10-fold improvement in the
in vitro DPP-IV inhibition was synthesized. The

SAR suggests that incorporation of the gem-dimethyl
substituent in the pyrrolidine ring is detrimental to
potency relative to the unsubstituted analogue. Com-
pounds 8c (DPP-IV IC50 = 50 nM) and 11a (DPP-IV
IC50 = 1.7 nM) were orally bioavailable and showed
in vivo plasma DPP-IV inhibition in Wistar rats. Fur-
ther work is in progress to improve the selectivity and
stability of 11a.
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Abstract—Synthetic small interfering RNA (siRNA) mediated silencing of a specific gene is emerging as a powerful tool for
gene regulation. However, their utility is limited for therapeutic applications primarily due to poor stability. The 2 0,5 0-linked
oligonucleotides are known to be more stable to nucleolytic degradation than 3 0,5 0-linked oligonucleotides. The 2 0,5 0-linkage
is tolerated in the sense strand of the siRNA duplex. However, the 2 0,5 0-linkage is not tolerated in the antisense strand of
the siRNA duplex.
� 2006 Elsevier Ltd. All rights reserved.
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RNA interference (RNAi) is an evolutionarily con-
served process for the control of gene expression where
double-stranded RNA guides the degradation of mRNA
that are homologous in sequence to the guide
sequence.1,2 The prospect of using this technology for
therapeutic applications became a possibility, since the
demonstration that synthetic 19–21 nt RNA duplexes
(small interfering RNA or siRNA) exhibited RNAi
activity in mammalian cells.2 Several groups have dem-
onstrated the efficacy of siRNA mediated inhibition of
clinically relevant genes in vitro.3 Recently, in vivo activ-
ity of nuclease resistant siRNA has also been reported.4


Modification of siRNA is important for therapeutic
applications.5 Chemical modifications are necessary to
enhance nuclease stability of the siRNAs. Chemical
modifications are also needed to improve the bio-distri-
bution and pharmacokinetic properties of the siRNA
and specifically deliver siRNA to certain cell types.
Recently several chemically modified siRNAs have
shown improved activity in cell culture.5,6


Extensive biochemical and crystallographic studies have
shown that RNA interference is initiated by double-
stranded RNA.7 Recent reports also suggest that fully
modified siRNAs with A-form helical conformation

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2006.03.053


Keywords: 20,50-DNA; 20,50-RNA; RNAi; siRNA; Mammalian cell.
* Corresponding author. Tel.: +1 760 603 2590; fax: +1 760 603


2446; e-mail: tprakash@isisph.com

exhibit potent siRNA activity.7 This result may suggest
that modified oligonucleotide duplexes with A-form
helical conformation should be able to initiate RNA
interference.


The 2 0,5 0-linked nucleic acid (Fig. 1) exhibits very un-
ique hybridization properties to complementary RNA.
While 2 0,5 0-linked nucleic acids form a stable duplex
with RNA, they hybridize weakly or not at all to com-
plementary DNA.8 The duplexes formed between 2 0,5 0-
linked DNA or RNA and 3 0,5 0-RNA adopt A-form heli-
cal structures. This suggests that, these duplexes may be
used as siRNAs to inhibit gene expression. Since 2 0,5 0-

3,5'-DNA: R = H
3',5'-RNA; R = OH 2',5'-RNA; R = OH


B: Ade, Gua, Cyt, Ura


Figure 1. 3 0,5 0- and 2 0,5 0-Linked nucleic acids.
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Table 1. 3 0,5 0- and 2 0,5 0-Linked oligonucleotides used for this study


Compound Sequencea Calcd mass Found mass


1 5 0 r(CAAAUCCAGAGGCUAGCAG) TT 30 6715.3 6714.8


2 5 0 r(CUGCUAGCCUCUGGAUUUG) TT 3 0 6600.5 6600.9


3 5 0 d(CAAATCCAGAGGCTAGCAG TT) 2 0 6439.4 6439.8


4 5 0 d(CTGCTAGCCTCTGGATTTG TT) 20 6394.9 6393.6


5 5 0 r(CAAAUCCAGAGGCUAGCAG TT) 20 6715.3 6714.5


6 5 0 r(CUGCUAGCCUCUGGAUUUG TT) 2 0 6600.5 6600.5


a Underline italics represent 2 0,5 0-linked nucleotides; TT overhangs with 3 0,5 0-linkages.
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linked nucleic acids (Fig. 1) are known to resist enzy-
matic hydrolysis,8 one could infer that siRNAs with
2 0,5 0-linkages would be more stable in plasma than
unmodified siRNAs. Chimeras containing 2 0,5 0-linkages
show less nonspecific binding to plasma and cellular
proteins in comparison to 3 0,5 0-phosphorothioate oligo-
nucleotides.9 This result may suggest that 2 0,5 0-linked
oligonucleotide phosphorothioates may produce fewer
side-effect compared to 3 0,5 0-linked oligonucleotide
phosphorothioates. Here, we report the activity of siR-
NA duplexes with 2 0,5 0-linked nucleic acids in mamma-
lian cells.


The unmodified siRNAs used in this study were designed
to target the coding region of human PTEN mRNA.10


The corresponding 2 0,5 0-linked DNA and RNA sequenc-
es 3–6 (Table 1) were designed and synthesized. The oli-
gonucleotides 3–6 were synthesized using commercially
available phosphoramidites (Fig. 2) on a solid-phase oli-
gonucleotide synthesizer according to the reported pro-
cedure.8 Oligonucleotides were characterized by mass
spectroscopic (ES-MS) analysis (Table 1) and the purity
was assessed by capillary gel electrophoresis (CGE).


The siRNA duplexes were formed by combining equiv-
alent molar amount of antisense and sense strands. The
solution was mixed and heated at 90 �C for 1 min then
incubated at 37 �C for 6 h. Percentage of duplex formed
was determined using CGE analysis.6 Synthetic siRNA
duplexes were transfected into cells using Lipofectin re-
agent. Cells were harvested 18–24 h post-transfection
and total cellular RNA was isolated on an RNeasy
3000 BioRobot (Qiagen, Valencia, CA). Reduction of
target mRNA expression was determined by real time
quantitative RT-PCR. Total RNA for each well was
measured using RiboGreen6 (Molecular Probes, Eu-
gene, OR), and these values were used for sample-to-
sample normalization.

Figure 2. Nucleoside (2-cyanoethyl)-N,N-diisopropylphosphoramidites.

The unmodified siRNA duplex 1:2 exhibited dose
dependent inhibition of PTEN mRNA expression
(Fig. 3). The siRNA duplex 3:2 (Fig. 3) with 2 0,5 0-
sense strand DNA and 3 0,5 0-antisense strand RNA
showed similar activity. The siRNA duplex 1:4
(Fig. 3) with 3 0,5 0-sense strand RNA and 2 0,5 0-anti-
sense strand DNA was inactive. Similar results
(Fig. 4) were obtained with siRNA duplexes with
2 0,5 0-RNA. The siRNA duplex 5:2 with 2 0,5 0-sense
strand RNA and 3 0,5 0-RNA was active. However,
siRNA duplex 1:6 was inactive.


These results suggest that 2 0,5 0-linkage is tolerated in the
sense strand of the siRNA duplex but not in the anti-
sense strand. The differences in activity of siRNA with
2 0,5 0-linked antisense verses sense strand may suggest
that 2 0,5 0-linkage on the sense strand drives selective
loading of the antisense stand to the RISC and elicits
activity. Recent crystallography studies suggest that
the 5 0-end of the antisense strand is critical not only
for siRNA loading to RISC, but positioning antisense
strand for nucleation with mRNA and subsequent
mRNA cleavage.11 It appears that in addition to A-form
duplex, the 5 0-end of antisense strand should adopt cor-
rect geometry to be able to interact productively with

1:2 S 5’ r(CAAAUCCAGAGGCUAGCAG) TT 3’
As 3’ TT r(GUUUAGGUCUCCGAUCGUC) 5’


3:4 S 5’ d(CAAAUCCAGAGGCUAGCAG) TT 2’
As 2’  TT d(GTTTAGGTCTCCGATCGTC) 5’


1:4 S 5’ r(CAAAUCCAGAGGCUAGCAG) TT 3’
As 2’ TT d(GTTTAGGTCTCCGATCGTC) 5’


3:2 S 5’ d(CAAATCCAGAGGCTAGCAG) TT 2’ 
As 3’ TT r(GUUUAGGUCUCCGAUCGUC) 5’


Figure 3. Reduction of endogenous PTEN mRNA in T-24 cells by


2 0,5 0-DNA/3 0,5 0-RNA duplexes; S, sense strand; As, antisense strand.


2 0,5 0-Linked residues in underline italics; TT overhangs with 3 0,5 0-


linkages.
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Figure 4. Reduction of endogenous PTEN mRNA in HeLa cells by


2 0,5 0-RNA/30,5 0-RNA duplexes; S, sense strand; As, antisense strand;
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PIWI domain of RISC complex. The 5 0-end of 2 0,5 0-
linked antisense strand might not adopt conformation
compared to natural 3 0,5 0-linked RNA, thereby inhibit-
ing RNAi activity. These results are further supported
by the fact that several 2 0-modifications such as 2 0-O-
Me and 2 0-O-MOE have similar effect on siRNA activity
when incorporated at the 5 0-end of antisense strand.12


In conclusion, we have designed and synthesized siRNA
duplexes with 2 0,5 0-DNA and RNA strands. 2 0,5 0-Link-
age is tolerated in the sense strand and is not tolerated in
the antisense strand of the siRNA duplex. siRNA du-
plex where 2 0,5 0-DNA/RNA sense strand is paired with
3 0,5 0-RNA antisense strand showed activity in reducing
the message in cultured human cells. The known nucle-
ase resistant properties8 of 2 0,5 0-linked nucleic acid and
the result of current investigation suggest that this could
be a very useful sense strand modification for siRNA
therapeutics.
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Röhl, I.; Toudjarska, I.; Wang, G.; Wuschko, S.;
Bumcrot, D.; Koteliansky, V.; Limmer, S.; Manoharan,
M.; Vornlocher, H.-P. Nature 2004, 432, 173; (b)
Sorensen, D. R.; Leirdal, M.; Sioud, M. J. Mol. Biol.
2003, 327, 761.


5. (a) Manoharan, M. Curr. Opin. Chem. Biol. 2004, 8, 570;
(b) Chiu, Y.-L.; Rana, T. M. RNA 2003, 9, 1034.


6. Allerson, C. R.; Sioufi, N.; Jarres, R.; Prakash, T. P.;
Naik, N.; Berdeja, A.; Wanders, L.; Griffey, R. H.;
Swayze, E. E.; Bhat, B. J. Med. Chem. 2005, 48, 901.


7. (a) Dykxhoorn, D. M.; Novina, C. D.; Sharp, P. A. Nat.
Rev. 2003, 4, 457; (b) Yuan, Y-R.; Pei, Y.; Ma, J-B.;
Kuryavyi, V.; Zhadina, M.; Meister, G.; Chen, H-Y.;
Dauter, Z.; Tuschl, T.; Patel, D. J. Mol. Cell 2005, 19, 405;
(c) Liu, J.; Carmell, M. A.; Rivas, F. V.; Marsden, C. G.;
Thomson, J. M.; Song, J. J.; Hammond, M. M.; Joshua-
Tor, L.; Hannon, G. J. Science 2004, 305, 1437.


8. (a) Prakash, T. P.; Jung, K.-E.; Switzer, C. Chem.
Commun. 1996, 1793; (b) Giannaris, P. A.; Damha, M.
J. Nucleic Acids Res. 1993, 21, 4742; (c) Wasner, M.;
Arion, D.; Borkow, G.; Noronha, A.; Uddin, A. H.;
Parniak, M. A.; Damha, M. J. Biochemistry 1998, 37,
7478; (d) Hashimoto, H.; Switzer, C. J. Am. Chem. Soc.
1992, 114, 6255; (e) Sheppard, T. L.; Breslow, R. C. J. Am.
Chem. Soc. 1996, 118, 9810.


9. Kandimalla, E. R.; Manning, A.; Zhao, Q.; Shaw, D. R.;
Byrn, R. A.; Sasisekharan, V.; Agrawal, S. Nucleic Acids
Res. 1997, 25, 370.


10. Vickers, T. A.; Koo, S.; Bennett, C. F.; Crooke, S. T.;
Dean, N. M.; Baker, B. F. J. Biol. Chem. 2003, 278, 7108.


11. (a) Ma, J. B.; Yuan, Y. R.; Meister, G.; Pei, Y.; Tuschl, T.;
Patel, D. J. Nature 2005, 434, 666; (b) Parker, J. S.; Roe, S.
M.; Barford, D. Nature 2005, 434, 663.


12. (a) Prakash, T. P.; Allerson, C. A.; Dande, P.; Vickers,
T. A.; Sioufi, N.; Jarres, R.; Baker, B. F.; Swayze, E.
E.; Griffey, R. H.; Bhat, B. J. Med. Chem. 2005, 48,
4247; (b) Kraynack, B.; Baker, B. F. RNA 2006, 12,
163.





		RNA interference by 2 prime ,5 prime -linked nucleic acid duplexes in mammalian cells

		References and notes








Bioorganic & Medicinal Chemistry Letters 16 (2006) 3184–3187

8-(Pyren-1-yl)-2 0-deoxyguanosine as an optical probe for DNA
hybridization and for charge transfer with small peptides


Linda Valis, Elke Mayer-Enthart and Hans-Achim Wagenknecht*


University of Regensburg, Institute for Organic Chemistry, D-93040 Regensburg, Germany


Received 13 February 2006; revised 14 March 2006; accepted 16 March 2006


Available online 18 April 2006

Abstract—8-(Pyren-1-yl)-2 0-deoxyguanosine (Py-G) was incorporated synthetically as an optical probe into oligonucleotides. The
Py-G group in DNA does not discriminate between any of the four natural nucleosides as a counterbase and exhibits altered optical
properties in single strands versus double strands. Thus, the duplex hybridization of Py-G-modified DNA can be observed by both
fluorescence and absorption spectroscopy. Moreover, Py-G in DNA can be applied as photoinducable donor for charge transfer
processes with small peptides.
� 2006 Elsevier Ltd. All rights reserved.

Important analytical problems in biotechnology as well
as for molecular diagnostics in biomedicine require pow-
erful DNA labels for optical spectroscopy. Various
organic dyes have been applied as covalently attached
probes for DNA analytics.1–6 Especially the detection
of single nucleotide polymorphisms by fluorescent
DNA base analogs or surrogates has been successfully
achieved using ethidium,7 thiazole orange derivatives8


or pyrene.9 Additionally, there is an increasing demand
for optical DNA labels that change not only their emis-
sion but also their absorption properties as a result of
the duplex formation.10 One important way to create
the desired optical properties is to attach suitable organ-
ic chromophores covalently to DNA bases. Recently, we
applied this modification strategy for the investigation
of DNA-mediated electron transfer processes.11,12


Moreover, we introduced similarly the 1-ethynylpyrene
moiety as a versatile and tunable fluorescent probe for
DNA.13,14 Herein, we want to describe our recent stud-
ies of 8-(pyren-1-yl)-2 0-deoxyguanosine (Py-G) as a du-
plex-sensitive optical probe for DNA and as a
fluorescent donor for the investigation of charge transfer
processes between DNA and peptides.


We chose this fluorescent probe since we expected based
on literature15 and our own experience16,17 that it exhib-
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its an exciplex-type fluorescence with a strong solvent
dependence that we could apply as a DNA duplex-
sensitive emission. The modified nucleoside Py-G was
prepared via a Suzuki-Miyaura-type cross-coupling
strategy from 8-bromo-2 0-deoxyguanosine and 1-pyre-
nyl boronic acid as the starting materials.17 It is impor-
tant to point out that according to NMR measurements
(NOESY) the attachment of the pyrene moiety forces
the Py-G nucleoside into the syn-conformation.17


Hence, it is expected that the local DNA conformation
is perturbed in such a way that the pyrene moiety is par-
tially intercalated. Using the phosphoramidite DNA
building block strategy we prepared a range of four
Py-G-modified duplexes DNA1–DNA4 (Scheme 1).
The sequences of the four DNA duplexes are identical
except for the base pairs that are placed adjacent to
the Py-G modification site.


First, we measured the UV/Vis absorption of the
hybridized Py-G-modified DNA1–DNA4 at eight differ-
ent temperatures between 20 and 90 �C (Fig. 1, top). At
low temperatures the maximum of the pyrene absorp-
tion range (320–430 nm) can be found at ca. 370 nm.
This indicates a strong stacking interaction of the pyrene
chromophore with the adjacent base pairs inside the
DNA duplex since at high temperatures the absorption
maximum is shifted by approximately 20 nm to ca.
350 nm. The latter absorption of the DNA samples is
similar to that of the corresponding single-stranded
Py-G-modified oligonucleotide at rt. Remarkably, the
pyrene absorption of all four duplexes DNA1–DNA4
is very similar with a maximum at 370 nm that does
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Table 1. Melting curves and temperatures (Tm) of DNA1–DNA4


(buffer: 5 mM Na2HPO4, 5 mM NaH2PO4, and 250 mM NaCl, pH


7.0) at three different wavelengths


Duplex Tm (�C)


DNA1 58.1 (260 nm)


57.0 (350 nm)


56.5 (370 nm)


DNA1a 57.0 (260 nm)


DNA1b 56.1 (260 nm)


DNA1c 59.5 (260 nm)


DNA3 63.1 (260 nm)


65.5 (350 nm)


63.5 (370 nm)


DNA2 52.2 (260 nm)


53.5 (350 nm)


54.0 (370 nm)


DNA2a 53.1 (260 nm)


DNA2b 52.5 (260 nm)


DNA2c 55.5 (260 nm)


DNA4 59.2 (260 nm)


60.0 (350 nm)


60.5 (370 nm)
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Figure 1. Temperature-dependent UV/Vis spectra of the single-


stranded (ss) and duplex DNA1, and melting curves of DNA1–


DNA4 (5 lM DNA in buffer: 5 mM Na2HPO4, 5 mM NaH2PO4, and


250 mM NaCl, pH 7.0).
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not depend significantly on the different neighboring
base pairs.


The isosbestic point at ca. 360 nm indicates a single tran-
sition between the pyrene in duplex DNA and the dehy-
bridized chromophore in the single strand. According to
the absorption spectra, this thermal dehybridization of
the DNA duplexes occurs between 50 and 60 �C, and
seems to be correlated to the DNA melting temperature
(Tm). Thus, we measured the absorption changes at two
characteristic wavelengths (350 and 370 nm, Fig. 1,
bottom) in a temperature-dependent way, and compared
the results to the DNA melting behavior at 260 nm
(Table 1). Interestingly, the dehybridization tempera-
tures observed at 350 and 370 nm track very well with

the DNA denaturation profiles and are nearly identical
with the Tm values at 260 nm. As mentioned previously,
the syn-conformation of Py-G intercalates the pyrene at
least partially and forces the guanine part of Py-G and/
or the counterbase C into a perturbed position outside
the helix. The Py-G modification decreases the thermal
stability of the DNA duplex significantly.18 In fact, this
structural scenario can explain the significant absorption
differences of the pyrene which are observed in compar-
ison between the full duplex (at 20 �C), the dehybridized
DNA (at 90 �C), and the single-stranded oligonucleotide
(at rt).


We measured the steady-state fluorescence of all four
duplexes at excitation wavelengths between 350 and
410 nm. As expected, all fluorescence spectra of the
Py-G-modified duplexes DNA1–DNA4 display an exci-
plex-type emission profile. The different fluorescence
intensities of the duplexes DNA1–DNA4 reflect the dif-
ferent exciplex stabilization and the charge transfer
influence by the adjacent base pairs. Remarkably, at
all excitation wavelengths the emission quantity of the
duplexes is significantly higher than the emission of
the corresponding single-stranded oligonucleotide. In
order to elucidate the fluorescence abilities of the Py-G
label more detailed, we measured the relative fluores-
cence intensity as a ratio between the integrated emis-
sion of the double-stranded DNA and the integrated
emission of the single-stranded oligonucleotides
(Fig. 2). The recorded ratio is highest (up to 25) in the
excitation range between 390 and 410 nm where also
the absorption differences between duplex DNA and
single-stranded oligonucleotide are highest. It must be
pointed out that the ratio of the integrated emission
intensities behaves very similar as the ratio of the emis-
sion maxima. Quantum yield (U) measurements support
this result. Representatively, at an excitation wavelength
of 360 nm Uds-DNA:Uss-DNA is 0.34:0.11 for DNA2 and
0.25:0.08 for DNA4. Hence in both cases the ratio is
3.1 that is nearly identical to the corresponding ratio
of emission intensities.
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250 mM NaCl, pH 7.0) at different excitation wavelengths.
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With respect to the potential applicability of Py-G as
both a base analog and an optical label for DNA
hybridization, the influence of the counterbase to the
Py-G modification site represents an important parame-
ter. Hence, we varied representatively in DNA1 and
DNA2 the base that is opposite to Py-G. In both duplex
series the relative emission intensity of the ‘matched’
duplexes (DNA1 or DNA2) is similar compared to that
of the ‘mismatched’ duplexes (DNA1a–DNA1c or
DNA2a–DNA2c, Supporting Information). From these
experiments it becomes clear that the counterbase seems
not to have any significant influence on the fluorescence
of Py-G indicating that there is no significant interaction
via hydrogen bonding to the counterbase. This interpre-
tation is supported by the Tm values of the ‘mismatched’
duplexes which are in the same range as the ‘matched’
ones (Supporting Information).


In recent investigations, we applied pyrene-modified
nucleosides as models for electron transfer in DNA
due to their charge-separated character in the excited
state19–21 and we studied charge transfer processes be-
tween DNA and small interacting peptides.22 Similar
fluorescence titration experiments with the Py-G-modi-
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Figure 3. Fluorescence quenching titration experiments of the Py-G-modified


and Nb-Lys-Trp-Lys (5.0 lM DNA in buffer: 5 mM Na2HPO4, 5 mM NaH

fied DNA1 are shown in Figure 3. The photoexcitation
of Py-G initiates the ultrafast formation of the charge-
separated state PyÆ� GÆ+.19 A crude estimation of the
driving force for this process (using E00 = 3.25 eV for
Py* and Ered = �2.1 V (vs NHE) for Py-G/PyÆ�-G (mea-
sured by cyclic voltammetry) and Eox = +1.3 V for dGÆ+/
dG)23 reveals a DG value of �0.15 eV. The 4-nitro-
benzoyl (Nb) moiety represents a suitable electron trap
due to its potential of Ered = �0.46 V for Nb/NbÆ�24


and due to the synthetically simple attachment to the
N-terminus of peptides. The smallest possible DNA-
binding peptides represent tripeptides, for example,
Lys-Trp-Lys,25 binding primarily through the electro-
static interactions of the positively charged amino
groups of the lysine side chains with the negatively
charged phosphodiester backbone. The binding
constants can be found in the range of 2–6 · 10�4 M.
Both Nb-modified peptides Nb-Lys-Lys-Lys and
Nb-Lys-Trp-Lys quench the fluorescence significantly.
In analogy to our previous results this quenching can
be interpreted as an electron transfer from the pyrene
moiety of the DNA to the Nb group in the peptides.
An additional amount of quenching is observed with
Nb-Lys-Trp-Lys that can be attributed to a transfer of
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the positive charge from dGÆ+ to the more easily oxidiz-
able indole side chain of Trp. Interestingly, this oxida-
tive-type charge transfer is also observed in the
presence of the Nb-unmodified peptide Lys-Trp-Lys.
Consequently, Nb-Lys-Trp-Lys exhibits the strongest
fluorescence quenching and thus is able to trap both
the negative and positive charges from the PyÆ�GÆ+ moi-
ety in the DNA.


In conclusion, 8-(pyren-1-yl)-2 0-deoxyguanosine modifi-
cation represents an interesting and promising optical
label for DNA analytical and electron transfer studies.
Remarkably, the DNA duplex hybridization can be
observed by both fluorescence and absorption spectro-
scopy since the Py-G group exhibits altered properties
of single strands versus double strands for both types
of spectroscopy methods. Hence, it can be envisioned
that the Py-G group represents an important label for
time-resolved studies of DNA dynamics and stacking
interactions,26 and could be applied especially for assays
in which conformational changes or base-flipping pro-
cesses are crucial to be observed, such as the investiga-
tion of DNA–protein complexes with DNA repair
proteins.

Acknowledgments


This work was supported by the Volkswagen-Stiftung
(Az I/78 101), the Deutsche Forschungsgemeinschaft
(Wa 1386/9), the Fonds der Chemischen Industrie, and
the University of Regensburg.

Supplementary data


Supplementary data associated with this article can be
found in the online version at doi:10.1016/
j.bmcl.2006.03.063.

References and notes


1. Wojczewski, C.; Stolze, K.; Engels, J. W. Synlett 1999,
1667.


2. Johansson, M. K.; Cook, R. M. Chem. Eur. J. 2003, 9,
3466.

3. Wan, C.-W.; Burghart, A.; Chen, J.; Bergström, F.;
Johansson, L. B.-A.; Wolford, M. F.; Kim, T. G.; Topp,
M. R.; Hochstrasser, R. M.; Burgess, K. Chem. Eur. J.
2003, 9, 4430.


4. Tan, W.; Wang, K.; Drake, T. J. Curr. Opin. Chem. Biol.
2004, 8, 547.


5. Tyagi, S.; Marras, S. A. E.; Kramer, F. R. Nat. Biotechnol.
2000, 18, 1191.


6. Ranasinghe, R. T.; Brown, T. Chem. Commun. 2005, 5487.
7. Valis, L.; Amann, N.; Wagenknecht, H.-A. Org. Biomol.


Chem. 2005, 3, 36.
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Abstract—Synthesis of various N-acylated derivatives of 2 0-amino-2 0-deoxyuridine is described together with their incorporation
into DNA and LNA oligonucleotides using the phosphoramidite approach on an automated DNA synthesizer. The thermal stabil-
ities of duplexes formed by these 2 0-amino-DNA-modified DNA or LNA/DNA chimeric strands and complementary DNA or RNA
strands have been studied. Introduction of LNA monomers around the functionalised 2 0-amino-DNA modifications results in rever-
sal of the affinity-decreasing effect of the latter. This represents a novel general approach for design and synthesis of high-affinity
functionalised oligonucleotides for biotechnological or medicinal applications.
� 2006 Elsevier Ltd. All rights reserved.

Chemical modification of oligonucleotides (ONs) is
necessary for their potential application as gene silen-
cing agents.1,2 The sugar moiety of the monomeric
nucleotides, particularly the 2 0-position, is an attractive
site for modification, and conjugation of various lipo-
philic units to antisense ONs to optimize their pharma-
cokinetic properties is being intensively studied.3 Among
modified nucleotides, functionalised 2 0-amino-2 0-deoxy-
nucleosides are attractive as the 2 0-amino group offers
a conjugation site for stable and chemoselective attach-
ment of various entities.4–17 Such 2 0-amino-DNA nucle-
otides adopt a DNA-mimicking S-type furanose ring
conformation but destabilise duplexes formed with
DNA and RNA complements when incorporated
into DNA strands.18 A similar destabilising effect
has in many cases been observed also for functionalised
2 0-amino-DNA nucleotides.4,6,10,15


It is well established that ONs containing either LNA or
2 0-amino-LNA nucleotides display high binding affinity
towards complementary DNA or RNA strands,1,19,20


and moreover that the 2 0-amino functionality of 2 0-ami-
no-LNA nucleotides offers a structurally well-defined
conjugation site in an LNA-type ON.21 LNA nucleo-
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tides are known to induce N-type furanose ring confor-
mation of neighbouring DNA monomers in LNA/DNA
mixmer ONs and a concomitant B-DNA to A-DNA
conformational change.20 We have earlier demonstrated
the compatibility of LNA and 2 0-N-methyl-2 0-N-(pyren-
1-ylmethyl)-2 0-amino-DNA monomers. Thus, the incor-
poration of LNA nucleotides apparently induced a B-
DNA to A-DNA conformational change and increased
binding towards an RNA target strand.14 Encouraged
by these observations, we decided to study in general
the effect of LNA nucleotides on the binding affinity
of DNA strands containing N2 0-functionalised 2 0-
amino-DNA nucleotides.


Synthesis of the O5 0-dimethoxytritylated 2 0-amino-
2 0-deoxyuridine 1 was accomplished according to the
published procedure.22 Selective N-acylation of nucleo-
side 1 was carried out in the presence of dicyclohexyl
carbodiimide (DCC) or 1-[3-(dimethylamino)propyl]-3-
ethylcarbodiimide hydrochloride (EDC) as a coupling
reagent to furnish N-pyren-1-ylcarbonyl, N-(9-fluorenyl-
methoxycarbonyl)glycyl, N-adamantylacetyl, N-pyren-1-
ylbutanoyl and N-palmitoyl derivatives 2a–2e (Scheme 1).
The 3 0-hydroxy group of nucleosides 2a–2e was
phosphitylated using standard conditions to afford the
corresponding phosphoramidite building blocks 3a–3e23


that were used for automated solid-phase synthesis of
ONs. The stepwise coupling yields for amidites 3a–3e
using standard conditions except for extended coupling
time (10-30 min, 1H-tetrazole or DCI as activator) were
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Table 1. Purine-rich sequence—high salt buffer


Modifi-


cation B:


5 0-d(GTG ABA TGC)


ONBa


50-d(GBG ABA BGC)


ONBb


DNA


target


RNA


target


DNA


target


RNA


target


T 34 (ref) 31 (ref) 34 (ref) 31 (ref)


K14 24 (�10) 27 (�4) <10 <10


L 25 (�9) <10 <10 <10


M 37 (+3) 25 (�6) 30 (�4) <10


P 29 (�5) 22 (�9) <10 n.d.


S 29 (�5) 21 (�10) <10 <10


Melting temperatures [Tm values/�C (difference in Tm value relative to


reference Tm value)] measured as the maximum of the first derivative of


the melting curve (A260 vs temperature with increasing temperature


[+1 �C/min]) recorded in high salt buffer (10 mM sodium phosphate,


710 mM sodium chloride and 0.1 mM EDTA, pH 7.0) using 1.0 lM


concentrations of the two complementary strands assuming identical


extinction coefficients for modified and unmodified nucleotides, and


using a micromolar extinction coefficient of 22.4 for a pyrene unit;


A = adenin-9-yl DNA monomer, C = cytosin-1-yl DNA monomer,


G = guanin-9-yl DNA monomer, T = thymin-1-yl DNA monomer;


GL = guanin-9-yl LNA monomer, TL = thymin-1-yl LNA monomer.


Selected MALDI-MS m/z ([M�H]; found/calcd): ONLa 2930/2930;


ONMa 3026/3028; ONMb 3565/3567; ONPa 2292/2993; ONPb 3471/


3473; ONSa 2810/2811; ONSb 2929/2927.


n.d., not determined.


Table 2. Pyrimidine-rich sequence—high salt buffer


Modifi-


cation B:


50-d(GTG TBT BGC)


ONBc


50-d(GTLG TLBTL BGLC)


ONBd


DNA


target


RNA


target


DNA


target


RNA


target


T 37 (ref) 36 (ref) 50 (+13) 65 (+29)


K14 12 (�25) 18 (�18) 43 (+6) 60 (+24)


L <10 <10 16 (�21) 35 (�1)


M 29 (�8) 26 (�10) 36 (�1) 47 (+11)


P <10 <10 n.d. n.d.


Q 14 (�23) 25 (�11) 23 (�14) 39 (+3)


ODMTO


HO NH2


U ODMTO


HO HN


U
ODMTO


R1O HN


U


1 2a-2e


i ii


3a-3e R1= P(OCH2CH2CN)N(iPr)2


i


R R


R


a


b


c


d


e


pyren-1-ylcarbonyl


pyren-1-ylbutanoyl


N'-(9-fluorenylmethoxycarbonyl)glycyl


adamant-1-ylacetyl


palmitoyl


2,3


Scheme 1. Reagents, conditions and yields: (i) 2a: 1-pyrenecarboxylic


acid, CH2Cl2, DCC, rt, 12 h, 71%; 2b: N-(9-fluorenylmethoxycarbon-


yl)glycine, CH2Cl2, DCC, rt, 12 h, 73%; 2c: 1-adamantaneacetic acid,


CH2Cl2, DCC, rt, 12h, 70%; 2d: 1-pyrenebutyric acid, CH2Cl2, DCC,


rt, 12 h, 70%; 2e: palmitic acid, CH2Cl2, EDC, rt, 12 h, 43%;


(ii) 2-cyanoethyl-N,N-diisopropylphosphoramidochloridite, DIPEA,


CH2Cl2, rt, 12 h (3a: 60%, 3b: 58%, 3c: 58%, 3d: 61%, 3e: 44%).


U = uracil-1-yl; DMT = 4,4 0-dimethoxytrityl.
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>90% [app 99% for DNA (2 min coupling time) and LNA
(6 min coupling time) amidites]. Following deprotection
using standard conditions, purification (reversed-phase
HPLC) and workup, the composition and purity
(>80%) of the ONs were confirmed by MALDI-MS
analysis and ion-exchange HPLC, respectively. The
structures of the N2 0-amido functionalised amino-DNA
monomers studied are shown in Figure 1.


Thermal denaturation studies of 9-mer ONs ONT,
ONK, ONL, ONM, ONP, ONQ and ONS towards
complementary DNA and RNA target strands were per-
formed in a high salt buffer (710 mM [Na+]) and in a
medium (110 mM [Na+]) salt buffer solution in two dif-
ferent sequence contexts (Tables 1–3; ONT refers to the
reference strands). As expected, the Tm values in general
decreased when changing from high to medium salt

S <10 <10 31 (�6) 47 (+11)


Same conditions as described in footnote of Table 1. MALDI-MS m/z


([M�H]; found/calcd): ONLc 3090/3089; ONLd 3201/3202; ONMc


3279/3278; ONMd 3391/3390; ONPc 3212/3214; ONPd 3325/3327;


ONQc 3189/3193; ONQd 3304/3306; ONSc 2853/2851; ONSd 2964/


2963.
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Figure 1. Structures of nucleotide monomers: 2 0-amino-DNA (K),


2 0-N-(adamantylacetyl)-2 0-amino-DNA (L), 2 0-N-(pyren-1-ylbuta-


noyl)-2 0-amino-DNA (M), 2 0-N-(palmitoyl)-2 0-amino-DNA (P),


2 0-N-(pyren-1-ylcarbonyl)-2 0-amino-DNA (Q), 2 0-N-glycyl-20-amino-


DNA (S) and LNA. The short notations shown are used in Tables 1–3.

buffer conditions (Table 2 vs Table 3). The incorpora-
tion of two 2 0-amino-DNA monomers K (ONK) leads
to significant decreases in duplex thermal stabilities
when compared with the stabilities obtained with the
DNA reference ONT.14 Similar destabilisation in the
various sequence contexts was in general found for
ONL, ONM, ONP, ONQ and ONS, with the destabil-
ising effect being more pronounced the more N2 0-amido
functionalised monomers being incorporated. ONM
containing the 2 0-N-pyrenylbutanoyl monomer M shows
comparatively less destabilising effect in a B-type duplex
than the remaining amino-functionalised monomers,
and even a small increase when incorporated once
(Table 1). Similar DNA selectivity and efficient DNA
binding have been observed for other N2 0-pyrene-
functionalised ONs.9,14 A similar trend was not ob-
served for ONQc/ONQd containing the less flexible
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Figure 2. Steady-state fluorescence emission spectra (10 �C, high salt


buffer as described in the footnote of Table 1; excitation at 340 nm).


Table 3. Pyrimidine-rich sequences—medium salt buffer


Modifi-


cation B:


5 0-d(GTG TBT BGC)


ONBc


5 0-d(GTLG TLBTL BGLC)


ONBd


DNA


target


RNA


target


DNA


target


RNA


target


T 28 (ref) 28 (ref) 42 (+14) 57 (+29)


K14 <10 <10 31 (+3) 51 (+23)


L <10 <10 <10 27 (�1)


M 20 (�8) 19 (�9) 28 (±0) 37 (+9)


Q <10 18 (�10) <10 31 (+3)


S <10 <10 24 (�4) 40 (+12)


Melting temperatures [Tm values/�C (difference in Tm value relative to


reference Tm value)] measured as the maximum of the first derivative of


the melting curve (A260 vs temperature) recorded in medium salt buffer


(10 mM sodium phosphate, 110 mM sodium chloride and 0.1 mM


EDTA, pH 7.0) using 1.0 lM concentrations of the two complemen-


tary strands assuming identical extinction coefficients for modified and


unmodified nucleotides. See caption of Table 1 for further details.
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2 0-N-pyrenylcarbonyl monomer Q, in analogy with data
obtained for the corresponding N2 0-pyrenecarbonyl
2 0-amino-LNA monomer.24


All the modified nucleosides predominantly adopt a
DNA-mimicking S-type furanose ring conformation as
confirmed by coupling constant values of nucleosides
2a–2e ðJ 10 ;20 ¼ 5:9–6:3 HzÞ. The destabilising effect of
amino-functionalised 2 0-amino-DNA nucleotides has
earlier been explained by steric hindrance of the bulky
2 0-amido groups.4 We expected incorporation of four
RNA-mimicking LNA monomers to induce a confor-
mational shift of the furanose rings of monomers L,
M, Q and S towards N-type conformations, and there-
fore also an RNA-mimicking A-DNA-type conforma-
tion of ONLd, ONMd, ONQd and ONSd when
participating in the duplex formation. From the thermal
denaturation studies of the DNA/LNA mixmeric ONs
(Tables 2 and 3) it seems that this putative conforma-
tional change from B-DNA to A-DNA relieves the steric
hindrance of the 2 0-amido group and leads to compara-
tively improved binding properties, especially towards
RNA, and especially for the sterically less demanding
monomers M and S. That a conformational effect is in
play is supported by the reported steering effect of
LNA nucleotides on neighbouring DNA nucleotides,20


and by the effects observed earlier for N2 0-pyrenylmeth-
yl-functionalised 2 0-amino-DNA/DNA/LNA mix-
mers.14 These results furthermore support a recent
study that concluded that 2 0-amido groups structurally
fit within RNA-type duplexes.17 From the obtained re-
sults it can be concluded that the incorporation of
N2 0-functionalised DNA monomers into DNA/LNA
mixmers constitutes a general design of easily accessible
next generation ONs of potential use in biotechnology
and medicine.


Monomers Q and M were recently evaluated as fluores-
cent probes to monitor RNA folding,25 with the more
flexible monomer M being the more useful construct.
We have recently reported on strong hybridization-in-
duced increases in fluorescence of N2 0-pyrenylcarbonyl-
functionalised 2 0-amino-LNA/DNA mixmers.24 As a

continuation of this study, we have recorded fluorescence
spectra of single-stranded ONQc and ONQd and of
duplexes formed between these modified ONs and their
complementary DNA or RNA strands (Fig. 2). The sin-
gle-stranded ONQc or ONQd exhibits relatively weak
fluorescence intensity only. In contrast, on hybridization
with the complementary strand, the fluorescence intensity
was markedly enhanced, especially in case of the LNA-
modified ONQd hybridized with RNA. We interpret
these results such that pyrene–pyrene and pyrene–nucle-
obase interactions within the single-stranded ONQc
and ONQd significantly quench fluorescence emission,
most pronounced in the case of the more flexible ONQc.
In accordance with the results obtained for the
corresponding N2 0-pyrenylcarbonyl-functionalised 2 0-
amino-LNA oligomer,24 it seems that the combination
of the rigid amide linkage of monomer Q and the presence
of the neighbouring conformationally locked LNA
monomers induces a rigid duplex upon hybridization
with the RNA complement. This leads to hybridization-
induced enhanced fluorescence emission of the pyrene
units explained by their fixed positioning at the brim of
the minor groove thus avoiding collision-mediated
quenching effects. A weak excimer band around 510 nm
is observed in case of the ONQc-DNA or ONQc-RNA
duplexes (Fig. 2). This can be explained by weak interac-
tion between two pyrene fluorophores resulting from
unwinding of these somewhat flexible duplexes, support-
ed by the lack of excimer band for the more rigid duplexes
containing the LNA-modified ONQd.


Various N2 0-functionalised derivatives of 2 0-amino-2 0-
deoxyuridine were synthesized and these building blocks
incorporated into DNA strands and DNA/LNA mixmer
strands. The presence of the 2 0-amido-modified nucleo-
tides within a DNA strand resulted in decreased thermal
stabilities of duplexes formed with both DNA and RNA
complements. The introduction of LNA monomers
around these 2 0-amido-modified nucleotides efficiently
reversed this affinity-decreasing effect allowing efficient
targeting of complementary RNA. 2 0-Amino-DNA
nucleosides are synthetically more easily accessible than
the corresponding 2 0-amino-LNA nucleosides, and the
potential usefulness of 2 0-amino-DNA/LNA mixmers
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was illustrated by the design of oligomers that display
hybridization-induced increase in fluorescence. We have
revealed a new and convenient approach for design and
synthesis of functionalised oligonucleotides of potential
use in biotechnology and medicine, and we are currently
exploring this approach in our research towards
optimizing RNA-targeting oligonucleotides as gene-
silencing agents.
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Abstract—CHK-1 is one of the key enzymes regulating checkpoints in cellular growth cycles. Novel 4-(aminoalkylamino)-3-benz-
imidazole-quinolinones were prepared and assayed for their ability to inhibit CHK-1. These compounds are potent cell permeable
CHK-1 inhibitors and showed synergistic effect with a DNA-damaging agent, camptothecin.
� 2006 Elsevier Ltd. All rights reserved.

Upon DNA damage by ultraviolet light, radiation or
cytotoxic drugs, the cellular response is to arrest the cell
cycle at one of three checkpoints (G1/S, intra-S or G2/
M) to either permit DNA repair or to initiate apoptosis.
The serine/threonine checkpoint kinase, (CHK-1), regu-
lates both the G2/M and intra-S checkpoints, and plays
an important role in cell-cycle progression,1–4 especially
for p53-defective cancer cells. Since cell-cycle arrest is a
mechanism by which tumor cells can overcome the dam-
age induced by cytotoxic agents, abrogation of the G2/
M checkpoint with novel small molecule compounds
may increase the sensitivity of p53-deficient tumors to
chemotherapy.5,6 Importantly, in contrast to many cur-
rent therapies for cancer, this mechanism potentially
carries with it only a low risk of toxicity against non-
malignant cells, as CHK-1 inhibition is most effective
in p53-defective cancer cells. Thus, a major advantage
of CHK-1 inhibitors as a treatment for cancer is their
selective activity in conjunction with cytotoxics, such
as DNA-damaging reagents.


Several CHK-1 inhibitors have been reported in the lit-
erature. Of these, UCN-01 (7-hydroxystaurosporine) is
a potent inhibitor of CHK-1 (Ki = 5.6 nM)7–9 and has
modest selectivity among other kinases.7 UCN-01 is cur-
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rently in clinical trials.10 Other CHK-1 inhibitors report-
ed in the literature include indazole–imidazole
analogs,11 and more selective UCN-01 analogs, such
as ICP-1.12 Recently a series of novel CHK-1 inhibitors
were reported, including N-aryl-N 0-pyrazinylurea,13 1,3-
dihydro-indolone,14 and furanopyrimidine.15 Here, we
report 4-(aminoalkylamino)-3-benzimidazole-quinolin-
one derivatives as potent CHK-1 inhibitors with syner-
gistic effects with DNA-damaging agents in tumor cells.


The synthesis of 4-(aminoalkylamino)-3-benzimidazole-
quinolinone is shown in Scheme 1. Reaction of ethyl
2-benzimidazole-acetate with 1-N-p-methoxy-benzyl
(PMB) protected isatoic anhydride16 in the presence of
a base in THF yielded 4-hydroxy-3-benzimidazole-quin-
olinone A in good yields. Conversion of the 4-hydroxy
compound to the corresponding bis-triflate B was
accomplished with triflic anhydride in the presence of
pyridine at �5 �C. Reaction of the bis-triflate with alkyl-
amines via a SNAr reaction was carried out in acetoni-
trile with Hünig’s base at 80 �C. Deprotection of the
PMB group and removal of the triflate group on the
benzimidazole of the intermediate C occurred in one
pot under acidic conditions (trifluoroacetic acid and
concentrated HCl; v/v, 7:1) at 90 �C to yield 4-alkylami-
no-3-benzimidazole-quinolinone (4-alkyl ABIQ) com-
pounds in good yields.17


Unsubstituted 4-aminobenzimidazolequinolone 1 has
moderate activity (IC50 = 0.73 lM) against CHK-1. A
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Scheme 1. Preparation of CHK-1 inhibitors.
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NH group at C-4 is favorable for the potency. Presum-
ably, a hydrogen-bond donor at C-4 or simply a small
size hydrogen is important for keeping the two bicycles
in a co-planar configuration. Replacement of the C-4
amine group with a hydroxy group reduced the potency
by 4-fold, while the 4-diethylamino analog 3 was
inactive.


N
H


R


O


N
H


N


1  R = NH2, IC50 = 0.731 μM
2  R = OH, IC50 = 2.95 μM
3  R = NEt2, IC50 > 30 μM


A B


1


345
6


7
8


tions. The hydrogen bond donor–acceptor–donor


The affinity of ABIQ analogs was sensitive to substitu-


(DAD) motif of the quinolinone and benzimidazole
interacts with the lower hinge of the ATP-binding pock-
et. Methylation at N-1 eliminated the hydrogen-bond
interaction with the protein and abolished activity. Sim-
ple 4-alkylamino groups were tolerated with moderate
success (data not shown). Furthermore, an aminoalkyl-
amine, e.g., (S)-3-aminoquinuclidine, introduced at the
4-position of product 4, led to a dramatic increase in
potency. To further explore the SAR of the C-4 alkyl-
amine group and the effect of substituents on the A-ring,
a set of amino-containing ABIQs was prepared. Table 1
highlights the inhibitory properties of representative
amine-containing alkyl ABIQs. The inhibition of
CHK-1 activity was dependent on the nature of amino-

alkyl group, especially its stereochemistry. For example,
compound 5 was 60-fold less potent than its enantiomer
4 although the effect was less striking for the enantio-
meric pair 9 and 10.


To better understand the interactions of these inhibitors
with the CHK-1 protein, a co-crystal structure of com-
pound 11 with CHK-1 was obtained.18 The co-crystal
structure showed that the inhibitor formed hydrogen
bonds with Glu85 and Cys87 in the hinge region,
explaining the general kinase affinity of this ABIQ scaf-
fold. Significantly improved potency for the amino
groups at 4-position was derived from the strong inter-
actions of the tertiary-amine of 11 with an acidic patch
formed by Glu91 and Glu134, as shown in Figure 1.19


This charge–charge interaction also greatly improved
selectivity of this series of inhibitors against many other
kinases (cdk and cdc data are shown below).20 Several
inhibitors in the literature occupied the same ATP-bind-
ing pocket. However, none of the known inhibitors has
fully utilized the acidic patch.14,15


The ability of the aminoalkyl ABIQ to inhibit CHK-1
activity was also sensitive to the substitution on the
A-ring of the quinolinone. Thus, modification of the
substitutions on the A-ring provided a series of potent
ABIQ-containing CHK-1 inhibitors (IC50 < 1 nM).
X-ray crystal structure shows a hydrophobic space near
C-6. Thus, substitutions at position C-6 are well tolerat-
ed. Medium size groups, such as methyl and chloro,
enhanced the activity more than 10-fold (compounds
6–9 and 11–13). Multiple substitutions on the A-ring
diminished the affinity (compound 14), while any group
at position C-8 (methyl in compound 15) was detrimen-
tal to the activity.
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Figure 2. Synergestic effect of compound 11 with CPT.


Table 1. IC50 of CHK-1 inhibitors
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Figure 1. X-ray co-crystal structure of ABIQ 11 with CHK-1.
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An ideal CHK-1 inhibitor would be minimally cytotox-
ic, while enhancing the anti-tumor effect of a real cyto-
toxic agent that would be used in combination with
the inhibitor. Our CHK-1 inhibitors have shown excel-
lent selectivity over a panel of kinases including those
regulating the cell cycle, but these compounds have also
shown cytotoxicity to tumor cell lines. Compound 11
had an IC50 of 0.32 nM for CHK-1 with an EC50 of
80 nM (breast cell line MDA-MB-435), while its selectiv-
ity ratio for cdk2/cyclin A, cdk4/cyclin D, and cdc2/
cyclin B was over 500-, 5000-, and 1500-fold, respective-
ly.21 More importantly, this class of compounds was
synergistic with known cytotoxic agents. When
MDA-MB-435 cells were treated with compound 11
and camptothecin (CPT), an inhibitor of topoisomerase
1, compound 11 significantly accelerated cell death
(Fig. 2).22,23 This represents a new example of small

molecule CHK-1 inhibitors having synergistic activity
with traditional cytotoxic agents.


In summary, we have identified a novel class of small
molecule CHK-1 inhibitors. The current synthetic
approach provided us with easy access to structurally
diverse 4-(aminoalkylamino)-3-benzimidazole-quino-
linones. These inhibitors were potent, selective, and able
to enhance anti-tumor effect in conjunction with cyto-
toxic agents. Their PK properties in rodents and in vivo
efficacy data will be reported in due course.
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Jazan, E.; Machajewski, T.; McBride, C.; McCrea, W.;
Ng, S.; Jansen, H.; Ni, Z.-J.; Pecchi, S.; Pfister, K.;
Ramurthy, S.; Renhowe, P.; Shafer, C.; Wagman, A.;
Wiesmann, M. WO0418419, 2004.


21. Tse, A. N.; Rendahl, K. G.; Sheikh,T.; Cheema, H.;
Aardalen, K.;Embry, M.; Ma, S.; Moler, E.; Ni, Z.-J.;
Menezes, D.; Hibner, B.; Gesner, T. G.; Schwartz, G. K.
Cancer Res. manuscript submitted.


22. Cell Synergy Assay: MDA-MB-435 cells (5· 103)
were plated onto a 96-well plate in 100 lL cell
culture medium and incubated for 4 h at 37 �C
under 5% CO2. DMSO (vehicle control), CPT alone,
compound 11 alone, and compound 11 + CPT, all in
100 lL cell culture medium, were added, resulting in
the final concentrations indicated. The cells were
incubated further for 48 h. MTS was added to the
cultures, permitted to develop for 4 h at 37 �C under
5% CO2, then read on a microplate reader at
490 nm. The ODs were corrected for background
absorbance by subtracting the values obtained for
wells containing tissue culture medium alone. Percent
viable cells were calculated by: {[A490 (DMSO-treated
cells) � A490 (test sample)]/A490 (DMSO-treated
cells)} · 100%. Synergy was defined as the effect
observed by the combination of the two compounds
being greater than the sum of the effect of each
compound alone.


23. Detailed isobologram analysis of the synergistic effect will
be published elsewhere (see Ref. 21).
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A new drug-release method using the Staudinger ligation
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Abstract—Many drugs induce severe side-effects caused by their lack of selectivity. One way to overcome this problem is to design a
specific system which releases a free drug in a controlled manner. Herein we describe a new way to liberate a drug from a prodrug
using the Staudinger ligation as the trigger.
� 2006 Elsevier Ltd. All rights reserved.
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The Staudinger reaction was developed in 1919 by Stau-
dinger and Meyer.1,2 This reaction consists in the nucle-
ophilic attack of a phosphine on an azide leading to a
phosphazide which, through the loss of nitrogen, gives
a reactive aza-ylide. In the presence of water, this inter-
mediate spontaneously hydrolyzes to yield a primary
amine and the corresponding phosphine oxide. Saxon
and Bertozzi reported a modification of the Staudinger
reaction for the first time in 2000, ‘the intramolecular
Staudinger ligation’.3,4 The elegant modification consists
in positioning an electrophilic trap, such as a methyl es-
ter, into the phosphine structure in order to capture the
aza-ylide intermediate by an intramolecular cyclization.
This reaction is compatible with a large number of func-
tional groups and therefore has various uses in organic
synthesis and biological chemistry. The Staudinger liga-
tion was applied to peptide synthesis5,6 or to the prepa-
ration of carbohydrate–protein conjugates.7 The
modified Staudinger reaction has already been used for
the immobilization of substrates to surfaces,8,9 in the
investigation of cellular metabolism of synthetic
azido-sugars,10 also for biological labeling11,12 and even
on living organisms such as mice.13


Here, we propose a new application of the Staudinger
ligation to trigger drug liberation from a prodrug. The
main goal of this project is to release a free drug in a
stringently controlled manner. For this purpose, the
Staudinger ligation was carried out with a modified
electrophilic trap, as a phenyl carbamate to capture
the aza-ylide intermediary formed. We expected the
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intramolecular cyclization to generate an hydroxy–ben-
zylic–carbonyl system, known to initiate a 1,6-elimina-
tion process.14,15 This kind of self-eliminating linker16–18


is widely used in drug targeting.


We designed a phosphine 1 as a potential prodrug that
would enable a new rearrangement of the aza-ylide a
(Scheme 1). We postulated that this aza-ylide a would
generate the phenol anion b which would undergo a

P
PhO O RR'


Scheme 1. Postulated mechanism of prodrug activation via the


Staudinger ligation.
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1,6-quinone methide rearrangement, followed by spon-
taneous decarboxylation to liberate the drug entity.
Then the quinone methide c would be hydrolyzed by
water to form urea and phosphine oxide compounds.


To provide a proof of this concept, we synthesized the
two following compounds (Scheme 2): 1a, harboring a
4-nitroaniline (pNA) as a model compound representing
a potential amine-drug; 1b, carrying doxorubicin as a
drug. We then tested a model reaction between these
two phosphine compounds 1a or 1b and the commer-
cially available azido-compound 2 in aqueous THF
(1:1) at 37 �C.


The synthesis of the prodrug analogue 1a is described in
Scheme 3. The commercially available compound 3 was
reacted with iodine monochloride19 to yield the mono-
iodoaldehyde 4. The tertiary phosphine 5 was obtained
by palladium-catalyzed cross-coupling between diphe-
nylphosphine and the iodo-compound 4 as described
by Herd et al.20 Condensation of compound 5 with the
commercially available n-propylisocyanate in the pres-
ence of a catalytic amount of pyridine21 led to the carba-
mate 6. Reduction of compound 6 by NaBH4 in a
mixture of chloroform and 2-propanol22 produced the
corresponding alcohol 7. The latter was mixed with
the 4-nitrophenylisocyanate to generate the 4-nitroanili-
necarbamate as the model compound 1a.


The doxorubicin prodrug 1b was obtained in two steps
from compound 7, as shown in Scheme 3. Acylation of
the alcohol 7 with 2 equivalents of 4-nitrophenylchloro-
formate23 produced the carbonate 8, which was then
reacted with doxorubicin to give the expected prodrug 1b.


With these two compounds in hand, we first examined
the reaction between the model compound 1a and the
water-soluble azido-compound 2 (Fig. 1).


When 1a was incubated with compound 2, the increase
in absorbance was immediately obvious. 4-Nitroaniline
formation was monitored by UV spectroscopy at
405 nm wavelength.24 The released 4-nitroaniline clearly
showed that compound 2 initiated an intracyclization
followed by a 1,6-quinone methide rearrangement,
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Scheme 2. Structures of the potential amine-prodrug 1a and the


doxorubin prodrug 1b.


Figure 1. (A) Incubation of compounds 1a (5 mM) and 2 (10 mM);


(B) pNA release was monitored by its absorbance, as a function of


time, with or without 2.

according to the proposed pathway presented in Scheme
1. Without 2, no absorbance of pNA was observed.


In the second experiment, we tested the same reaction
with the doxorubicin prodrug 1b (Fig. 2).


The release of the free doxorubicin was monitored by re-
verse-phase HPLC. As in the first experiment, no drug
liberation was observed in the absence of the azido-com-
pound. Doxorubicin liberation was the second evidence
that the reaction followed the mechanism illustrated in
Scheme 1. To evaluate the efficiency of the activation,
we quantified the drug release as described in







Figure 2. (A) Incubation of compounds 1b (2.8 mM) and 2 (5.2 mM).


(B) Doxorubicin release was monitored by HPLC analysis, as a


function of time.
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Supplementary data. After 3 h at 37 �C in aqueous
THF, the reaction appeared to approach 90%
completion.


In summary, we have successfully demonstrated for the
first time, the utility of the Staudinger ligation to liberate
a drug selectively and in good yield. In this report, we
have used an experimental model. We now wish to
extend our results to the complex environment of a liv-
ing cell. The Staudinger ligation seems perfectly suitable
for such an application, since the two reaction partners
are biocompatible and orthogonal to most biological
functionalities. Further studies to take advantage of this
new drug-release method are currently in progress.
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Abstract—11C-labeled (+)-trans-2-[[(3R,4S)-4-(4-chlorophenyl)-1-methylpiperidin-3-yl]methylsulfanyl]ethanol ([11C]5) and (+)-
trans-2-[[(3R,4S)-4-(4-chlorophenyl)-1-methylpiperidin-3-yl]methylsulfanyl]-1-(piperidin-1-yl)ethanone ([11C]6) were synthesized
and evaluated as new imaging agents for the norepinephrine transporter (NET). [11C]5 and [11C]6 display high affinity for the
NET in vitro (Ki = 0.94 and 0.68 nM, respectively) and significant selectivity over the dopamine (DAT) and serotonin transporters
(SERT). Because of their high affinity and favorable transporter selectivities we speculated that these ligands might serve as useful
PET agents for imaging NET in vivo. Contrary to our expectations, both of these ligands provided brain images that were more
typical of those shown by agents binding to the DAT.
� 2006 Elsevier Ltd. All rights reserved.

The biogenic amine neurotransmitters, dopamine (DA),
5-hydroxytryptamine (5-HT), and norepinephrine (NE),
are involved inter alia in the regulation of emotions,
reactions to stress, and the physical drives of appetite
and sleep.1 Chemical imbalances in these neurotransmit-
ters result in various pathological conditions such as
depression, Parkinson’s disease, bipolar disorder, and
attention deficit hyperactivity disorder (ADHD).2–4


The reuptake of these monoamine transmitters into
nerve terminals through neuronal plasma membrane
monoamine transporters provides a mechanism for
modulating the intensity and duration of monoamine
signaling at synapses. Research with novel ligands that
vary in their inhibitory potencies and selectivity profiles
across the three brain monoamine transporters is of val-
ue for unraveling their associated pharmacology and for
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the discovery of new medications (e.g., antidepressants)
acting on these sites with fewer side-effects. In particular,
positron emission tomography (PET) imaging probes
for the serotonin transporter (SERT) and dopamine
transporter (DAT) have proven useful in assessing
transporter occupancy of established and novel medica-
tions in human subjects.5–7 Similar imaging studies tar-
geting the norepinephrine transporter (NET) in human
brain have lagged due to a lack of NET radioligands
that give acceptable signals (high target to non-target
radioactivity ratios). Recently, 11C- and 18F-labeled ana-
logs of reboxetine have been prepared and evaluated as
in vivo markers of brain NET in rodent,8 monkey,9,10


and baboon.11,12 Such animal imaging studies have dem-
onstrated selective binding of the O-[11C]methyl and O-
[18F]fluoromethyl analogs of reboxetine to the NET. Ini-
tial human imaging trials with the O-[11C]methyl analog
(named either [11C]MeNER13 or [11C]MRB14) have pro-
ceeded, although the signal from the binding of this
radioligand to human NET is moderate. Moreover, a
transient equilibrium for NET-specific binding of this
analog is not reached during PET imaging and therefore
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quantitation of NET is challenging. There is thus a clear
need for high affinity PET imaging agents that target
NET and give high signals in vivo. Development of such
PET radioligands, however, is particularly challenging
owing to the relatively low density of NET sites8 in com-
parison to the other monoamine transporters (DAT and
SERT). Thus, a possible complicating factor in the
development of an effective NET radioligand is selectiv-
ity, with the putative NET radioligand competitively
labeling these off-target transporters (vide infra).


Recently, we described the synthesis of piperidine-based
analogs of cocaine, one of which was found capable of
antagonizing some of the effects of cocaine in animals,
while showing a weaker reinforcing action in non-hu-
man primates in comparison to cocaine.15 In further re-
search, this molecule, called nocaine, was modified by
exploring the effect of replacing its ester group with a
sulfur appendage like that found in the wake-promoting
drug, modafinil.16 In these studies, we found that the
alcohol 5 and amide 6 (Scheme 1) showed excellent affin-
ity for the NET with Kis of 0.94 ± 0.27 nM and
0.68 ± 0.25 nM (Table 1), respectively. The selectivity
of the alcohol 5 for NET versus SERT is high as its Ki


at the 5-HT transporter is 158 nM. Activity at the
DAT was 16 nM, and thus the ligand displays a 17-fold
higher inhibitory potency at the NET. Because of this
high activity at the NET and moderate transporter selec-
tivity, we were interested in exploring the capability of
using the ligand for brain imaging with PET. Thus, we
labeled these compounds with carbon-11 and evaluated

N


Cl


Me


COOMe a


N


Cl


OH b


N


Cl


Me


I c


N


C


M


1 2 3


Me


N


Cl


N


Cl


S
OH


d


e


g


N


Cl


S
OH


11CH3


8[11C]5


HH


Scheme 1. Reagents and conditions: (a) LiAlH4, THF, 92%; (b) Ph3P/I2/imid


56%; (e) piperidine, MeOH; (f) 1-chloroethyl chloroformate, proton sponge,

the ability of these novel radioligands to image the NET
in rhesus monkey brain with PET.


Scheme 1 shows our synthesis of the target structures,
starting from methyl 4b-(4-chlorophenyl)-1-methylpi-
peridine-3a-carboxylate 1, according to the known liter-
ature procedure.16 One precursor for radiolabeling, 8,
was obtained by reduction of 7 with lithium aluminum
hydride (LiAlH4). Treatment of the ester 7 with piperi-
dine afforded the other precursor for radiolabeling,
namely 9. Labeling of the target radioligands with car-
bon-11 proved straightforward and was carried out in
a commercial module (Bioscan, Washington, DC) based
on the HPLC loop radiomethylation method reported
by Wilson et al.18 Unoptimized and non-decay-corrected
isolated radiochemical yields (based on starting
[11C]CO2) for [11C]5 and [11C]6 ranged from 12% to
14% with specific radioactivities of >93 GBq/lmol
(2.5 Ci/lmol) at end-of-synthesis.


PET imaging experiments with [11C]5 or [11C]6 were con-
ducted in rhesus monkeys using a GE Advance camera
(FWHM = 7.0 mm) or HRRT (FWHM = 3.0 mm; Sie-
mens/CPS, Knoxville, TN, USA). For each radioligand,
a two-scan protocol, comprising first a baseline and then
a desipramine pre-blocking experiment, was performed
on the same day. The resulting decay-corrected time-ra-
dioactivity curves are shown in Chart 1 (A and B).


In baseline scans [11C]5 and [11C]6 showed acceptable
brain penetration with maximal whole brain uptake of
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Table 1. In vitro inhibition at monoamine transporters for candidate PET ligands (Ki ± SEM (nM))


Compound cLogP Reuptake Ki(nM) Selectivity (based on Ki)


[3H]DA [3H]5-HT [3H]NE 5-HT/DA NE/DA NE/5-HT


Cocainea 423 ± 147 155 ± 1 108 ± 4 0.37 0.26 0.7


Desipramineb 78720 61 4 0.0007 0.00005 0.066


5a 2.81 16.1 ± 4.5 158.0 ± 4.6 0.94 ± 0.27 9.81 0.06 0.005


6a 3.80 83.3 ± 1.2 4.5 ± 0.7 0.68 ± 0.25 0.05 0.008 0.15


a Data for cocaine, 5, and 6 were taken from Ref. 16.
b Data for desipramine were taken from Ref. 17.
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0.045% ID/g at 20 min and 0.021% ID/g at 9 min,
respectively. For both radioligands the magnitudes of
regional brain radioactivity concentrations were in the
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Chart 1. Decay-corrected time–radioactivity curves of [11C]5 (A) and


[11C]6 (B) in regions of rhesus monkey brain. Solid lines and symbols


are from a baseline scan. Dashed lines and open symbols are from a


second scan where the animal was treated with the NET blocker,


desipramine (5 mg/kg, iv), at 20 min before radioligand injection.


Time–radioactivity curve of [11C]5 where the DAT blocker GBR 12909


di-HCl (5 mg/kg, iv) was administered at 40 min after radioligand


injection is shown in (C). Key, ST: striatum; TH: thalamus; CB:


cerebellum. Radioligand doses were 167–185 MBq (4.5–5 mCi) with


specific radioactivities of >40.7 GBq/lmol (1.1 Ci/lmol) at the time of


injection. SUV (%) = %ID/g · gram animal body weight.

order: striatum > thalamus > cerebellum. Striatal up-
take of [11C]5, for example, was clearly evident in PET
images 30 min after radiotracer injection (Fig. 1).


This regional distribution is inconsistent with that
known for NET where thalamic density is higher than
striatal density.12,19 Pretreatment of monkeys with the
NET inhibitor, desipramine, followed by injection of
either [11C]5 or [11C]6 resulted in minimal reduction of
radioactivity in the NET-rich thalamus. The 5 mg/kg
intravenous dose of desipramine used in our experi-
ments has previously been shown to be effective in
blocking the uptake of other NET radioligands in
monkey.10 Thus, despite their subnanomolar affinities
in vitro for NET, [11C]5 and [11C]6 appear poorly suited
for in vivo labeling of NET sites in monkey brain.


Owing to the high striatal uptake for [11C]5 observed in
the baseline monkey scan20, it was hypothesized that this
N-methyl piperidine exhibited specific binding to DAT.
To test this hypothesis, a PET experiment was
performed in rhesus monkey wherein, at 40 min after
injection of [11C]5, a dose of the DAT ligand, GBR
12909, was administered (Chart 1C). Inspection of the
striatal time-radioactivity curve revealed a markedly
decreasing radioactivity content after injection of GBR
12909, suggesting that [11C]5 shows specific binding to

Figure 1. Transaxial PET image of Rhesus monkey brain 30 min after


injection of [11C]5 demonstrating pronounced uptake of radiotracer in


the DAT-rich striatum.







3104 J. L. Musachio et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3101–3104

DAT. Cocaine, which possesses a 25-fold lower affinity
for DAT than 5 (Ki = 423 nM16), has been labeled with
carbon-11 and shown to image the highly abundant
brain DAT in vivo.21 Hence, in retrospect, it is not too
unexpected that [11C]5 (DAT Ki = 16 nM) also labels
and images DAT in vivo.


In conclusion, PET data given for the two ligands pre-
sented in this paper allowed us to state that the first gen-
eration of 11C-labeled N-methyl piperidines shows an
ability to label DAT. While further investigation will
be needed to demonstrate whether these particular li-
gands possess any advantage over the DAT agents cur-
rently used in tomographic imaging,22 it is clear that
ligands of much higher NET affinity and selectivity will
be required from this structural class in order to identify
in vivo imaging tools for the NET. Further extensions of
the SAR studies on this type of ligands are likely to af-
ford the opportunity to discover new NET inhibitors
with higher potency and selectivity that are suitable
for the PET imaging. Related work is underway and will
be reported in due course.
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Abstract—Adenophorine and its 5-deoxy analogue have been identified as natural iminosugars with efficient glycosidase inhibitory
effects. The syntheses and biological evaluation of two new series of 5-deoxyadenophorine analogues in their racemic form are
reported. The compounds 12e and 13d bearing a C11 and C7 alkyl chain, respectively, were found to be potent inhibitors of the
b-glucosidase from almond with Ki near to 60 lM. The compounds 13a,d which possess a 3,4-cis stereochemistry were efficient
on glucosidases but also on the b-galactosidase, what was not observed with the 3,4-trans series 12.
� 2006 Elsevier Ltd. All rights reserved.

Iminosugars have been the subject of particular atten-
tion in recent years because they were found to be inhib-
itors not only of glycosidases1 but also of a range of
crucial enzymes such as glycosyltransferases,2 glycogen
phosphorylases,3 and metalloproteinases.4 Their struc-
tural resemblance to carbohydrates enabled them to be
designed as potential tools for the modulation of carbo-
hydrate-processing enzymes. Thus, digestive glycosi-
dases, participating in the regulation of carbohydrate
absorption in the small intestine and considered a seri-
ous target for type II diabetes treatment, were shown
to be inhibited by several natural or synthetic iminosu-
gars. As an example, 1-deoxynojirimycin 1 (DNJ—
Fig. 1), first synthesized by Paulsen and Todt5 and later
isolated from the roots of mulberry trees, was rapidly
characterized as a potent inhibitor of glucosidases
in vitro. Its low efficiency in vivo was solved by the
development of substituted analogues, leading to an
N-hydroxyethyl-DNJ 2 called MiglitolTM and commer-
cialized today by Glaxo to treat type II diabetes.

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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Therefore, N-alkylation of iminosugars, such as DNJ 1
or its deoxy analogues fagomine 3 and isofagomine 46,
was proposed as a good approach to access novel inhib-
itors with enzyme specificity. The change in potency and
in enzyme selectivity of these lipophilic N-substituted
polyhydroxylated piperidine derivatives seemed to be
dependent not only on the nature of the N-alkyl side-
chain but also on the biologically active conformation
of the iminosugar. In the search for more potent and
more specific inhibitors targeting endoplasmic reticulum
(ER) a-glucosidase I implicated in several viral process-
es, including human immunodeficiency virus (HIV) and
hepatitis B virus,7 N-butyl-1-deoxynojirimycin 5 was
shown to be a more effective viral agent than its parent
DNJ 1. A possible explanation for this difference
in potency was proposed by Asano et al., who showed
using 1H NMR studies that N-alkylation of DNJ 1
led to a conformational change (the C6 OH axial confor-
mation) of the molecule and consequently enhanced the
specificity of inhibition of ER a-glucosidase I.8 Further-
more, N-butyl-DNJ 5 was also characterized as an
inhibitor of ceramide glycosyltransferase (CGT), an
enzyme involved in glycosphingolipid biosynthesis that
has been approved as a good candidate for the treatment
of Gaucher disease, a severe lysosomal storage disor-
der.9 Recently, Butters and co-workers found that
lengthening the N-alk(en)yl side-chain from C4 to C18
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improved iminosugar retention in the cell and therefore
enhanced the CGT inhibitory efficacy.10 As observed,
the lipophilic N-cis-13-octadecenyl-DNJ 6a did not
inhibit ER oligosaccharide-processing enzyme glycosi-
dases in culture HL60 cells,11 probably due to the acces-
sibility of these enzymes located in the ER lumen in
comparison with the CGT known to be located at the
cytosolic side surface of the various Golgi subfrac-
tions.12 Similar observations were previously made by
Aerts and co-workers with compound N-[(5-adaman-
tane-1-yl-methoxy)pentyl]-DNJ 7, which is a nanomolar
inhibitor (IC50: 1.7 nM) of non-lysosomal glucosylce-
ramidase but acted on a-glucosidases at a concentration
not far from the micromolar (IC50: 0.87 mM).13 Another
approach to favour CGT specificity was to modify one
carbon configuration on the N-butyl-DNJ 5 piperidine
skeleton, to afford the galactono analogue N-butyl-
DGJ, which lost activity towards glucosidases but not
to CGT.14


It is clear that both stereochemistry modification and
the introduction of lipophilic substituents by simple
N-alkyl(en)ation on iminosugars such as DNJ could be
interesting strategies to design more efficient enzyme
inhibitors.


Recently, Martin and co-workers have synthesized and
studied a range of DNJ derivatives bearing the lipophilic
alkyl chain not only on the nitrogen atom of the piperidine
ring but also on the 1-C position of the iminosugar. With
mono-alkylated compounds, the best activities were
obtained on a-glucosidase (isomaltase) with the 1-C–C9


derivative 8a (IC50: 3.5 nM) (Fig. 2) compared to the
N–C9 analogue 6b (IC50: 230 nM) (Fig. 1).15 Further-
more, the N–C8 and 1-C–C8 dialkylated compound
recently prepared by the same group from chiral pool
LL-sorbose was characterized as a glucosylceramide syn-
thase inhibitor (IC50: 174 lM) and was expected to be a
weaker inhibitor of glucosidase than DNJ.16 Extending
their work on iminosugars to a-1-C-substituted
dideoxynojirimycin derivatives (1-C-alkyl fagomine

analogues), they proposed a strategy starting from
tri-O-benzyl-DD-glucal to access, in eight steps, a key
bicyclic aziridine intermediate 9 (Fig. 2). This bicyclic
compound reacted with various heteroatomic
nucleophiles (amine, thiol, carboxylate or phosphate) to
give the corresponding a-1-C-substituted fagomine
derivatives. However, introducing an a-1-C-alkyl chain
with organometallic nucleophiles via this aziridine
intermediate 9 failed to give the desired products. This
was achieved with moderate yield by treatment of the
relatively unstable a-1-C-iodomethyl derivative of
fagomine with nPr2CuLi to give 10 (Fig. 2).17 It should
be pointed out that a-1-C-substituted analogues of DNJ
1 or fagomine 3, such as adenophorine 11 or 5-deoxya
denophorine (+)-12a (Fig. 2), have recently been isolated
from plants.18


The investigations of our group into new strategies to
access 1,6-disubstituted piperidines have led us recently
to publish the first total synthesis of 1-O-b-DD-glucopyr-
anosyl-5-deoxyadenophorine and its aglycon congener
(+)-12a.19 In the present work, we extend this original
and flexible synthesis to the production of a series of
5-deoxyadenophorine analogues (±)-12 and (±)-13
(Fig. 2) and to the evaluation of their activities towards
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selected glycosidases. For this preliminary screening, the
syntheses were carried out on racemic series.


a-1-C-Alkyl iminosugars 12b–e and 13a,d were prepared
from the common 1-C-alkyl tetrahydropyridine interme-
diate 19. Starting from commercial trans-cinnamalde-
hyde, a methylenation reaction was performed using
Corey reagent20 Me3S+I� to give epoxide 14 in 95%
yield (Scheme 1). Amino alcohol 15 was then obtained
in 69% yield for the two steps by regioselective nucleo-
philic ring-opening of the epoxide 14 with sodium azide
and subsequent reduction of the azide intermediate with
triphenylphosphine in the presence of water.21 This
modest yield resulted from successive recrystallizations
of the amino alcohol 15, which was contaminated by
triphenylphosphine oxide. In parallel, we performed this
reduction with SnCl2ÆH2O but without better results
(40% yield). At this stage, we introduced, in a one-pot
process, the allyl and alkyl side-chains by condensation
of the amino alcohol 15 with the selected aldehydes to
give the corresponding imines. These were then treated
with two equivalents of allylmagnesium bromide to fur-
nish, with good diastereoselectivities, the diethylenic
trans-amino alcohols 16a–e. The minor cis-isomers
17a–e (around 10% yield) present with the trans-isomers
could be separated in the following steps. It should be
noted that the formation of the major trans-derivative
16a is in accord with previous work from our group.19,22


It is well documented in the literature that RCM is
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ineffective with free amine due to chelations with ruthe-
nium.23 Nevertheless, these reactions could be carried
out in acidic media to form an ammonium derivative
without complexation ability. In these conditions, die-
thylenic aminoalcohol exposed to Grubbs’ catalyst gave
the desired compounds contaminated by residual ruthe-
nium species. In fact, amino alcohols act as ligands so to
avoid this problem we protected the amine and hydroxyl
functions as oxazolidinone. Thus, amino alcohols 16a–e
were treated with carbonyldiimidazole in the presence of
triethylamine to give the corresponding oxazolidinone
derivatives. These were subjected to RCM reaction in
the presence of second generation Grubbs’ catalyst 18 in
refluxing dichloromethane to afford the trans-compounds
19a–e in very good yields (72–88%) (Scheme 1).


The trans-3,4 iminosugar series was obtained by func-
tionalization of the selected intermediates 19b–e in a
three-step process (Scheme 1). Epoxidation of the dou-
ble bound with m-CPBA proceeded with good dia-
stereoselectivity (85/15 dr) in favour of the desired
endo isomers 20b–e, as already noted in our previous
work.19 Opening these epoxides with acetic acid allowed
regioselective access to the monoacetates 21b–e with
some diacetate derivatives 22b–e (80/20 ratio) provided
by esterification of 21 in the reaction conditions. The
mixture of 21 and 22 was directly treated with potassium
carbonate in methanol to give quantitatively the corre-
sponding diols and subsequent hydrolysis of the oxazo-
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lidinone with aqueous NaOH solution in methanol led
to the desired compounds 12b–e in 37–47% yield (three
steps) after flash chromatography purification.


The cis-3,4 iminosugar series was obtained starting from
the common precursors 19a,d in a four-step process
(Scheme 2). Stereoselective dihydroxylation of ethylenic
compounds 19a,d under Upjohn conditions afforded a
mixture of cis-diastereoisomers 23a,d and 24a,d in a
70/30 ratio. At this point, the use of a bulky osmium
reagent like AD-mix-a increased the diastereoselectivity
(80/20) in favour of compound 23. However, these cis-
diols could be separated in their acetonide forms after
an additional protection step carried out with
2,2-dimethoxypropane in dichloromethane. Pure com-
pounds 25a,d were isolated in around 70% yield. Subse-
quent cleavage of the acetal and carbamate protective
groups, in classical acidic and basic conditions, respec-
tively, led to the target molecules 13a,d in 43% overall
yield starting from tetrahydropyridine derivatives 19a,d.
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The preliminary biological assays24 were investigated in
order to reveal the potency of these novel iminosugars
12 and 13 on a range of a- and b-glycosidases and to
study the influence of the length of the alkyl chain on
the inhibition of these selected enzymes. It must be not-
ed that every compound tested here is in a racemic mix-
ture. Nevertheless, the relative stereochemistry of these
analogues can be regarded as that corresponding to
5-deoxyadenophorine (Fig. 2) for compounds 12b–e
and its 4-epimer for compounds 13a,d.


With iminosugars 12b–e showing the 3,4-trans-diol
stereochemistry, evaluation on a- and b-glucosidases
or galactosidases and a-mannosidase revealed that only
the glucosidases were affected by these compounds
(Table 1). The inhibitory effects on b-glucosidase were
clearly observed with a 1 mM concentration of the pre-
sumed inhibitors 12 bearing the longest alkyl side-chain
C7 and C11, compounds 12d and e, respectively. The
activities were weaker on a-glucosidase while no activity
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was noted on galactosidases and a-mannosidase. The Ki


was evaluated for compound 12e and was found to be
196 lM on a-glucosidase and 58 lM on b-glucosidase
(Table 1). For these 1-C-alkyl iminosugars in their a
anomeric form, it could be surprising to observe such
activity on b-glucosidase. However, Compain and
Co-workers recently published similar results for a-1-C-
alkyl-1-deoxynojirimycin derivatives and, with a-1-C-
octyl-1-deoxynojirimycin 8b (Fig. 2), they found
inhibition activities not far from 25 lM on a-glucosidase
(yeast) and b-glucosidase (sweet almond).15 On the other
hand, Asano and co-workers stated that natural
5-deoxyadenophorine (+)-12a had no inhibition effects
on a series of a-glucosidases and a b-glucosidase
(almond) (Table 1).25 All these results could indicate
that the long a-1-C-alkyl chain of our iminosugar 12e
induces a complementary effect in the recognition of
these potential inhibitors, especially in the b-glucosidase
enzymatic site.


(+)-5-Deoxyadenophorine (+)-12a was also found to
have a potent effect on a-galactosidase (IC50: 6.4 lM,
Table 1) and b-galactosidase (IC50: 34 lM, Table 1),
but this was not observed with compounds (±)-12b–e
in our experiments. Surprisingly, the 4-epi analogues
(±)-13 revealed some activity on a-galactosidase
(Ki = 721 and 141 lM for compounds 13a and d,
respectively) and a structure–activity relationship
depending on the length of the alkyl chain seemed to
be observed. Compound 13d, bearing the C7 alkyl
side-chain, was also one of the best inhibitors we have
found to date on b-glucosidase with a Ki value of
61 lM. In this cis-3,4 iminosugar series, it should be
pointed out that glycosidase activity appeared with an
iminosugar bearing a short alkyl side-chain (compound
13a) but this was not observed in the trans-3,4 series.
Unfortunately, no marked specificity was observed.


In this work, we have developed an efficient and
flexible synthesis of novel 5-deoxyadenophorine ana-
logues 12b–e and 13a,d in seven steps from the
common amino alcohol 15 and with good overall
yields. The preliminary structure–activity relationship
study has shown a dependence of the inhibitory
activity upon the 2,3-3,4 cis/trans or cis/cis stereo-
chemistry of the molecules and a dependence of
the potency upon the length of the alkyl side-chain.
Therefore, b-galactosidase activity was only observed
with the cis-3,4 derivatives 13a and 13d but the
inhibitory effect was more efficient on b-glucosidase
with compounds bearing a C7 (13d: Ki = 61 lM) or
a C11 (12e: Ki = 58 lM) alkyl side-chain. The trans-
3,4 series also showed a marked structure–activity
relationship dependent on the length of the 1-C-al-
kyl side-chain with a-glucosidase but the results
only began to be interesting with compound 12e
with the 1-C–C11 substituent. However, these origi-
nal iminosugars with a lipophilic alkyl chain could
be designed as potential ceramide glycosyltransferase
inhibitors as already demonstrated in the literature.
Now, we are focusing our work on the synthesis
of enantiomerically pure forms of compounds 12
and 13 starting from both enantiomers of Garner’s

aldehyde and on the introduction of lipophilic and
exotic side-chains at the anomeric position of these
1-deoxyiminosugars.
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Abstract—Novel, potent farnesoid X receptor (FXR) and peroxisome proliferator-activated receptor a (PPARa) agonists were
obtained by using a diphenylmethane skeleton as a substitute for a steroid skeleton.
� 2006 Elsevier Ltd. All rights reserved.

Nuclear receptors (NRs) are a family of ligand-depen-
dent transcription factors which modulate gene expres-
sion and thereby influence diverse biological processes,
including cell growth, differentiation, and metabolism.1,2


Analysis of the human genome sequence indicates that
there are 48 NRs in humans.1 So far, the ligands of only
about half of them have been identified.1,3 From the
standpoint of chemical structure, the identified ligands
for NRs most commonly contain a steroid skeleton, as
typically found in the ligands for all of the classical ste-
roid hormone receptors [estrogen receptors, progester-
one receptor, androgen receptor (AR), glucocorticoid
receptor, and mineral corticoid receptor]. In addition,
oxysterols and cholic acid derivatives are considered to
act as physiological ligands for liver X (oxysterol) recep-
tors (LXRs) and farnesoid (bile acid) receptor (FXR).
The ligand for vitamin D receptor (VDR) is 1a,25-
dihydroxyvitamin D3, which has a secosteroidal skele-
ton that is metabolically derived from cholesterol,
although lithocholic acid, a steroid analog produced
metabolically from cholesterol, is also reported to be a
physiological ligand for VDR.4 Because all members
of NRs are thought to have evolved from a single gene,5
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it might be expected that a ligand superfamily also
exists.6,7


There have been many structural development studies of
non-steroidal/non-secosteroidal ligands for the above
NRs from the standpoint of medicinal chemistry, includ-
ing our studies on ligands for VDR and AR.7,8 Recently,
we developed diphenylmethane-type VDR ligands,8 using
LG190155 (1) (Fig. 1) reported by Boehm et al.9 as a lead
compound. In that work, we found that a nitrogen-con-
taining diphenylpentane (DPP) derivative 2 (DPP-0113)
(Fig. 1) acts as a dual ligand for both VDR and AR.8 This
result, as well as previous structural development studies
on nuclear retinoic acid receptor (RAR) ligands,7,10,11 im-
plies that a diphenylmethane skeleton can substitute for a
steroid skeleton as a multi-template for NR ligands.


To confirm the usefulness of the diphenylmethane skele-
ton as a multi-template for NR ligands, we designed novel
ligands for FXR and peroxisome proliferator-activated
receptor-a (PPARa). These NRs were chosen as targets
because of the strict structural requirements for their li-
gands, and because steroidal ligands of FXR and PPARa,
including chenodeoxycholic acid (CDCA: 3)12 and a diph-
enylmethane-related ligand, fenofibrate (4), respective-
ly,13 are already known (Fig. 1). In this paper, we
describe the design, synthesis, and biological activity
evaluation of novel diphenylmethane-based ligands for
FXR and PPARa.



mailto:hashimot@iam.u-tokyo.ac.jp





Figure 1. Structures of LG190155 (1), DPP-0113 (VDR/AR dual ligand: 2), CDCA (FXR ligand: 3) and fenofibrate (PPARa ligand: 4).
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Ligands for FXR. FXR is a well-characterized member
of the so-called ‘metabolic’ subfamily of NRs and is a
transcriptional sensor for bile acids.14 Its ligands, includ-
ing CDCA (3) (Fig. 1), act as signaling molecules and
participate in an intricate network of interactions that
ultimately govern lipid, steroid, and cholesterol homeo-
stasis, and are involved in processes such as glucose uti-
lization, inflammation, and carcinogenesis.14 Maloney
et al. reported GW4064 (5) (Fig. 2) as a potent synthetic
ligand for FXR.15 Considering the structures of CDCA
(3) and GW4064 (5), and the potential of diphenylpen-
tane (DPP) as a steroid skeleton substitute, we designed
DPP derivatives as FXR ligand candidates, that is,
DPPF-01 (6) and DPPF-13 (7) (Fig. 2). The R group
of DPPF-01 (6), containing a carboxylic acid group,
was introduced to mimic the carboxylic acid group
found in CDCA (3) and GW4064 (5). The R group of

Figure 2. Structures of GW4064 (5) and compounds designed as diphenylm


Scheme 1. Synthesis of compounds 6 and 7.

DPPF-13 (7), containing a diol moiety, was introduced
to mimic side chains found in several oxycholesterols.


DPPF-01 (6) and DPPF-13 (7) were prepared by usual
organic synthetic methods, as summarized in Scheme
1. Briefly, bisphenol (8) and its mono-anilino derivative
(9) were prepared as already reported.8 Coupling of 8 or
9 with 3-(2,6-dichlorophenyl)-4-bromomethyl-5-isopro-
pyl-isozaxole (10) in DMF in the presence of NaH gave
11 or 12, respectively. The phenolic hydroxyl group of
11 was alkylated with methyl 2-bromoethylate, followed
by hydrolysis of the ester to give DPPF-01 (6).16 Reac-
tion of 12 with glycidol gave DPPF-13 (7).17 CDCA
(3) was purchased from Sigma Co. Ltd (Japan).


The FXR agonistic activity of DPPF-01 (6) and DPPF-
13 (7) was evaluated by a reporter gene assay method

ethane-type ligands for FXR (6 and 7).







Figure 3. Transcriptional activation of FXR by DPPF-01 (6), DPPF-13 (7) and CDCA (3). Horizontal scale: Concentration of added test


compounds. Vertical scale: Relative luminescence intensity arising from luciferase reporter gene expression.
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using CMX-GAL4N-hFXR as the recombinant recep-
tor gene, TK-MH100x4-LUC as the reporter gene, and
the CMX b-galactosidase gene for normalization, as
previously reported.4,12,18 Briefly, human embryonic
kidney 293 cells were cultured in Dulbecco’s modified
Eagle’s medium containing 5% fetal bovine serum at
37 �C in a humidified atmosphere of 5% CO2 in air.
Transfections were performed by the calcium phos-
phate coprecipitation method. Test compounds were
added 8 h after the transfection, and luciferase and
b-galactosidase activities were assayed using a lumino-
meter and microplate reader. The experiment was
repeated three times, and the normalized average val-
ues are presented in Figure 3. Transcriptional activa-
tion activities (and antagonistic activities) of the test
compounds toward other NRs (Figs. 4 and 7) were
similarly evaluated.4,12,18


As shown in Figure 3, the agonistic activity of DPPF-01
(6) for transcriptional activation of FXR was far more
potent than that of the physiological ligand, CDCA
(3). The EC50 values are 3.4 lM for DPPF-01 (6) and
11.7 lM for CDCA (3) under the experimental condi-
tions employed. DPPF-13 (7) also showed agonistic
activity toward FXR, though it was less potent than
CDCA (3). No apparent antagonistic activity of
DPPF-13 (7) was observed.

Figure 4. Transcriptional activation of various NRs by DPPF-01 (6). Vertica


gene expression.

The transcriptional activation activity of DPPF-01 (6)
seems to be specific for FXR, because DPPF-01 did
not activate VDR, PPARa, PPARc, PPARd, LXRa,
RARa or retinoid X receptor a (RXRa) at 10 lM under
these experimental conditions (Fig. 4). This specificity of
DPPF-01 (6) toward FXR would be attributed to its side
chain’s structure which had been optimized by Maloney
et al. for GW4064 (5).15 The results suggest that the
strategy adopted in this study of utilizing the diph-
enylmethane skeleton as a steroid substitute is useful
to create superior/specific ligands. The computer-assist-
ed overlaying studies of DPPF-01 (6) and CDCA (3)
are under way.


Ligands for PPARa. PPARa is a NR whose physiolog-
ical ligands are considered to be endogenous fatty acids,
and it is well known as the target molecule of fenofibrate
(4) (Fig. 1),13 a drug used to treat dyslipidemia and type
2 diabetes, and whose active form is considered to be its
hydrolyzed analog, fenofibric acid (FA: 13) (Fig. 5).
Various synthetic PPARa ligands have been reported,
including our phenylpropionic acid derivatives derived
from KCL (14) (Fig. 5).18–20 PPARa has a large Y-
shaped ligand-binding pocket of approximately 1300–
1400 Å3.21 Based on the structures of FA (13) and
KCL (14), as well as the shape of the ligand-binding
pocket of PPARa and the potential usefulness of the

l scale: Relative luminescence intensity arising from luciferase reporter







Figure 5. Structures of FA (13), KCL (14), DPPK-01 (15) and DPHK-01 (16).
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diphenylmethane skeleton as a scaffold for PPARa
ligands, we designed a diphenylpentane derivative
DPPK-01 (15) and a diphenylcyclohexane derivative
DPHK-01 (16) (Fig. 5), both of which possess a butyric
acid moiety. The butyric acid moiety was introduced to
mimic the carboxylic acid side chain of KCL (14), and a
cyclohexyl moiety was adopted to provide a rigid
Y-shape of the molecule, as the carbonyl group of
FA (13) does.


DPPK-01 (15)22 was prepared by reaction of a bisphenol
derivative 8 with ethyl 2-bromobutylate in DMF in the
presence of NaH. DPHK-01 (16)23 was similarly pre-
pared, but the starting bisphenol derivative was synthe-
sized by condensation of cyclohexanone with o-cresol.
FA (13) was generously supplied by ASKA Pharm.
Co. Ltd (Japan).


The PPARa agonistic activity of DPPK-01 (15) and
DPHK-01 (16) was evaluated with a reporter gene assay
method similar to that adopted for evaluation of FXR
agonistic activity (vide supra), except that CMX-
GAL4N-hPPARa was used as the recombinant receptor
gene in place of CMX-GAL4N-hFXR. The results are
shown in Figures 6 and 7.


As shown in Figure 6, DPHK-01 (16) showed more
potent agonistic activity for transcriptional activation
of PPARa than did FA (13), the active form of feno-

Figure 6. Transcriptional activation of PPARa by DPPK-01 (15), DPHK-


compounds. Vertical scale: Relative luminescence intensity arising from luci

fibrate (4). The EC50 values were 3.5 lM for DPHK-
01 (16) and 9.2 lM for FA (13) under the experimen-
tal conditions used. The less rigid derivative, DPPK-
01 (15), showed only very weak agonistic activity to-
ward PPARa (no apparent antagonistic activity was
observed). In these preliminary studies, we used dia-
stereomeric mixtures of DPPK-01 (15) and DPHK-
01 (16). Among PPARa-activating phenylpropionic
acid derivatives, the isomers with S-configuration at
the a-carbon of the propionic acid moiety have been
established to be the eutomers (active isomers), while
the R-isomers are inactive. Therefore, existence of a
eutomer of DPHK-01 (16) that would be far more
potent than FA (13) can be expected. Evaluation of
the biological activity of the optical isomers of our
compounds is in progress. The transcriptional activa-
tion activity of DPHK-01 (16) seems to be specific
for PPARa, because DPHK-01 did not activate
VDR, FXR, PPARc, PPARd, LXRa, RARa or
RXRa at 10 lM under these experimental conditions
(Fig. 7). These results again suggest the usefulness of
the diphenylmethane skeleton as a multi-template for
NR ligands.


In conclusion, we have prepared novel ligands for
FXR, DPPF-01 (6), and for PPARa, DPHK-01
(16), based on a diphenylmethane skeleton. DPPF-
01 (6) is more potent than the physiological ligand
CDCA (3), and the potency of DPHK-01 (16) is

01 (16) and FA (13). Horizontal scale: Concentration of added test


ferase reporter gene expression.







Figure 7. Transcriptional activation by DPHK-01 (16) toward various NRs. Vertical scale: Relative luminescence intensity arising from luciferase


reporter gene expression.
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comparable to that of FA (13), the active form of
the antihyperlipidemic drug fenofibrate (4). These
results indicate that a diphenylmethane skeleton is
useful as a steroid skeleton substitute and a multi-
template for NR ligands. It was also demonstrated
that DPPF-01 (6) and DPHK-01 (16) are highly spe-
cific for FXR and PPARa, respectively. It is well
documented that ligands with a steroidal skeleton of-
ten show cross reactivity with several NRs. For
example, lithocholic acid acts as a ligand for both
VDR and FXR.4,12 Application of a diphenylmethane
skeleton as a scaffold of NR ligands might overcome this
problem. In addition, NR ligands with a diphenylme-
thane skeleton might elicit selectivity on cell-type/co-fac-
tor(s) which is different from that of the physiological
ligands. In this preliminary study, we examined only the
diphenylmethane skeleton. However, it is very likely that
hetero-atom analogs of a diphenylmethane skeleton,
such as diphenylamine (as found in some RAR/RXR
ligands)7,24 and diphenylether (as found in thyroxine
hormones),25 would also available as substitutes for a
steroid skeleton. Further structural development studies
of the present ligands and synthesis of candidate NR
ligands based on the above ‘diphenyl X’ skeletons are
under way.

Acknowledgments


The work described in this paper was partially
supported by Grants-in-Aid for Scientific Research from
The Ministry of Education, Culture, Sports, Science and
Technology, Japan, and the Japan Society for the
Promotion of Science. The authors are grateful to
ASKA Pharm. Co. Ltd (Japan) for the generous supply
of fabric acid.

References and notes


1. Chawla, A.; Repa, J. J.; Evans, R. M.; Mangelsdorf, D. J.
Science 2001, 294, 1866.


2. Evans, R. M. Science 1988, 240, 889.

3. Giguere, V. Endocr. Rev. 1999, 20, 68.
4. Makishima, M.; Lu, T. T.; Xie, W.; Whitfield, G. K.;


Domoto, H.; Evans, R. M.; Haussler, M. R.; Mangels-
dorf, D. J. Science 2002, 296, 1313.


5. Laudet, V.; Hanni, C.; Coll, J.; Catzeflis, F.; Stehelin, D.
EMBO J. 1992, 11, 1003.


6. Eyrolles, L.; Kawachi, E.; Matsushima, Y.; Nakajima, O.;
Kagechika, H.; Hashimoto, Y.; Shudo, K. Med. Chem.
Res. 1992, 2, 361.


7. Hashimoto, Y.; Miyachi, H. Bioorg. Med. Chem. 2005, 13,
5080.


8. Hosoda, S.; Tanatani, A.; Wakabayashi, K.; Nakano, Y.;
Miyachi, H.; Nagasawa, K.; Hashimoto, Y. Bioorg. Med.
Chem. Lett. 2005, 15, 4327.


9. Boehm, M. F.; Fitzgerald, P.; Zou, A.; Elgort, M. G.;
Bischoff, E. D.; Mere, L.; Mais, D. E.; Bissonnette, R. P.;
Heyman, R. A.; Nadzan, A. M.; Reichman, M.; Allegret-
to, E. A. Chem. Biol. 1999, 6, 265.


10. Hashimoto, Y.; Shudo, K. Cell Biol. Rev. 1991, 25, 209.
11. Hashimoto, Y. Cell Struct. Funct. 1991, 16, 113.
12. Makishima, M.; Okamoto, A. Y.; Repa, J. J.; Tu, H.;


Learned, R. M.; Luk, A.; Hull, M. V.; Lustig, K. D.;
Mangelsdorf, D. J.; Shan, B. Science 1999, 284, 1362.


13. Gebel, T.; Arand, M.; Oesch, F. FEBS Lett. 1992, 309,
37.


14. Pellicciari, R.; Constantino, G.; Fiorucci, S. J. Med.
Chem. 2005, 48, 5383.


15. Maloney, P. R.; Parks, D. J.; Haffner, C. D.; Fivush, A.
M.; Chandra, G.; Plunket, K. D.; Creech, K. L.; Moore,
L. B.; Wilson, J. G.; Lewis, M. C.; Jones, S. A.; Willson,
T. M. J. Med. Chem. 2000, 43, 2971.


16. DPPF-01 (6): MS (FAB) m/z 610 (M+H)+. 1H NMR
(500 MHz, CDCl3/d): 7.38 (d, J = 8.0 Hz, 2H), 7.33–7.31
(m, 1H), 6.93 (s, 2H), 6.88–6.83 (m, 2H), 6.63–6.59 (m,
2H), 4.68 (s, 2H), 4.64 (s, 2H), 3.40–3.30 (m, 1H), 2.22 (s,
3H), 2.01–1.97 (m, 7H), 1.41 (d, J = 6.7 Hz, 6H), 0.57 (t,
J = 7.3 Hz, 6H). HRMS (FAB, M+H+) calcd. for
C34H38Cl2NO5, 610.2127, found 610.2119.


17. DPPF-13 (7): MS (FAB) m/z 625 (M+H)+. 1H NMR
(500 MHz, CDCl3/d) (racemate): 7.38 (d, J = 8.0 Hz, 2H),
7.33–7.29 (m, 1H), 6.91–6.82 (m, 4H), 6.59 (d, J = 7.9 Hz,
1H), 6.53 (d, J = 7.9 Hz, 1H), 4.68 (s, 2H), 4.00 (br, 1H),
3.83–3.80 (m, 1H), 3.69–3.66 (m, 1H), 3.34–3.30 (m, 3H),
3.24–3.20 (m, 1H), 2.10 (s, 3H), 2.00–1.96 (m, 7H), 1.41 (d,
J = 6.7 Hz, 6H), 0.57 (t, J = 7.3 Hz, 6H). HRMS (FAB,
M+H+) calcd. for C35H43Cl2N2O4, 625.2600, found
625.2597.







3218 M. Kainuma et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3213–3218

18. Kasuga, J.; Makishima, M.; Hashimoto, Y.; Miyachi, H.
Bioorg. Med. Chem. Lett. 2006, 16, 554.


19. Nomura, M.; Tanase, T.; Ide, T.; Tsunoda, M.; Suzuki,
M.; Uchiki, H.; Murakami, K.; Miyachi, H. J. Med.
Chem. 2003, 46, 3581.


20. Kasuga, J.; Hashimoto, Y.; Miyachi, H. Bioorg. Med.
Chem. Lett. 2006, 16, 771.


21. Nolte, R. T.; Wisely, G. B.; Westin, S.; Cobb, J. E.;
Lambert, M. H.; Kurokawa, R.; Rosenfeld, M. G.; Willson,
T. M.; Glass, C. K.; Milburn, M. V. Nature 1998, 395, 137.


22. DPPK-01 (15): MS m/z 456 (M)+. 1H NMR (500 MHz,
CDCl3/d) (diastereomeric mixture) 6.93 (m, 2H), 6.87 (m,

2H), 6.54 (m, 2H), 4.58 (m, 2H), 2.23 (m, 6H), 2.0 (m, 8H),
1.11 (m, 6H), 0.58 (m, 6H). HRMS (FAB, M+) calcd. for
C27H36O6, 456.2512, found 456.2509.


23. DPHK-01 (16): MS m/z 468 (M)+. 1H NMR (500 MHz,
CDCl3/d) (diastereomeric mixture): 7.06 (m, 2H), 6.95 (m,
2H), 6.58 (m, 2H), 4.58 (m, 2H), 2.24 (m, 6H), 2.17 (m,
4H), 2.02 (m, 4H), 1.47 (m, 6H), 1.09 (m, 6H). HRMS
(FAB, M+) calcd. for C28H36O6, 468.2512, found
468.2541.


24. Hashimoto, Y. Mini-Rev. Med. Chem. 2002, 2, 543.
25. Sagi, T.; Kagechika, H.; Fukasawa, H.; Hashimoto, Y.;


Shudo, K. Chem. Pharm. Bull. 1996, 44, 1273.





		Diphenylmethane skeleton as a multi-template for nuclear receptor ligands: Preparation of FXR and PPAR ligands

		Acknowledgments

		References and notes








Bioorganic & Medicinal Chemistry Letters 16 (2006) 3096–3100

Synthesis and SAR of a-sulfonylcarboxylic acids as potent matrix
metalloproteinase inhibitors


Yue-Mei Zhang,* Xiaodong Fan, Bangping Xiang, Devraj Chakravarty,
Robert Scannevin, Sharon Burke, Prabha Karnachi, Kenneth Rhodes and Paul Jackson


Drug Discovery, Johnson & Johnson Pharmaceutical Research and Development, 1000 Route 202, Raritan, NJ 08869, USA


Received 16 February 2006; revised 20 March 2006; accepted 21 March 2006

Abstract—A series of novel carboxylic acid-based a-sulfone MMP inhibitors have been synthesized and the in vitro enzyme SAR is
discussed. A potential binding mode in the active site of the MMP-9 homology model was highlighted. These compounds are potent
MMP-9 inhibitors and are selective over MMP-1.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Selected MMPIs.

The wide variety of matrix metalloproteinases (MMPs)
normally participate in many different homeostatic tis-
sue remodeling events. The over-expression of MMP
activities has been shown to play a negative role in a
variety of disease states, such as oncology,1a rheumatoid
arthritis,1b cardiovascular diseases,1c and neurological
disorders.1d Therefore, design and synthesis of potent,
small molecule MMP inhibitors (MMPIs) has been an
area of intense focus in medicinal chemistry.


To date the hydroxamate-based compounds have
attracted the most interest due to their high in vitro
potency. With the disclosure of the spiro-b-sulfone
hydroxamate 1 as a clinical candidate, reports of a series
of hydroxamate-based a-sulfone MMPIs have fol-
lowed,2,3 exemplified by structure 2 (Fig. 1).3 The en-
zyme profile and ADME properties of the a-sulfone
hydroxamates were reported to be superior to the b-sul-
fone series.3 Nevertheless, it has been suggested that the
poor pharmacokinetic (PK) profiles of the hydroxamate
inhibitors may be associated with in vivo toxicity.4 The
carboxylic acids, the precursors of the hydroxamates,
have been shown to demonstrate more favorable PK
properties.4 However, the simple replacement of
hydroxamate by carboxylic acid as zinc-binding group
(ZBG) causes 100- to 2000-fold loss in potency.5 More-
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over, high serum protein binding is typically suffered by
carboxylic acid MMPIs.6 A representative carboxylic
acid MMPI is tanomastat (3) with moderate MMP
activities (Fig. 1).


Our program has focused on the discovery of potent and
selective MMPIs. Here, we disclose a novel family of
carboxylic acid-based a-sulfone inhibitors 4 with excel-
lent enzyme potency and good selectivity over MMP-
1. We will describe the enzyme SAR and highlight a
potential binding mode with S01 interaction in the MMP-
9 homology model. The impact of the a-substitution of
4 on the MMP inhibitory activities will also be discussed.


O


HO


O2
S


R1


X


R2


R3


4 X = bond, O,


N



mailto:xufangymz@yahoo.com





O


ButO
Br


R1


a
O


ButO
S


R1


Br(F)
b,c


O


ButO
S


R1


Br(F)


R2


d,e
O


HO
S


R1


X


R2


R3
5 6


7 4


(O)n
(O)n


n = 1,2


O


HO
S


OO
Cl


N
N


O


O


R1 =


f


when R2=H, R3=Cl


O


4f


Scheme 1. Reagents and conditions: (a) HSPh(4-Br or -F), TEA,


CH2Cl2; (b) OXONE�, MeOH/THF (1:1); (c) R2Br, K2CO3, 18-


crown-6(cat.), acetone, reflux; (d) i—when X = bond, (4-


R3)PhB(OH)2, 5 mol% Pd(PPh3)4, Na2CO3 (2 M), toluene, 90 �C;


ii—when X = acetylenyl, H– „ –Ph(4-R3), 5 mol% CuI, 5 mol%


Pd(PPh3)2Cl2, TEA, 60 �C; iii—when X = O, (4-R3)PhOH, K2CO3,


DMA, 90 �C; iv—when X = –NR 0R00–, HNR 0R00-Ph(4-R3), K2CO3,


O
Br


O
a


O
S


O


Br


b, c O
S


O


Br


R2


O


O2
S


O


Br


R2


d,e


OTs


HO


O2
S


O


Cl


f


8 9 10


11 12a Z = CO
12b Z = CH2R2 = H


O


O2
S


O


Cl


f, g


13


HO


O2
S


O


Cl
14


SPh


i, h


HN
Z


Z


g, h
N
Z


Z


R2 R2


HO


R2 =CH3


Scheme 2. Reagents and conditions: (a) HSPh(4-Br), TEA, CH2Cl2;


(b) NaOH (1.0 equiv), DMF/H2O (4:1); (c) MeI (1.5 equiv), NaHCO3


(1.0 equiv), 18-crown-6 (0.1 equiv); (d) TsCl, TEA, CH2Cl2; (e)


m-CPBA, CH2Cl2; (f) K2CO3, DMF; (g) (4-Cl)PhB(OH)2, 5 mol%


Pd(PPh3)4, Na2CO3 (2 M), toluene, 90 �C; (h) 12a: 0.5 N HCl/AcOH


(1:1), 100 �C; 12b: aq LiOH, THF/MeOH; i—PhSH, NaOMe, toluene,


90 �C.


Y.-M. Zhang et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3096–3100 3097

DMF, 90 �C; (e) TFA/CH2Cl2 (1:2); (f) Zn/HgCl2, concd HCl, reflux.

The carboxylic acid 4 was synthesized as shown in
Scheme 1. Reaction of a-bromo tert-butyl ester 57 with
thiophenols gave sulfide 6. Oxidation of 6 with OX-
ONE� followed by alkylation at the acidic a-carbon
with halides gave sulfone 7 (n = 2). a-Sulfinyl analogs
7 (n = 1) may be obtained by controlling the reaction
time and equivalents of OXONE� used. Manipulation
of aryl bromide or fluoride of 7 via various chemical
transformations such as Suzuki coupling, Sonagishiro
reaction, and simple displacement of fluorine with phe-
nols or amines, followed by TFA deprotection of Boc,
yielded a variety of carboxylic acids 4. Further reduction
of phthalimide 4 according to Hall’s procedure8 gave
phthalimidine 4f.


To rapidly explore the SAR of a-substitutions of 4, an
alternative synthesis from a-bromo lactone 8 was pur-
sued which is outlined in Scheme 2. Displacement of
the bromide 8 with 4-bromothiophenol gave 9. The
attempts of trans-esterification of lactone 9 into methyl

Table 1. In vitro IC50 and SAR of a-substitution of compounds 4


O


HO


O2
S


R1 R2


Cl
HO


Compound R1


4a –(CH2)2CH3


14 –(CH2)2SPh


4b –CH2Phth


4c –(CH2)2Phth


4d (HOHNOC–) –(CH2)2Phth


4e –(CH2)3Phth


4f See Scheme 1


12a –(CH2)2Phth


12b See Scheme 2


a IC50 (nM) the average value of at least two experiments.

ester 10 failed under various conditions. Finally, hydro-
lysis and alkylation with methyl iodide in one-pot reac-
tion furnished 10. Tosylation of 10 and subsequent
oxidation gave 11. The reaction of 11 with various
nucleophiles, followed by Suzuki coupling and hydroly-
sis, yielded 12 (exemplified by 12a and 12b). a-Spiro sul-
fone 13 was obtained from 11 by base-promoted
intramolecular cyclization. Further manipulation of
electron-deficient cyclopropane 13 via Michael-type
addition followed by hydrolysis gave the ring-opened
product 14.


Initially, as we fixed the P01 moiety as a linear 4-chloro
biaryl group, a series of a-sulfonylcarboxylic acids with
diverse a-side chains were synthesized and their inhibito-
ry activities were examined against MMP-2 and MMP-9
(Table 1). All compounds in Table 1 demonstrated mod-
erate to potent activity against MMP-2. However, an
amide or phthalimide side chain seems critical for
MMP-9 inhibitory activity. Simple hydrophobic side
chains (4a and 14) gave no MMP-9 activity. Compounds
12a and 12b were compared, the absence of a carbonyl
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Figure 2. Compound 4r docked in homology model of MMP-9.
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functionality on 12b resulted in no inhibition of MMP-
9. Phthalimidine 4f gave an IC50 of 8.6 nM on MMP-2
and about 7-fold loss of MMP-9 inhibition compared
to 4c. This observation was consistent with the reported
work on b-sulfone hydroxamate inhibitors.9 The length
of the side chain was also important. The optimal ethyl
phthalimido derivative 4c was over 150-fold more po-
tent than the propyl homolog 4e and 75-fold more than
methyl analog 4b. Fully a-substituted 12a gave 8-fold
less potency against MMP-9 and about 30-fold less
against MMP-2 than 4c. This is in contrast to SAR ob-
served on the reported a-sulfone hydroxamate MMPI.2


Interestingly, different from previously reported a- and
b-sulfone hydroxamate series,2,3,9,10 there was only a
10-fold potency loss on MMP-9 and a 3-fold loss on
MMP-2 by replacing the hydroxamate ZBG (4d) with
the carboxylic acid (4c). This suggested that the novel
a-sulfonylcarboxylic acid scafold provides optimal inter-
actions with enzyme subsites and therefore compensates
for the loss of potent bidentate bindings with zinc cation
and hydrogen bond interactions with the enzyme back-
bones offered by hydroxamates.


Since an ethyl phthalimido group proved to be the most
favorable P1/P2 substituent and thus was chosen as the
benchmark, we turned our attention to SAR of the P01
substituent. A series of P01 modifications were performed
and the results of in vitro MMP-2/-9 inhibitions are
shown in Table 2. It appeared that at least one oxygen
on the sulfur of 4 is required for better interaction with

Table 2. MMP IC50 and SAR of P01 group of compounds 4


Compounda X R


4c (4-Cl)Ph


4g (4-OMe)


4h (4-CN)P


4i (4-Me)P


4j (4-SMe)P


4k (4-iPr)Ph


41 (4-F)Ph–


4m (4-CF3)P


4n11


HN


N


4o O (4-OCF3


4p N (4-Cl)Ph


4q (4-CN)P


4r (4-Me)P


4r 0 (n = l) (4-Me)P


4r00 (n = 0) (4-Me)P


4s (4-Et)Ph


4t (4-nPr)Ph


4u (4-nBu)P


4v (4-iPr)Ph


4w (4-OCF3


4x (4-Cl)Ph


4y (3-OMe)


4z12 O (4-OMe)


a n = 2 for all compounds except indicated otherwise. 4r 0 is a diastereomer m
b IC50 (nM) the average value of at least two determinations.

the enzyme backbone. The IC50 on MMP-9 for 4r 0 (dia-
stereomer mixture) was improved to 1.4 nM, 22-fold
more potent than 4r00, however, an additional oxygen
of 4r gave only slight improvement. The linear, rigid
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Table 3. IC50
a values against selected MMPs of 4n and 4r


Compound MMP-1 MMP-2 MMP-3 MMP-9 MMP-13


4n >1000 0.7 34 1.8 0.8


4r >1000 0.7 28 0.5 1.4


a IC50 (nM) value of single determination.


Table 4. Pharmacokinetic parametersa of 4c and 4d in rats and in vitro metabolism


Compound C0
b (lM) T1/2


b (h) AUCb (lg-h/mL) Vss
b (L/kg) CLb (mL/min/kg) HLMc T1/2 (min)


4c 41.4 1.4 18.23 0.4 0.6 230


4d 13.9 0.98 2.94 0.1 2.9 12


a Mean value of four animals (rat) at 0.5 mg/kg iv dose.
b C0: concentration at T = 0; T1/2, apparent elimination half-life; AUC, area under the concentration-time curve; Vss, volume of distribution at steady


state; CL, systemic clearance.
c Human liver microsome.
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P01 groups such as biaryl or biaryl acetylenyl groups were
preferred. More flexible linkers between two phenyl
groups of P01 resulted in loss of activity against MMP-
9 (4o, 4p, 4q, and 4z). The para-substitution on the ter-
minal phenyl was preferred over substitution at the
meta-position, 3 0-OMe compound 4y gave an IC50 value
of 25 nM for MMP-9. Generally, hydrophobic, electron-
donating substitutions on the terminal phenyl increased
MMP potencies, for example, 4 0-SMe on 4j gave an IC50


value of 0.96 nM for MMP-9 and 0.74 nM for MMP-2.
Polar, electron-withdrawing groups (EWG) such as –
CN (4h), –F (4l), and –CF3 (4m) shifted IC50 values to
double-digit nanomolar range. However, compound
4n, even with an EWG, fluorine, still gave excellent
potency, illustrating benzoimidazole as an effective P01
group. Longer biaryl acetylenyl groups as P01 moiety
were shown to be superior to biaryl groups for MMP-
9 inhibition, although MMP-2 inhibitory activity was
unchanged. Further variations on the terminal acetyle-
nyl phenyl substitution were focused on hydrophobic,
electron-rich groups based on the SAR of the biaryl P01
series. The MMP-2 inhibitory activities of compounds
4r–4x were insensitive to the length of the para-substit-
uents. However, the methyl (4r) or ethyl (4s) derivatives
have reached the maximal activities against MMP-9.
The further elongation of the para-substitution leads
to significant increase of the IC50 values of MMP-9.
These results agreed with the same SAR trend of P01 as
the previously reported sulfonamide MMP inhibitors13


and suggest a rigid, hydrophobic S01 subsite with a floor-
board at the bottom for MMP-9 and a tunnel-like S01
subsite with an open bottom for MMP-2.


The binding mode of compound 4r was proposed based
on docking the molecule into a homology model of
MMP-9 (Fig. 2). The modeling indicates that a linear
biaryl acetylenyl group well fits into the S01 pocket and
the a-sulfonyl function forms a hydrogen bond interac-
tion with Ala 189. The phthalimido side chain is located
between the S1 and S2 pockets, and one of the carbonyls
may form a hydrogen bond interaction with Ala 191.
This may rationalize that an amide or imide side chain
is critical for the maintenance of the activity. To our sur-
prise, the modeling of 12b (not shown here) indicated
that the a-sulfonyl group no longer had any interactions
with Ala 189 and the biaryl group does not fit well into

the S01 pocket. This may contribute to the loss in activity
against MMP-9 for 12b.


The selectivity across several MMPs of the represen-
tative compounds is summarized in Table 3. As
expected, 4n and 4r showed high selectivity over
MMP-1, which has a shallow S01 subsite, and moder-
ate selectivity for MMP-9 vs. MMP-3 (20- to 50-
fold). The compounds 4n and 4r are also potent
MMP-13 inhibitors.


The pharmacokinetics of carboxylic acid 4c and its
hydroxamate analog 4d in rats are evaluated in Table
4. Human liver microsomes (HLM) were also used to
predict metabolic stability. Both the AUC and C0 were
improved for carboxylic acid 4c.


In summary, we have prepared a series of a-sulfone car-
boxylic acid inhibitors that are potent against MMP-2/-
9 and selective over MMP-1. The SAR of both P01 and
P1/P2 has shown that a straight, hydrophobic P01 group
with the optimal length is preferred and an amido- or
imido-type group is critical for MMP-9 inhibitory activ-
ity. The carboxylic acid series exhibits enhanced PK
properties in rats compared to its hydroxamate analog.
However, the protein binding data with highly lipophilic
compounds such as 4r, 4s, and 4x are greater than 99%,
indicating that these carboxylic acids are highly protein
bound in the blood and therefore faced a hurdle for fur-
ther development. We are continuing to optimize P1/P2


group of the carboxylate inhibitors to minimize the high
protein binding issue and hope to report the results in
due course.
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Abstract—We report the design, semisynthesis, and biological activity of a series of fredericamycin (1) derivatives. Within this series
compound 1e combines low nanomolar cytotoxic potency in vitro, increased tumor cell line selectivity, and in vivo activity in a
human xenograft model.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Fredericamycin A (1).

Despite the recent successes of targeted antitumor ther-
apies, the more classic cytotoxic compounds either alone
or in combination with other compound classes are still
an important element of today’s therapies and represent
a valuable component of the antitumor product portfo-
lio of modern pharmaceutical industry. The natural
product fredericamycin A (1, FMA, Fig. 1) is a cytotox-
ic antitumor lead compound with interesting properties,
which never reached clinical development. This was
probably due to limited accessibility of sufficient quanti-
ties for lead optimization and a general trend away from
natural products in the 1990s.


FMA is a structurally unique1 antitumor antibiotic
which was isolated from the fermentation broth of a
Streptomyces griseus strain.2 It is active in vitro against
fungi, gram-positive bacteria, and tumor cell lines, and
shows in vivo activity against P388 leukemia, CD8F
mammary, and DU-145 prostate tumor xenografts in
mice.3 FMA is a low micromolar inhibitor of both topoi-
somerases I and II, and inhibits the peptidyl-prolyl cis–
trans isomerase Pin1 with a Ki of 0.82 lM.4,3b The
unprecedented architecture along with the biological
activity of FMA gave rise to numerous efforts toward
the total synthesis of racemic5 as well as of enantiopure
(S)-1.6 Nevertheless, there are few reports of synthetic
approaches being utilized for the generation of FMA

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2006.03.029


Keywords: Fredericamycin; Antitumor; Spiro quinone; Natural prod-


uct; Semisynthesis.
* Corresponding author. Tel.: +49 6221 8204 0; fax: +49 6221 8204


50; e-mail: fhansske@hd.discoverypartners.com

analogues and to establish a structure–activity relation-
ship (SAR). Kelly et al., for example, used their total syn-
thesis approach to produce fredericamycin derivatives
exhibiting antiproliferative activity.7 A series of deriva-
tives was generated starting from a synthetic quinone
precursor lacking the F-ring. Introducing various substi-
tuted amines into the A-ring yielded compounds with
IC50s ranging from 30 to 60 ng/mL in a microdilution as-
say using six different tumor cell lines. A set of 63 A-ring
modified derivatives was produced by reacting synthetic
fredericamycin (1) with a diverse set of primary and
secondary amines. However, no biological activity was
given for this series. Kouichi et al. published the acyla-
tion of B/E/F-ring hydroxy groups as well as the hydro-
genation of the F-ring pentadiene sidechain starting from
fermentation derived fredericamycin (1) resulting in
derivatives with an improved antibacterial activity.8
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Herein we describe a semisynthetic strategy aiming at
FMA derivatives with improved potency and tumor
selectivity.9 Since only limited SAR was available from
literature data, the design of derivatives was initially
driven by chemical feasibility and for some of the com-
pounds by the overall goal to introduce polar and small
pharmacophoric substituents to increase polarity and
solubility. Iterative synthetic and testing cycles resulted
in the compounds described below.


Multigram quantities of pure 1 could be obtained using
an optimized process for the isolation and purification
from the fermentation broth of Streptomyces griseus
strain ATCC49344 mutants without the need for chro-
matographic purification steps.10


Initially, we focused on E- and F-ring modifications of
the western portion and envisaged to degrade the F-ring
diene sidechain to an aldehyde functionality in order to
lower molecular weight and to gain a reactive and versa-
tile functional group for subsequent synthetic transfor-
mations. Bis-dihydroxylation of the pentadiene
sidechain of 1 resulted in the formation of tetrahydroxy-
lated FMA (2) in 87% yield,11 which was then success-
fully subjected to diole cleavage using sodium
periodate in a mixture of dichloromethane, methanol,
and water to generate aldehyde 3a (Scheme 1). When
wet DMSO was used as a solvent for periodate cleavage,
we observed the formation of iodinated side-products in
LC–MS. This led us to investigate phenolic halogena-
tion using various halogen sources despite being aware
that E-ring halogenation would not necessarily increase
product polarity and solubility. Conversion of 1 was
easily achieved using either Selectfluor� or halosuccini-
mides yielding E-ring halogenated products 1b to 1e.


We attempted to synthesize various E-ring halogenated
aldehydes as building blocks for compounds combining
E-ring halogenation with replacements of the F-ring
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Scheme 1. E- and F-ring modifications. Reagents: (a) NMO, OsO4,


DCM, MeOH, H2O, 87% from 1, 75% from 1c; (b) NaIO4, DMF,


H2O, 100% yield for 3a, 90% yield for 3c; (c) for X = F: Selectfluor�,


DMF, 14% yield for 1b; for X = Cl: NCS, DMF, 30% yield for 1c; for


X = Br: NBS, DMF, 32% yield for 1d; for X = I: NIS, DMF, 17% yield


for 1e; (d) Br2, DMF, 83% yield.

pentadiene sidechain. Direct halogenation of frederica-
mycin-aldehyde 3a was successful when using bromine
in DMF to give bromo-aldehyde product 3d, whereas
treatment of 3a with N-chlorosuccinimide led to decom-
position of starting material. Nevertheless, chloro-
aldehyde 3c was finally accessible from chloro-frederica-
mycin 1c by bis-dihydroxylation and subsequent diole
cleavage. We then started to search for chemoselective
conversions of the aldehyde group of halogenated and
unhalogenated FMA derivatives leading to derivatives
having the FMA pentadiene sidechain replaced by more
polar substituents. Treatment of bromo-aldehyde 3d
with a slight excess of various commercially available
hydrazines or O-alkylhydroxylamines under acidic con-
ditions led to the formation of hydrazones and oximes
as exemplified by compounds 4–7 (Scheme 2). Clean
conversions were observed in all cases and unreacted re-
agent and/or starting material could be easily removed
using Wang-aldehyde polystyrene and sulfonylhydraz-
ide polystyrene scavenger resin to give products that
were typically >95% pure by LC–MS.


We then envisaged to introduce F-ring sidechain thiaz-
oles which were thought to be accessible by a short
chemoselective synthesis sequence and would eventually
undergo additional interactions with the biochemical
target. Wittig–Horner olefination toward F-ring bute-
none 8 was achieved by treating aldehyde 3a with diethyl
2-oxopropylphosphonate and excess tetramethylguani-
dine as a base. When 8 was subsequently treated with
bromine, bromination of phenolic E-ring as well as of
the terminal methyl group occurred. The intermediate
a-bromoketone was further converted into thiazole-
substituted bromo-fredericamycines 9–11 by reaction
with substituted or unsubstituted thioamides.


Inspired by Kelly’s work,7 we then started replacing the
A-ring methoxy group of FMA (1) and the more potent
bromo-FMA (1d) by nucleophiles such as primary and
secondary amines and by alcohols. This might eventual-
ly lead to compounds with increased potency and/or an
increased stability toward biogenic nucleophiles in vivo.
A-ring modifications were possible by exchanging the
methoxy group with alcohols (compounds 15 and 18)
or amines (compounds 12–14, 16, and 17) as outlined
in Scheme 3. Conversion with amines proceeded
smoothly at room temperature in DMF whereas reac-
tion with alcohols required the use of excess reagent, ele-
vated temperatures, and prolonged reaction times.


Attempts to purify synthesis products by either flash
chromatography on silica gel or by preparative RP-
HPLC resulted in generally low recovery rates. Howev-
er, we found column chromatography using Sephadex�


LH-20 gel (Amersham) and dichloromethane–methanol
mixtures as eluent to be the method of choice if purifica-
tion was required.


Fredericamycin A (1) inhibits topoisomerases and
Pin1 with low micromolar activity.4,3b The published
data however do not provide clear evidence that the
observed antitumor activity is caused by topoisomer-
ase or Pin1 inhibition. Other targets may contribute
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Table 1. Cytotoxic activity of FMA derivatives


Compound Inhibitiona


(%)


Mean IC70
b


(nM)


Differential


cytotoxicityc (fold)


Paclitaxel ndd 0.7 7847


Camptothecin nd 8.6 199


Adriamycin 91 39 894


1 82 517 14


1b 91 20 104


1c 91 14 98


1d 92 8.1 100


1e 93 11 837


2 85 186 53


3a 31 nd nd


3c 25 nd nd


3d 42 nd nd


4 73 658 9


5 91 74 47


6 91 50 15


7 88 101 24


8 59 nd nd


9 85 124 12


10 77 612 7


11 83 512 14


12 98 77 153


13 91 634 21


14 96 306 18


15 94 1019 3


16 97 96 104


17 94 302 20


18 97 160 17


a Inhibition: mean inhibition of cell viability of the 10 cell lines at 1


lg/mL.
b Mean IC70: cytotoxic potency expressed as mean of the IC70s of the


12 cell lines tested.
c Differential cytotoxicity: calculated as the fold difference in IC70


between the least sensitive and the most sensitive cell line.
d nd, not determined.
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to the antitumor effect of fredericamycin A (1) and
its derivatives. We therefore based the evaluation of
the antitumor properties on in vitro cell viability as-
says using a panel of 10–12 human tumor cell lines
and two main parameters: cytotoxic potency and dif-
ferential cytotoxicity. Potency was expressed as mean
of the IC70s of each cell line tested (mean IC70). Dif-
ferential cytotoxicity was calculated as the fold differ-
ence in IC70 between the least sensitive and the most
sensitive cell line. A selective antitumor compound
should display preferential killing of certain cell
types. An unspecific membrane disruptor, for exam-
ple, would kill all cells, whereas a compound target-
ing a certain tumorigenic pathway would show
preferential cytotoxic activity against cell lines, which
depend on the respective pathway. A high differential

cytotoxicity in a tumor cell line panel is therefore
indicative of tumor selectivity and represents an effi-
cient strategy of evaluating the antitumor potential
of compound sets in vitro.
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Cytotoxic activity12 of the derivatives was initially
evaluated in a panel of 10 tumor cell lines13 at a fixed
compound concentration of 1 lg/mL (Table 1).
Compounds exhibiting an inhibition of >70% (mean
of the inhibition values of all cell lines) at 1 lg/mL
were subjected to dose–response studies using a slightly
broader cell line panel14 and the cytotoxic potency
(mean IC70) and differential cytotoxicity values were
determined (Table 1).


Halogenation of the E-ring resulted in considerably en-
hanced potency in the low nM range (1b, 1c, 1d, and 1e).
Selectivity increased with the size of the substituent
(H < F � Cl � Br < I).


Replacement of the F-ring pentadiene with an aldehyde
group resulted in drastically reduced potency
(compounds 3a, 3c, and 3d). Other F-ring replacements
containing polar groups, such as a hydrazide (4) or a
carbonyl (8) reduced potency as well.


Replacement of the A-ring methoxy group by a
morpholine group (12) was favorable with respect to
selectivity and potency. Other A-ring amines (13, 14,
and 15) showed similar potency and selectivity com-
pared to fredericamycin (1). The A-ring vinylogous ester
(Michael system) may react covalently with biogenic
nucleophiles. Similar or increased potency of the amines
(12–15) with reduced reactivity of the Michael system
compared to 1 suggests that fredericamycin’s cytotoxic

Figure 2. In vitro cytotoxic potency (IC70) and differential cytotoxicity of FM


as described in the text. Mean IC70 is plotted against differential cytotoxicit


paclitaxel (Tax, open square), camptothecin (Cam, open square), adriamycin

activity is not the result of such a covalent reaction with
a potential target.


Additional work and the identification of molecular tar-
gets of fredericamycin (1) would be required to decide
whether the new functionalities effect potency and selec-
tivity by changes in cellular permeation, stability, and/or
interaction with the target.


Figure 2 summarizes the cellular data and compares the
cytotoxic potency and the differential cytotoxicity of the
novel derivatives with fredericamycin (1) and reference
compounds. Compound 1e is outstanding due to its high
potency of 11 nM and a differential cytotoxicity of 837-
fold compared to fredericamycin (1) with 517 nM and
14-fold, respectively. Other compounds showing consid-
erable improvements are the E-ring halogens 1b, 1c, and
1d, the A-ring amines 12 and 16, and the oxime 5.


Figure 3 visualizes the cellular activity of fredericamycin
(1) and two halogenated derivatives (1d and 1e) as mean
graphs and demonstrates the improvement in differential
cytotoxicity and tumor cell selectivity. Both compounds
show pronounced activity against the breast cancer cell
line MCF7 and the uterus cancer cell line 1138L. Com-
pounds 1d and 1e show similar patterns of cytotoxicity
in the cell line panel indicating a similar mode of action.


Based on the available data derivatives 1d and 1e are
excellent candidates for follow-up testing in in vivo tu-

A derivatives. Cell viability and the plotted parameters were determined


y for the lead compound (1, black triangle), the reference compounds


(Adr, open square), and the fredericamycin derivatives (gray circles).
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Figure 3. Cellular activity of FMA (1) and the halogenated derivatives


1d and 1e. Cell viability was determined as described in the text.


Variations of individual IC70s from the mean IC70 value are plotted as


bars on a logarithmic scale. Each bar represents the median of 3–4


(22RV1:2) individual experiments. The mean IC70 (517 nM for 1,


8.1 nM for 1d, and 11 nM for 1e) was set to 1. Bars to the left represent


lower IC70s, bars to the right higher IC70s compared to the mean.


Human tumor cell line panel: non-small cell lung: H460, 526L, 629L,


529L; breast: MCF7, 401NL; melanoma: 462NL, 514L; prostate


22RV1, PC3M; renal: 486L, 944L; uterus: 1138L.


0


500


1000


1500


2000


2500


0 5 10 15


Days after Randomization


R
el


at
iv


e 
Tu


m
or


 V
ol


um
e 


(%
)


80


85


90


95


100


105


110


115


120


125


130


0 5 10 15


Days after Randomization


R
el


at
iv


e 
B


od
y 


W
ei


gh
t (


%
)


A


B


Figure 4. In vivo antitumor activity of derivative 1e in a human uterine


cancer (UXF 1138) xenograft in nude mice. Tumor fragments of about


20 mg were implanted subcutaneously in both flanks of athymic nude


mice. Mice were randomly assigned to the treatment and control group


with 4–6 mice in each group. The compound was administered ip


(3 mL/kg in pure DMSO) at a dose of 0.15 mg/kg/day at days 0–4.


Animal weights and tumor diameters were measured twice weekly and


tumor volumes calculated. (A) Relative tumor volume, control: black


squares, treated: black triangles. (B) Relative body weight, control:


black squares, treated: black triangles. Experiments were performed by


Oncotest GmbH, Freiburg, Germany.
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mor xenograft models. At this stage we decided to select
compound 1e for a proof-of-concept experiment in a hu-
man xenograft model in nude mice using the human
uterine cancer cell line UXF 1138.


The maximum tolerated dose (MTD) was determined in
tumor-free nude mice (data not shown). Compound 1e
was toxic at doses of 3 and 1 mg/kg/day. A dose of
0.3 mg/kg/day given on days 0, 4, and 8 resulted in a
body weight change of �11% and was considered as

the MTD. A dose below the MTD of 0.15 mg/kg/day
was chosen for the xenograft experiments. 1e at
0.15 mg/kg/day given on days 0, 4, and 8 was well toler-
ated but not effective (data not shown). Given instead on
five consecutive days (0–4) compound 1e produced an
antitumor effect with a maximum T/C value (tested
group relative to control group) of 51% at day 7
(Fig. 4A). 1e was well tolerated and resulted only in a
slight loss of body weight (�3.1% at day 7, Fig. 4B).
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These first in vivo results are promising but need to be
extended to additional FMA derivatives, other tumor
cell lines, extended dosing, and optimized administra-
tion routes.


In summary, starting from natural fredericamycin (1), a
variety of semisynthetic derivatives have been synthe-
sized with modifications of A- and E-rings and of the
F-ring pentadiene sidechain. This resulted in com-
pounds with increased, low nanomolar cytotoxic activity
in vitro, and increased tumor selectivity. A first set of
in vivo experiments revealed promising antitumor activ-
ity in an uterine xenograft model.


The results exemplify the power of semisynthetic natural
product derivatization for the optimization of natural
product drug leads.

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bmcl.2006.
03.029.
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A ratiometric fluorescent sensor for Zn2+ based on internal
charge transfer (ICT)
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Abstract—A ratiometric fluorescent chemosensor 5 was designed and synthesized based on internal charge transfer (ICT). The indi-
cator absorbs and emits light in the visible wavelength range. In acetonitrile, blue shifts in fluorescent emission upon zinc binding are
due to the formation of a 1:2 metal/ligand complex, which induced a fluorescent emission at 616 nm at the expense of the fluorescent
emission at 672 nm.
� 2006 Elsevier Ltd. All rights reserved.

The zinc ion is the second most abundant heavy metal
ion1 and well known to play an important role in cellu-
lar events including structural co-factors, regulator of
enzymes, DNA binding, catalytic centers, and neuronal
signal transmission.2 However, zinc is a metal pollutant
of the environment. Too much zinc may reduce the soil
microbial activity causing phytotoxic effects3 and it is a
common contaminant in agricultural and food wastes.4


Therefore, the detection of trace amounts of Zn2+ is a sig-
nificant issue in environmental and biological analysis.
A milestone in the development of chemosensor for
Zn2+ was 6-methoxy-8-p-toluenesulfonamidoquinoline
(TQS) which was first applied to detect Zn2+ in 1987.5


However, the excitation wavelength of TQS and its
derivatives was not in an optimal UV range.6 Long-
wavelength absorption and emission may be more useful
for significantly reducing background absorption, fluo-
rescence, and light scattering.7


The internal charge transfer (ICT) mechanism has been
successfully utilized in chemosensors. The ratiometric
technique has seen a widespread use in biological, poly-
meric, and sensory materials chemistry. The significant
advantages of this technique include reduced artifacts,8


increased precision,8 and dynamic range,9 with a built-
in correction for environmental effects.9 Consequently,
the development of ratiometric Zn2+ chemosensors10,8,11
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has emerged as an important area of molecular design
and synthesis.


Dipyrrin moieties (Fig. 1) have provided the basis for
the boron-dipyrrin dyes,12 which have been widely used
as fluorescent labels.13,14,7,15–17 Free base dipyrrins have
also reacted with a wide range of metal salts to form the
corresponding bis(dipyrrinato)metal(II) or tris(dipyrri-
nato)metal(III) complexes.18 Hans Fischer et al.19 have
found that dipyrrins can form stable complexes with
divalent metal ions, opening dipyrrins up to exploitation
as metal chemosensors. Variation of the size of substit-
uents (R3) at the 5,5 0 positions on dipyrrin 1 resulted
in different configurations on formation of the metal
complex, due to varying amounts of steric repulsion.20,21


Thus, the increasing size of substituents at 5,5 0 positions
may result in a significant enhancement of selectivity for
one cation. For example, 2 with 5, 5 0 substituents as
thiomethoxy groups was studied and did not afford
the corresponding bis(dipyrrinato)zinc complex.22


We designed chemosensor 5 which has incorporated
dipyrrin as an electron-donating domain and the
hydroxyl group of the 8-hydroxyquinoline (8-HQ) moi-
ety as an electron-withdrawing domain. Compound 5
was easily synthesized (Scheme 1) by condensation of
8-HQ-2- carbaldehyde and 4.23 Although 8-HQ has been
widely used as ionophores for metal recognition,23–31 3
does not have a high binding affinity for Zn2+.23


We anticipated that the dipyrrin moiety of 5 would
selectively bind Zn2+. Furthermore, we expected that
capture of Zn2+ by the dipyrrin would reduce the dipyr-
rin electron-donating ability and measurably influence
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Figure 1. Dipyrrin based compounds.
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the emission properties. Chemosensor 5 has an absorp-
tion wavelength at 580 nm and an emission wavelength
at 672 nm. Both absorption and emission wavelengths
are in the visible region. Indeed, 5 in the presence
of Zn2+ showed a 56 nm blue shift of fluorescence
emission.


Fluorescence emission was monitored to determine the
sensitivity of the 5 toward Zn2+ (Fig. 2). An acetonitrile
solution of 5 (5 lM) was titrated with Zn2+. Free 5 dis-
plays a band with maximum at 672 nm. With increasing
concentration of Zn2+, a decrease in fluorescence emis-
sion at 672 nm was observed, whilst the emission inten-
sity at 616 nm increased. An isoemission point was also
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Figure 2. Fluorescence emission spectra of 5 in an acetonitrile solution


in the presence of different concentrations of Zn2+ (0, 2.5, 5, 10, 20, 50,


100, 200, 300, 400, and 500 lM). Excitation wavelength was 550 nm.


Emission wavelengths were 616 (which increased in intensity with


concentration) and 672 nm (which decreased in intensity with concen-


tration). The concentration of 5 was 5 lM.

observed at 635 nm. These data are consistent with a 1:2
Zn2+:5 complex.


Figure 3 shows the dependence of emission intensity ra-
tios between 616 nm and 672 nm on the concentration of
Zn2+. Relatively low concentrations of Zn2+ (2.5, 5, and
10 lM) only slightly quenched the emission intensity
and I616/I672 remained unchanged at 0.14. With a
20 lM concentration of Zn2+ a clear new peak centered
at 616 nm was observed and I616/I672 increased to 0.27.


The selectivity of 5 was examined in an acetonitrile solu-
tion by titration of 5 with various metal ions (Fig. 4).
The titration of Na+, K+, and Ca2+ did not affect the
emission intensity, and Ni2+, Mg2+, Cd2+, and Co2+ gen-
erated a 34%, 37%, 40%, and 43% quench of emission
intensity, respectively. Since 3 showed no sensitivity to

0


0.5


1


1.5


2


2.5


3


3.5


0 100 200 300 400 500


Concentration of Zn
2+


(μμμμ M)


I 6
16


/ I
67


2


Figure 3. The plot of the fluorescence intensity ratio between 616 and


672 nm (I616/I672).
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Ni2+, Mg2+, Cd2+ and Co2+,23 the emission intensities
were diminished due to their low affinity for the dipyrrin
moiety of 5 which has large size of substituents at the
a,a 0 positions on dipyrrin moiety. In contrast to other
metals, Cu2+ (50 lM) reduced emission (55%) to a sim-
ilar degree as Zn2+ at the same concentration at 672 nm.
However, no blue shift was observed in the Cu2+ bind-
ing experiment. This may be due to binding with the
8-HQ moiety23 and leads to an increase in the elec-
tron-withdrawing ability of the hydroxyl group (balanc-
ing the effect of dipyrrin binding).


Prodi and co-workers32 have found that a proton can
transfer to amino group due to the decrease of pKa val-
ues of the hydroxyl proton by chelation of metal ions.
This transfer also can affect the fluorescence emission.
The titration of 10 equiv TFA only slightly diminished
the fluorescence emission, and this may be due to the
difficulty of proton binding with the nitrogen of imine
groups in dipyrrin moiety (Fig. 5).


In summary, we have presented a ratiometric fluorescent
sensor for Zn2+ based on an internal charge transfer
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Figure 5. Fluorescence emission spectra of 5 (5.0 lM) in an acetoni-


trile solution in the presence of TFA (50 lM). Excitation wavelength


was 550 nm. Emission wavelengths were 672 nm.

(ICT) mechanism. The obvious blue-shift emission upon
addition of Zn2+ to 5 can be observed by optical
responses, and it is attributed to the capture of Zn2+


by a dipyrrin moiety leading to a diminished electron-
donating ability. Improvement in the solubility of 5 in
water and the study of detail mechanism of complexa-
tion are underway.
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Abstract—The structure–activity relationships of a series of isoquinoline–pyridine-based protein kinase B/Akt antagonists have been
investigated in an effort to improve the major short-comings of the lead compound 3, including poor pharmacokinetic profiles in
several species (e.g., mouse iv t1/2 = 0.3 h, po F = 0%). Chlorination at C-1 position of the isoquinoline improved its pharmacoki-
netic property in mice (iv t1/2 = 5.0 h, po F = 51%) but resulted in >500-fold drop in potency. In a mouse MiaPaCa-2 xenograft mod-
el, an amino analog 10y significantly slowed the tumor growth, however was accompanied by toxicity.
� 2006 Elsevier Ltd. All rights reserved.
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Protein kinase B (also known as Akt) is a 57 kDa serine/
threonine kinase that in mammals is comprised of three
highly homologous isoforms, namely PKBa (Akt1),
PKBb (Akt2), and PKBc (Akt3).1 The cellular activa-
tion of PKB/Akt triggers a cascade of responses, from
cell growth and proliferation to survival and motility,
driving tumor progression. Overexpression of Akt as a
result of, for example, inactivation of tumor suppressor
PTEN has been correlated with an increasing number of
human cancers.2 Therefore, inhibition of Akt alone, or
in combination with other standard cancer chemothera-
peutics, is widely considered as a practical strategy for
the treatment of cancers.3 While initial development of
small Akt inhibitors has been summarized in two review
articles,3 Lindsley et al. recently reported a series of
selective allosteric and non-ATP competitive diphenyl-
quinoxaline- and diphenylpyridine-based inhibitors of
Akt that target the pleckstrin homology (PH) domain
of the protein kinase.4 Some of these Akt inhibitors
(e.g., 1) are selective over other members of the closely
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related AGC family of protein kinases and displayed
good selectivity among the individual Akt isozymes.
An optimized dual Akt1/Akt2 inhibitor 2 was demon-
strated to sensitize tumor cells to apoptotic stimuli and
inhibit the phosphorylation of both Akt1 and Akt2
in vitro.5
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We have reported a novel, potent (IC50 = 2.0 nM), and
selective Akt inhibitor 3 that showed statistically signif-
icant efficacy in several mouse xenograft models.6 Major
short-comings of this Akt inhibitor as a clinically useful
agent include short half-life in mice, rat, and monkey,
and a narrow therapeutic window. In an effort to im-
prove the pharmacokinetic profile and retain potency
against Akt, the structure–activity relationships of this
class of Akt inhibitors have been investigated under
the guidance of an X-ray structure of 3 bound to analo-
gous protein kinase A (PKA).


Outlined in Scheme 1 is a general synthesis of the
pyridine–isoquinoline-based Akt inhibitors. Mitsunobu
coupling of 5-bromopyridin-3-ol 4 with N-Boc-tryp-
tophanol (5) provided aryl ether 6. Stille coupling with
trimethylstannyl-isoquinoline 8 and Boc-deprotection
afforded Akt inhibitors 10. Alternately, the aryl bromide
6 was converted to the corresponding trimethylaryltin 7
by treatment with hexamethylditin in refluxing toluene
under the catalysis of Pd(PPh3)4. Compounds 7, under
typical Stille conditions [Pd2(dba)3/(o-tol)3P/DMF],
smoothly coupled with bromide 9 (X = Br). The reaction
of 7 with commercially available 8-methyl-6-chloroiso-
quinoline 9 (X = Cl, R4 = R5 = R6 = H), however,
required the catalyst dicyclohexylphosphino-20-(N,N-dim-
ethylamino)-biphenyl (Cy-MAP). Boc-deprotection under
acidic conditions provided Akt inhibitors 10.


The C-2 position of the pyridine in 10 was modified
through an intermediate chloride 11, that was in turn
prepared according to the general protocol described
in Scheme 1 from 6-chloro-5-bromopyridin-3-ol 4
(R1 = Cl, R2 = R3 = H).7 The cyanation of 11 under typ-
ical conditions [Zn(CN)2/Pd(Ph3)4/DMF] required more
than 3 days heating at 90 �C, providing cyanide 12 in
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Scheme 1. Reagents and conditions: (i) DEAD, Ph3P, THF. (ii) a—


Pd2(dba)3, P(o-tol)3, DMF; b—CF3CO2H, CH2Cl2; (iii) Pd(PPh3)4,


Me3SnSnMe3, toluene, 110 �C, 3 h, 85%; (iv) a—2-


Dicyclohexylphosphino-20-(N,N-dimethylamino)biphenyl, Pd2(dba)3,


Et3N, DMF; b—CF3CO2H, CH2Cl2.

89% yield (Scheme 2). The Stille coupling of 11 with 2-
tributylstannylfuran went smoothly with Cy-MAP as
ligand, giving the coupled product 13b in 75% yield.
However, a similar reaction with tributylvinyltin provid-
ed only 26% of desired product 13a. Likewise, the
reaction of 11 with tributyl(ethynyl)tin in the presence
of Pd2(dba)3 and Cy-MAP furnished 13c in 20% yield.
When the tributylstannylethynyl C–H was substituted
with a phenyl group, reaction with 11 under the same
conditions afforded 13d in 96% yield.


Incorporation of a chlorine at the C-6 position of the
pyridine is described in Scheme 3. 5-Bromo-3-benzyl-
oxypyridine (15), prepared from dibromopyridine 14 in
75% yield, was oxidized with m-CPBA to afford N-oxide
16. Chlorination of 16 with POCl3 provided a mixture of
17 and 18 with the desired chloride 18 predominating.
The regio-chemistry of the two isomers was determined
by comparison of de-benzylated material (30% HBr in
HOAc) with an authentic sample of 4 (R1 = Cl,
R2 = R3 = H).7 The chloride 19 was converted to 10g
by the standard protocol as shown in Scheme 1 in 30%
overall yield.

NR1


Method (i) 12: R1= CN
Method (ii) 13a: R1= Vinyl
                  13b: R1= 2-Furyl
                  13c: R1=
                   13d: R1=


Scheme 2. Reagents: (i) Zn(CN)2, Pd(PPh3)4, DMF, 89%; (ii)


Pd2(dba)3, dicyclohexylphosphino-2 0-(N,N-dimethylamino)biphenyl


(Cy-MAP), Et3N, DMF; (iii) CF3CO2H, CH2Cl2.
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The C-4 position of the pyridine was alkylated or acyl-
ated in good to excellent yields through lithiation of
chloride 20b with LDA followed by treatment with
iodomethane or methyl formate (Scheme 4). A similar
reaction with bromide 15 failed to provide any product.
Wittig olefination of the aldehyde 21b with diethylphos-
phonoacetonitrile afforded 21c. The para-methoxyben-
zyl protecting group in 21c was cleaved in refluxing
trifluoroacetic acid to give 22. Conversion to 10h and
10i was carried out by standard procedures as described
in Scheme 1.


Modification at C-1 position of the isoquinoline is de-
scribed in Scheme 5, starting from 6-bromo-isoquinoli-
none 23.8 Treatment of 23 with POCl3 at reflux
provided chloride 24 which was converted to the amine
25. O-methylation of isoquinolinone 23 was conducted
under Mitsunobu conditions. 1-Fluoroisoquinoline 27
was obtained in an average of 15% yield in several at-
tempts through heating 23 with commercially available
perfluoro-2-methyl-2-pentene and triethylamine in ace-
tonitrile in a sealed tube. Stille coupling of 24–27 with
trimethylstannyl 7, followed by Boc-deprotection, gave
the Akt inhibitors 10j–10n.


Syntheses of 3-substituted isoquinoline analogs 10p–
10y are depicted in Scheme 6. 3-Chloro-6-bromoiso-
quinoline 28 and 3-amino-6-bromoisoquinoline 29 were
prepared according to literature procedures.9 Sandmey-
er reaction of 3-aminoisoquinoline 29, followed by
treating with 70% hydrogen fluoride in pyridine, fur-
nished 3-fluoro-analog 30. Stille coupling of 28, 29,
and 30 with trimethylstannyl 7 gave compounds 31,
32, and 33.


The 3-chloro-functionality in compound 31 was readily
replaced with cyano to give 34 under the same cyanation
condition as detailed in Scheme 2. The Stille reaction of
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Scheme 6. Reagents: (i) a—NaH, BnNH2, DMF, 42%, b—CF3CO2H,


reflux, 66%; (ii) NaNO2, HF/pyridine, 92%; (iii) 7, Pd2(dba)3, (o-tol)3P,


Et3N, DMF, 75%; (iv) Zn(CN)2, Pd(PPh3)4, DMF, 71%; (v) H2, 10%


Pd/C, 30%; (vi) Pd2(dba)3, dicyclohexylphosphino-20-(N,N-dimethyl-


amino)biphenyl (Cy-MAP1), Et3N, DMF; (vii) CF3CO2H, CH2Cl2.

31 with a variety of tin reagents, under the catalysis of
Cy-MAP, provided 36a–36f. Hydrogenation of 36a in
the presence of 10% palladium on carbon afforded 35.
Boc-deprotection of 31–36f under acidic conditions pro-
vided 10o–10y.


Nitration of 6-bromoisoquinoline 4 (R4 = R5 = R6 =
R7 = H) with concentrated nitric acid in concentrated
sulfuric acid regio-specifically afforded 5-nitroisoquino-
line 37 (Scheme 7). No other isomer was detected by
either HPLC analysis or 1H NMR of the crude product.
Reduction of the nitro-compound with iron dust in ace-
tic acid provided amino analog 38 which was converted
to 10z through Stille coupling and Boc-deprotection.


Illustrated in Figure 1 is a depiction of the X-ray struc-
ture of 3 in PKA, a closely related protein kinase of Akt
in the same AGC family.3,6 Corresponding residues for
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Figure 1. An illustration of the X-ray structure of 3 bound to PKA.


Table 1. Enzyme assay results for compounds 3 and 10a–10i against


Akt
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Compound R1 R2 R3 Akt1 IC50
a (nM)


3 H H H 2.0


10a Cl H H 1.8


10b CN H H 4.6


10c H H 2.0


10d
O


H H 1.5


10e H H 0.8


10f Ph H H 1240


10g H Cl H 12


10h H H CH3 84


10i H H CN 697


a Values are means of two or more experiments. Unless otherwise


specified, all compounds were tested at 5 lM ATP.
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Akt in the ATP-binding site are shown on the left. As
shown in Figure 1, three sets of hydrogen bonds of 3
to Val-123, Lys-72, and Asn-171/Asp-184 are critical
for its high potency against PKA (IC50 = 2.1 nM). The
hydrophobic indole moiety in 3 fits nicely underneath
the glycine-rich loop. Our initial goal was to optimize
the physico-properties of 3 through substitution on the
pyridine and isoquinoline rings, keeping the remainder
of molecule unchanged. The appropriate substituents
may also pick up additional interactions (e.g., with
Thr-211 in Akt) and lead to more potent and Akt-selec-
tive analogs. In addition, 10k has been characterized as
a major metabolite of 3 in most species and this metab-
olism of 3 was attributed to its short half-life (e.g., 0.3 h
in mice). Therefore, substitution at the C-1 position of
the isoquinoline could block this metabolism. From
the X-ray structure, the space between Glu-121 and
the isoquinoline is rather limited, so the group intro-
duced at the C-1 position required to be relatively small.


SAR studies of analogs of 3 modified at the ortho- and
para-positions of the central pyridine are summarized
in Table 1. Illustrated by examples 10a–10e, relatively
small groups are tolerated at the C-2 position of the pyr-
idine. No significant impact from a weakly electron-
withdrawing group (e.g., chlorine) was observed at this
position (10a), while introduction of a strongly elec-
tron-withdrawing functionality such as a cyano group
is detrimental to its activity (10b vs 10e). Relatively larg-
er groups, even with a linear linker (10f), led to a much
less potent Akt inhibitor. Introduction of a chlorine at
the C-6 position of the pyridine (10g) resulted in 6-fold
drop in Akt activity (IC50 = 12 nM). An even more dra-
matic reduction in potency was observed by introduc-

tion of a methyl (10h) or acrylonitrile (10i) group at
the C-4 position of the pyridine (IC50 = 84 and
697 nM, respectively).


As revealed in Table 2, any modification at the C-1 po-
sition of the isoquinoline led to more than two orders of
magnitude loss in potency against Akt. This reduced
potency seems to correlate with the size of the substitu-
ents, less for fluorine analog (10j: IC50 = 227 nM) and
more for chlorine (10l: IC50 = 778 nM) and methoxy
group (10m: IC50 = 39,500 nM). Possible interaction of
an amino group with Val-123 backbone carbonyl is pos-
sibly responsible for the modest potency of amino ana-
log 10n (IC50 = 160 nM).


Substituents are significantly better tolerated at the C-3
position of the isoquinoline scaffold. No obvious corre-
lation was observed though between activity and either
sterics or electronics of the substituents (10o–10y). It is
likely that a combination of factors involved in the pro-
tein–ligand binding, including inhibitor-induced confor-
mational change of the protein (i.e., 10x: IC50 = 56 nM)
and formation of additional interaction with the protein
(i.e., 10y: IC50 = 3.4 nM).


Introduction of an amino group at the 5-position of the
isoquinoline resulted in a nearly 10-fold drop in its Akt
activity (10z). In an effort to reduce the metabolic
liability at the C-1 position of the isoquinoline through
a 1,8-steric interaction, a methyl group was installed at
the C-8 position. However, the 500-fold drop in the
potency of 10aa suggests a limited space between the
isoquinoline and the hinge protein backbone.


Summarized in Table 3 is the selectivity profile of selec-
ted Akt inhibitors with representative substituents on
the pyridine and isoquinoline rings. Like compound 3,
all inhibitors, except for 10y, displayed from modest to







Table 4. Cellular activity of selected Akt inhibitors in comparison to 3


(IC50
a, lM)


Cell 3 10a 10e 10o 10y


GSK3-P 1.5 3.0 ndb nd 0.93


FL5.12-Akt (MTT) 0.42 5.7 1.7 2.3 0.20


MiaPaCa-2 (MTT) 0.59 13.3 10.8 3.18 0.1


a Values are means of two or more experiments.
b Not determined.


Table 2. Enzyme assay results for compounds 3 and 10j–10aa against


Akt


N


O


NH2N NH


R6R4


R5


R7


Compound R4 R5 R6 R7 Akt1


IC50
a (nM)


3 H H H H 2.0


10j F H H H 227


10k OH H H H 1240


10l Cl H H H 778


10m OMe H H H 39,500


10n NH2 H H H 160


10o H F H H 3.5


10p H Cl H H 407


10q H CN H H 640


10r H Et H H 144


10s H H H 22


10t H
O


H H 57


10u H Ph H H 305


10v H N H H 122


10w H CH3 H H 180


10x H Ph H H 56


10y H NH2 H H 3.4


10z H H H NH2 15


10aa H H CH3 H 995


a Values are means of two or more experiments. All compounds were


tested at 5 lM ATP.


Table 3. Selectivity profile of selected Akt inhibitors in comparison to


3 (IC50
a, nM)


Kinase 3 10a 10e 10o 10y


Akt1 2.0 1.2 0.8 3.5 3.4


Akt2 6.8 5 5 ndb 21


Akt3 35 73 39 nd 76


PKA 2.1 5 1 48 8


PKCc 270 540 260 nd 31


PKCn 6,100 >5000 8900 nd 8300


CDK1 100 870 4900 3400 22


ERK2 910 37,000 27,200 nd 1200


CK2 11,800 12,700 >50,000 nd 620


SRC 2000 12,100 >50,000 18,000 480


a All compounds were tested at 5 lM ATP.
b Not determined.
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excellent selectivity against different families of protein
kinases. Installation of small groups at the C-2 position
of the pyridine as exemplified by 10a and 10e improves
selectivity over some of the kinases such as CDK1, while
3-amino analog 10y was generally less selective.


Phosphorylation of the Akt downstream targets such as
GSK a/b was measured in the presence of inhibitors as
an indication of their Akt inhibitory activity in cells.
Anti-proliferative activities of the majority of our Akt

inhibitors were evaluated in MiaPaCa-2 human pancre-
atic cancer cells and FL5.12-Akt murine prolymphocytic
cells that overexpress Akt1. As shown in Table 4, signif-
icantly less cellular activity was observed for compounds
10a, 10e, and 10o. 3-Amino analog 10y was statistically
more active in both FL5.12-Akt and MiaPaCa-2 cells,
correlating to its broader spectrum of kinase activity.


One of the major issues for use of compound 3 as an
antitumor agent is its poor pharmacokinetic profile,
including short half-life in most species (e.g., 0.3 h in
mice), high plasma clearance, and lack of oral bioavail-
ability. The C-1 position was identified as a major site of
metabolism. As summarized in Table 5, substitution at
the metabolically labile C-1 position with chlorine
(10l) significantly increases half-life in mice (5 h). When
administered orally in mice, this compound achieved
respectable plasma exposure with a 3.9 lg-h/mL AUC
and 51% bioavailability (10 mg/kg dose). Introduction
of a chlorine at C-3 position of the isoquinoline (10p)
also improved the pharmacokinetic profile with an in-
creased half-life in mice (2.0 h) and modest oral bio-
availability (27%). No statistically significant difference
was observed for a 3-amino group at the same position
(10y). As we envisioned, the 1,8-steric influence from a
C8-methyl group (10aa) indeed inhibited the metabolism
of the isoquinoline, leading to a prolonged half-life
(4.5 h vs 0.3 h for 3) and 35% oral bioavailability.
Unfortunately, all of these compounds with improved
PK profiles suffered from diminished Akt activity.


Due to its overall profile in enzyme- and cellular assays
as well as its PK property, 10y was evaluated in a Mia-
PaCa-2 human pancreatic cell xenograft model. Mia-
PaCa-2 is a human pancreatic carcinoma line and it
has been reported that the Akt signaling pathway is
important in the pathogenesis of this tumor. As illustrat-
ed in Figure 2, at its maximally tolerated dose (75 mg/
kg/day) for subcutaneous administration, this com-
pound significantly slowed tumor growth. However,
toxicity developed, including lethargy, weight loss and
skin irritation at the site of injection after administration
of the Akt inhibitor. All animals were humanely eutha-
nized on day 27 due to the development of these
toxicities.


In summary, substitution at the C-2 position of the pyr-
idine in 3 could improve the selectivity against certain
protein kinases. Chlorination at the C-1 site of metabo-
lism or methylation at C-8 position of the isoquinoline
resulted in compounds with improved pharmacokinetic
properties, but diminished potency against Akt. 3-Ami-
no analog 10y was identified as a potent Akt inhibitor







Table 5. Mouse PK summary of representative Akt inhibitorsa


Compound iv t1/2 (h) Vd (L/kg) CL (L/h) po F (%) po AUC (lg-h/mL) sc AUC (lg-h/mL)


3 0.3 7.0 19.5 0 0 7.6


10l 5 9.5 1.3 51 3.9 ndb


10p 2.0 15.5 5.4 27 0.91 nd


10y 0.7 11.8 12.1 0 0 6.9


10aa 4.5 16.4 2.5 35 1.5 nd


a All pharmacokinetic studies shown in this table were carried out in CD1 mice with 3 mg/kg intravenous, 10 mg oral, and 30 mg subcutaneous


dosing. Plasma samples were diluted with 2 volumes of acidified methanol, centrifuged at 11,000g for 5 min, and directly analyzed by UV–LC.
b Not determined.
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significantly inhibited tumor growth but also resulted in significant
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both in enzymatic and cellular assays. This compound
significantly slowed tumor growth in vivo, but was
accompanied by toxicity. The improved in vitro cytotox-
icity of 10y over 3 in a number of cell lines, as well as
in vivo efficacy, seemed to correlate to its broader spec-
trum of activity against other protein kinases such as
CDKs. Further profiling studies for this series of Akt
inhibitors are underway and will be published in due
course.
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Carboxy derivatized glucosamine is a potent inhibitor
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Abstract—Experimental evidences have confirmed that matrix metalloproteinases (MMPs) play a fundamental role in a wide variety
of pathologic conditions and recent advances in medicinal chemistry approach to the design of MMP inhibitors with desired struc-
tural and functional properties. Among MMPs, MMP-9 has demonstrated to play a major role in the establishment of metastases
and it is substantially increased in the majority of malignant tumors. Inhibition of MMP-9 is thought to have a therapeutic benefit to
cancer. Results of this study present a novel synthetic MMP-9 inhibitor that downregulates MMP-9 expression level in HT1080,
human fibrosarcoma cells.
� 2006 Elsevier Ltd. All rights reserved.

The proteolytic degradation of extracellular matrix
(ECM) proteins has long been described in association
with both normal tissue remodeling and pathologic con-
ditions. The matrix metalloproteinases (MMPs), which
represents a family of major matrix degrading enzymes
play a central role in the breakdown of these structural
proteins.1 MMPs share certain biochemical properties,
yet each has distinct substrate specificity and up to date
several mammalian enzymes have been identified rang-
ing from well-characterized enzymes such as collage-
nase, stremolysin, gelatinase and more recently
described membrane type MMPs.2 Under normal phys-
iological processes MMP expression and activity are
carefully regulated and loss of control of MMP activity
appears to have serious consequences and aberrations in
MMP expression have been associated with several dis-
eases.3 In this context, MMP inhibitors have been
caught the interest as an important new class of thera-
peutic agents for the treatment of diseases characterized
by remodeling and excessive ECM degradation.


Among MMPs, MMP-9 (gelatinase B, 92 kDa) is an
important member of the MMP family and is involved
in the cleavage of all types of denatured collagens and
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of native basement membrane proteins.4 Studies have
shown that MMP-9 levels are significantly elevated dur-
ing the metastatic progression of malignant tumors5


since it requires proteolytic degradation of ECM com-
ponents in basement membrane and stroma tissues.
HT1080 cells, a human fibrosarcoma cell line have been
used extensively as a model to study MMP-9 activity
and expression.6 Similar to various other malignant tu-
mors these cells express MMP-9 at a higher level. Stud-
ies on the promoter of MMP-9 have clearly identified
that its transcription is mediated mainly via AP-1 tran-
scription factor binding interactions.7 Compounds that
interfere the up-regulation of MMP-9 expression can
remarkably decrease the total MMP-9 activity and iden-
tification of MMP-9 inhibitors is of current interest.


The earliest MMP inhibitors were peptide derivatives
designed from the knowledge of the amino acid se-
quence of collagen at the site of cleavage by collagenase.
With the development in the field, medicinal chemists
focused away from the peptidic inhibitors because of
the difficulties in obtaining good oral activity and lack
of specificity for MMPs. As a result, a number of non-
peptidic inhibitors have been discovered by high-
throughput screening of natural product and also potent
MMP inhibitors have been synthesized with desirable
chemical functional groups.8


Glucosamine is an amino monosaccharide found in
chitin, glycoproteins and glycosaminoglycans such as
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hyaluronic acid and heparan sulfate. Most of the clinical
studies investigating medical effects of glucosamine have
used glucosamine sulfate and a great trend exists to use
it for treating osteoarthritis.9 Recently results of some
studies suggested that, N-acetyl glucosamine has shown
promise for treating inflammatory bowel diseases such
as Crohn disease and ulcerative colitis and also glucosa-
mine has been proposed to be important for healthy
skin.10 However, reports on synthesis of other deriva-
tives of glucosamine and identification of their plausible
biological activities cannot be found so often. Results of
this study present the potent inhibitory potential of car-
boxy derivatized glucosamine on activity and expression
of MMP-9 in HT1080 cells.


Chemicals required for synthesis, including succinic
anhydride were obtained from Sigma Chemical Co.
(St. Louis, MO, USA). HT1080 cells were obtained from
American Type Culture Collection (Manassas, VA,
USA). All the materials required for culturing of cells
including cell culture media were purchased from Gibco
BRL, Life Technologies (USA). FITC-Gelatin (CLN-
100) was obtained from Collagen Technology Corpora-
tion (Tokyo, Japan). MTT reagent, gelatin, agarose,
doxycycline, PMA (phorbol 12-myristate 13-acetate)
were purchased from Sigma Chemical Co. (St. Louis,
MO, USA).


The N-carboxybutyrylation reaction was carried out
according to Ronghua et al.11 with slight modifications.
Briefly, Glucosamine hydrochloride (2 g) was dissolved
in 10 mL of distilled water and 15 mL of methanol
was added while stirring. A determined quantity of suc-
cinic anhydride to obtain the same molar ratio (1 g) was
dissolved in acetone and added drop by drop at room
temperature for 1 h. The mixture was stirred for 4 h
and pH was maintained at 9.0–10.0 with sodium carbon-
ate throughout the reaction. Subsequently, the solution
was purified and lyophilized to obtain fluffy, yellow,
light solid products.


Proton NMR (1H NMR) and carbon NMR (13C NMR)
spectra were recorded in a D2O environment on a
JNM-ECP-400 (400 MHz) spectrometer (JEOL, Japan).
Elemental analysis (C, N and H) was performed using an
elementar analysesysteme, (Elementar Vario, EL, USA)
and were within ±0.4% of theoretical values. Infrared
spectra were recorded using KBr plates in Spectrum
2000 FT-IR spectrophotometer (Perkin-Elmer, USA).


Human fibrosarcoma cells (HT1080) were cultured in
DMEM supplemented with 10% fetal bovine serum,
2 mM glutamine and 100 lg/mL penicillin–streptomy-
cin. For experiments, cells were detached with trypsin–
EDTA and plated onto 24- or 96-well plates at a plating
density of 7· 105 and 1.5· 105 per well, separately.


Equal number of HT1080 cells (4000 cells per well) cul-
tured in 96-well plates with serum and serum free media
were treated with various concentrations of CGlc for
24 h. Cell viability was then evaluated with 3-(4,5-di-
methyl-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
spectrophotometrically (GENios� microplate reader,

Tecan Austria GmbH, Austria) which measures conver-
sion of tetrazolium salt into blue formazan by viable
cells. Absorbance of soluble MTT formazan products
was measured at 540 nm.


MMP-9 activity in HT1080 cells was assayed by gelatin
zymography as described previously.12 For this, approx-
imately 2· 105 cells/mL HT1080 cells in serum free
DMEM medium were seeded in 24-well plates and
pre-treated with different concentrations of CGlc for
1 h. MMP-9 expression was stimulated by treatment of
PMA (10 ng/mL) and cells were cultured for 48 h. Cell
conditioned medium was subjected to substrate gel elec-
trophoresis. Similar amount of protein containing con-
ditioned media were applied without reduction to a
10% (w/v) polyacrylamide gel impregnated with 1 mg/
mL gelatin. After electrophoresis, gel was washed in
50 mM Tris–HCl (pH 7.5) containing 2.5% Triton X-
100 at room temperature and incubated overnight at
37 �C in zymography developing buffer containing
10 mM CaCl2, 50 mM Tris–HCl and 150 mM NaCl.
The gel was then stained with a solution of 0.1%
Coomassie Blue. In this assay clear zones against the
blue background indicate the presence of gelatinolytic
activity. The image of the gel was recorded using
Fujifilm Image Reader LAS-3000 software in Science
Image System, LAS 3000 (Fujifilm Life Science, Tokyo,
Japan). The gelatinolytic activities were quantified using
Multi Gauge V3.0 software.


HT1080 cells grown in 24-well plates were treated with
different concentrations of CGlc and conditioned media
were collected by centrifugation at 13,000g following
PMA (10 ng/mL) treatment. Enzyme activities of condi-
tioned media in 50 mmo/L Tris–HCl buffer (pH 7.5),
0.15 mol/L NaCl, 10 mmol/L CaCl2, 0.02% NaN3


(TNC buffer) containing 0.05% Brij 35 were determined
using fluorescence conjugated gelatin peptide (Collagen
Technology Corporation, Tokyo, Japan) as the sub-
strate.13 Fluoropeptides were incubated with condi-
tioned media at 37 �C for 20 h, and the reaction was
terminated by addition of 3% acetic acid. Fluorescence
intensity was measured at 495 nm (excitation) and
520 nm (emission) with a GENios� fluorescence micro-
plate reader (Tecan Austria GmbH, Austria).


HT1080 cells cultured in 10 cm culture dishes were tran-
siently transfected with MMP-9 promoter containing
pGL3 luciferase reporter vector (Promega, Madison,
WI) or AP-1 binding site containing luciferase reporter
plasmid (Colontech, Palo Alto, Canada) by Lipofect-
amine 2000TM reagent (Invitrogen). b-Galactosidase
expression vector was co-transfected with the reporter
vector to serve as an internal control of transfection effi-
ciency. Transfected cells sub-cultured in 24-well plates
were treated with different concentrations of CGlc.
Following stimulation with PMA cells were cultured for
24 h. Cells were washed once with cold PBS and lysed with
200 lL/well lysis buffer (25 mM Tri–HCl, pH 8.0, con-
taining 2 mM DDT and 1% Triton-X 100). Aliquots of
cell lysate and luciferase substrate (Promega) were mixed
in equal amounts in a 96-well plate and luminescence
intensity was measured with a luminescence microplate
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reader (Tecan Austria GmbH, Austria). b-Galactosidase
activity was measured with ONPG buffer. The level of
reporter gene expression was determined as a ratio,
compared with cells stimulated by PMA (10 ng/mL) alone
and represented as relative luciferase activity.


Transfection efficiency was determined by X-Gal stain-
ing method. Briefly, transfected cells were fixed with
0.5% glutaraldehyde and stained with X-Gal solution
containing 20 mM K3Fe(CN)6, K4Fe(CN)6 and 1 mM
MgCl2. After 24 h of incubation at 37 �C, transfected
cells were visualized with blue color under a light
microscope.


Data were expressed as means ± standard error of the
mean (n = 3). Student’s t-test was used to determine
the level of significance at P < 0.05.


In the present study, glucosamine was chemically modi-
fied to obtain CGlc (Scheme 1) and the reaction was car-
ried out under mild conditions to rule out possibilities
for adverse influences on structural changes. Therefore,
the substitution of –OOC–CH2CH2–CO–N– was pre-
dominantly under control. Substitution of –OOC–
CH2CH2–CO– group to glucosamine was clearly con-
firmed by FT-IR spectra, Elemental analysis, 13C
NMR and 1H NMR of CGlc. In comparison to the
FT-IR spectrum of Glc (Fig. 1A), both symmetric and
asymmetric stretch absorptions of carboxyl groups
(1560 and 1410 cm�1, respectively) in spectrum of CGlc
(Fig. 1B) confirmed the successful introduction of the
new group.11,14,15 Data obtained from elemental analy-
sis greatly strengthened the new structural features
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Figure 1. FT-IR spectra of (A) Glc and (B) CGlc.

observed in FT-IR spectra and are in agreement with
the calculated elemental composition (Table 1). Infor-
mation of 13C NMR spectra of the derivative was also
in agreement with FT-IR spectra and clearly confirmed
the substitution of carboxyl groups to CGlc. In 13C
NMR spectra of Glc, characteristic peaks (d 93 ppm,
C-1; d 54 ppm, C-2; d 69 ppm, C-3, d 72 ppm, C-4; d
76 ppm, C-5, d 60 ppm, C-6) were clearly observed.
Compared to Glc, CGlc presented some new chemical
shifts that can be assigned to COCH2CH2COO– group
at d 180 ppm, d 177 ppm and d 32 ppm (assigned to
the carbonyl carbon –COO, –CO and –CH2CH2–,
respectively).11,16 Further, 1H NMR spectrum of CGlc
was used to confirm the existence of substituted groups
compared to 1H NMR spectrum of Glc (2.9, 3.2, 3.8 and
4.5 (C-1-6)). A new chemical shift that appeared in
spectrum of CGlc-3 at d 2.5 ppm was assigned to
protons of –COCH2CH2CO– groups.


To analyze the inhibition of MMP-9 mediated gelatino-
lytic activity in conditioned medium stimulated with
PMA, we utilized human fibrosarcoma cell line,
HT1080. Similar to various other malignant tumors,
these HT1080 cells express MMP-9 at a higher level.6


When PMA was administered to HT1080 cells at
10 ng/mL concentration MMP-9 activity increased by
approximately 60% (Fig. 2). Size and the intensity of
the lytic zone were greatly reduced in the presence of
CGlc and it clearly indicated that MMP-9 activity in
HT1080 cells was markedly inhibited in the presence
of CGlc. Moreover, inhibitory effect of CGlc on
MMP-9 showed a concentration dependant pattern
and at concentration 500 lg/mL, CGlc showed
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Table 1. Elemental analysis of Glc and CGlc


Carbon content


(%)


Hydrogen


content (%)


Nitrogen


content (%)


Anal. Calcd Anal. Calcd Anal. Calcd


Glc 33.48 33.42 6.61 6.54 6.49 6.51


CGlc 39.79 39.87 5.40 5.35 4.71 4.65
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approximately 62% inhibition of MMP-9 led gelatino-
lytic activity which was much clear than the effect of
doxycycline (at 10 lg/mL concentration), a tetracycline
analogue we used in this study as the positive control
to compare the inhibitory effects. CGlc did not show
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Figure 2. Effect of CGlc on the gelatinolytic activity of MMP-9 in
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Figure 3. Cytotoxic effect of CGlc (A) in the presence of FBS (B) in the abs

any toxicity on HT1080 cells even at 1 mg/mL concen-
tration (Figs. 3A and B). Therefore, the viability data
clearly confirmed that cytotoxicity did not contribute
to the observed MMP-9 inhibitory potential of CGlc.


The MMP-9 inhibitory effect of CGlc on MMP-9 activ-
ity stimulated by PMA in HT1080 cells was further con-
firmed using more sensitive fluorescence conjugated
gelatin digestion assay which use fluorescence conjugat-
ed gelatin peptides as the substrate for MMP-9. The
amount of active gelatinases (MMP-9/-2) present in
CGlc-treated stimulated conditioned medium obtained
from incubation of HT1080 cells was assessed using
the resulting fluorescence activity. As we observed clear-
ly in gelatin zymography stimulated with PMA, HT1080
cells secrete mainly MMP-9 and expression of other gel-
atinases including MMP-2 are negligible. Therefore, it
can be presumed that difference in fluorescence intensi-
ties was mainly due to activity of MMP-9. The inhibito-
ry results obtained in the presence of CGlc were in well
agreement with zymography results, where dose-depen-
dent MMP-9 inhibition was observed with increment
of concentration of CGlc (Fig. 4). At 500 lg/mL concen-
tration of CGlc, relative fluorescence intensity was
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Figure 4. Detection of MMP-9 activity in CGlc-treated HT1080 cells


by fluorescence conjugated gelatin digestion inhibition.
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Figure 5. Effects of CGlc on (A) promoter activity of MMP-9 (B) AP-1 transcriptional activity of HT1080 cells transfected with MMP-9 promoter


containing pGL3 luciferase reporter vector and AP-1 binding site containing luciferase reporter vector, respectively.
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decreased by 66% and when CGlc was treated at 100 lg/
mL concentration about 50% reduction of fluorescence
intensity was observed.


To extend these observations to interactions within the
context of transcriptional regulation, we assessed the ef-
fect of CGlc on expression of MMP-9 using MMP-9
promoter luciferase construct. A high (about 4-fold)
luciferase activity was noted in control cells stimulated
with PMA and it was well correlated with zymography.
However, the activity of the MMP-9-luciferase reporter
gene was inhibited nearly 3-fold in the cells treated with
CGlc at 500 lg/mL concentration (Fig. 5A). Approxi-
mately 50% inhibition was resulted from 100 lg/mL
concentration of CGlc and inhibition followed a dose-
dependant pattern. We were curious to know whether
the MMP-9 transcription suppression effect of CGlc
had any correlation to AP-1 transcription. Because the
promoter region of the MMP-9 contains an AP-1 bind-
ing consensus site upstream from the start site and tran-
scriptional induction of MMP-9 has been demonstrated
to be essentially mediated via binding of AP-1 transcrip-
tion factor to promoter.7 Therefore, to investigate
whether CGlc exerts its effect by interfering AP-1 tran-
scription factor binding we transfected cells with AP-1
binding site containing luciferase constructs. Reporter
activity in PMA stimulated group was increased by
approximately 3-fold whereas reporter activity was sup-
pressed between 2- and 3-fold once the cells were treated
with CGlc at 500 lg/mL concentration (Fig. 5B). And
the suppression followed a clear dose-dependant pat-
tern. Taken together; these experiments suggest that
CGlc suppresses MMP-9 expression via suppression of
AP-1 expression.


To our knowledge, this is the first study to demonstrate
the activity of glucosamine derivative that can inhibit
the MMP-9 activity and expression. Many of synthetic
and natural MMP inhibitors identified so far have prov-
en their capability to direct inhibition of MMP enzymat-
ic activities due to presence of desirable functional

groups.8 Compounds that can exert an effect at tran-
scriptional level could be expected to have a promising
potential to develop potent inhibitors since that can
interfere the up-regulation of MMP-9 expression and
thereby can remarkably decrease the total MMP activi-
ty. Therefore, CGlc represents a potential synthetic
MMP-9 expression inhibitor that warrants further
investigation.
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Abstract—Proteasomes are responsible for the cytoplasmic turnover of the vast majority of proteins including regulatory proteins.
We have synthesized lipopeptides a new class of non-covalent inhibitors of the 20S proteasome and assayed their inhibitory capac-
ities. Their ability to inhibit at micromolar concentrations chymotrypsin-like and post-acid activities depends on peptide length (3 or
6 amino acids), sequence (presence of a positively or negatively charged amino acid), and alkyl chain length (C6–C18). These struc-
tural features could be varied to selectively inhibit one or more of the three proteasome activities.
� 2006 Elsevier Ltd. All rights reserved.

Proteasome inhibitors are new potential therapeutic
agents for treating disorders such as cancer, inflamma-
tion, immune diseases, muscle wasting, and certain myo-
pathies.1 The ubiquitin–proteasome system is the major
pathway of proteolysis in eukaryote cells. In addition to
removing damaged and unneeded proteins, it degrades
key regulatory proteins that are crucial for many intra-
cellular processes, including cell progression, apoptosis,
NF-jB activation, and antigen presentation.2 The
eukaryotic proteasome is a multicatalytic protease con-
sisting of a 20S proteolytic core particle and a 19S regu-
latory subunit at one or both ends.3 The 20S proteasome
is a hollow barrel-shaped structure formed of four
stacked a1–7b1–7b1–7a1–7 multiprotein rings. The b1, b2,
and b5 subunits are present in duplicate and are associ-
ated with post-acidic (PA) or caspase-like, trypsin-like
(T-L), and chymotrypsin-like (ChT-L) activities,
respectively.4


Most proteasome inhibitors are short peptides linked at
their C-terminal end to a reactive group responsible for
the chemical modification of the catalytic Oc-Thr1 of
the 6 catalytic sites.1b The peptide boronate bortezomib
(formerly PS341) or Velcade� has been used to treat
incurable multiple myeloma since May 2003.5 Some
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non-peptide threonine modifiers have also been de-
scribed.1,6 Non-covalent inhibitors, which should theo-
retically have fewer side-effects, have been investigated
less extensively. They include ritonavir,7 benzylstatine
derivatives,8 and TMC-95A derivatives.9 We postulated
that adding a large aliphatic blocking group to the N-
terminus of a short peptide that is known to inhibit pro-
teasomal activities would make it a better inhibitor and
favor targeting of the cell membrane.


This report describes the synthesis, enzyme inhibitory
activity, and metabolic stability of a series of
tripeptides and hexapeptides linked at their N-end to
an aliphatic chain. Several natural hexapeptides 1–11
(Table 1) were first synthesized to obtain peptide
sequences suitable for use as reference sequences for
lipopeptides. These hexapeptides are small peptides
that mimic peptides released by the proteasome during
protein breakdown, and which modulate proteasome
activities.10 Some of them are positively charged (lysine
at position 5 in 1–3, 5, and 8) and others negatively
charged (aspartate in 4, 6, 7, 10, 11 and glutamate in
9 at position 5), as the inhibitory action of peptides
on proteasome activities appears to depend on their
overall charge.10,11 Basic and acidic hexapeptides had
a leucine residue or an aromatic residue at the C-termi-
nus to mimic major cleavages induced by the ChT-L
activity. The influence of an alkyl chain added at the
N-terminal end of representative acidic and basic
hexapeptides was also analyzed (12–27). Peptidic length
was decreased by linking tripeptides to an alkyl chain
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Table 1. Structure and inhibitory (or activatory) activities of compounds 1–42 at pH 7.5 and 30 �C


Compound n Ki (lM), or activation factor (x)


ChT-L T-L PA


1 TVTFKF — 139 ni 148


2 TVTYKY — >625 ni >625


3 TVTYKL — 545 ni ni


4 TVTYDY — ni ni ni


5 TVSYKF — >625 ni >625


6 TITYDF — ni ni > 625


7 TITFDY — >625 ni >625


8 TITYKF — 151 ni 260


9 TITYEY — ni ni ni


10 TISYDY — >625 ni >625


11 TITYDL — 619 ni >625


12 CH3–(CH2)n–CO-TVTYKF 4 80 315 ni


13 6 20 x1.2 x1.5


14 8 72 ni x1.2


15 10 >80 68 x1.2


16 12 0 80 x1.2


17 14 x1.6 — —


18 CH3–(CH2)n–CO-TVTFKF 4 43 ni ni


19 6 >80 — —


20 8 28 — —


21 CH3–(CH2)n–CO-TITFDY 4 34 ni ni


22 6 43 ni >80


23 8 37 — —


24 10 >80 >80 >80


25 12 ni 78 x1.3


26 14 80 ni x1.5


27 16 39 x1.6 x1.3


28 Pam-YDL 20 >80 15


29 CH3–(CH2)n–CO-YEL 4 >80 ni 59


30 6 >80 x1.9 ni


31 8 ni ni 72


32 10 ni >80 62


33 14 18 >80 15


34 Pam-YNT(0) 30 — —


35 Pam-YET(0) 20 — 21


36 Apam-YET(0) 5 — 8


37 Pam-FKF 30 >80 ni


38 Pam-YKF 81 >80 ni


39 YED ni ni ni


40 YEL ni ni ni


41 Pam-OMe ni ni ni


42 Apam ni ni ni


The peptidase activities of yeast 20S proteasome were determined by following the hydrolysis of the appropriate fluorescent substrate for 30 min.


ni, no inhibition (< 10% inhibition) at 625 lM (1–11) or 80 lM (12–42). Ki > 625 or 80 lM: <30 or 20% inhibition at the highest inhibitor


concentration used (625 or 80 lM, respectively).
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instead of hexapeptides, starting from the tripeptide
sequence YDL derived from compound 11 and varying
its amino acid composition (29–36). Two positively
charged lipotripeptides were also obtained and studied,
Pam-FKF (37 from compound 1) and Pam-YKF (38)
from compound 8.


Pam-YET(0), Pam-YNT(0), and Apam-YET(0) were
purchased from Biosynthan GmbH (Berlin, Germany)
(T(0), thyronine; Pam, palmitoyl [CH3–(CH2)14–CO–];
Apam, 2-aminopalmitoyl). They were 95% pure. Pam-
OMe was from Sigma, Apam from Fluka, and MG132
from Calbiochem. The Fmoc-amino acid-Wang resins,
Fmoc-amino acids, 1-hydroxybenzotriazole (HOBt),
O-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyl-uronium
tetrafluoroborate (TBTU), and diisopropylethylamine

(DIEA), were purchased from Senn Chemicals or
Novabiochem.


Peptides and lipopeptides were obtained by solid phase
synthesis using classical Fmoc/tBu methodology on a
multichannel peptide synthesizer.12 The peptide chains
were assembled using the in situ neutralization protocol
previously described.12 The side chains of tyrosine,
lysine, threonine, serine, aspartic, and glutamic acids
were protected by t-Bu (tert-butyl) or Boc groups
(Boc, tert-butoxycarbonyl) as appropriate. Asparagine
was protected by a trityl group. Each coupling step
employed 3 equivalents of Fmoc-amino acid plus 3
equivalents of HOBt and TBTU, and 9 equivalents of
DIEA in DMF, at room temperature. Coupling was
usually complete within 1 h, as determined by the
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2,4,6-trinitrobenzenesulfonic acid (TNBSA) test. The
Fmoc group was deprotected with 25% (v/v) piperidine
in DMF. The lipopeptides were obtained by capping
the peptide sequence with the acyl chloride CH3–
(CH2)n–CO–Cl (n = 4–16). The peptides or lipopeptides
were cleaved from the resin, and the side chains depro-
tected by incubation with a mixture of 0.75 g crystalline
phenol, 0.25 mL 1,2-ethanedithiol, 0.5 mL thioanisole,
0.5 mL deionized water, and 10 mL trifluoroacetic acid
(TFA) for 1.5 h. Crude peptides, which were generally
>85% pure as assessed by analytical reverse-phase
HPLC, were purified by preparative RP-HPLC, giving
final purities >97%. The purification conditions were:
(1) for peptides: linear gradient of acetonitrile (Carlo-
Erba) in Ultra-High Quality water containing 0.1%
(v/v) trifluoroacetic acid (TFA, sequencing grade, Sig-
ma) for 30 min at a flow rate of 4 mL/min with UV
detection at 214 nm on an Interchrom UP5ODB.25M
5-lm column (250 · 10 mm); (2) for lipopeptides: linear
gradient of acetonitrile (Carlo-Erba) in Ultra-High
Quality water containing 0.1% (v/v) TFA (sequencing
grade, Sigma) for 40 min at a flow rate of 4 mL/min with
UV detection at 214 nm on an Macherey-Nagel
Nucleosil 300-7C4 column (250 · 10 mm). 1H NMR
spectra for peptides and lipopeptides were fully
consistent with the assigned structures.


The abilities of peptides (1–11, 39, and 40) and lipopep-
tides (12–38) to inhibit the three catalytic activities
of yeast 20S proteasome were tested. The enzyme was
obtained using the Sdl135 strain kindly provided by
David Leggett (Harvard Medical School, Boston,
USA) and purified.13 Some experiments were performed
with reticulocyte rabbit proteasome (Boston Biochem,
Cambridge, USA). The ChT-L (Suc-LLVY-AMC with
Suc, succinyl; AMC, aminomethylcoumaride), the T-L
(Boc-LLR-AMC), and the PA (Z-LLE-b-NA with Z,

Figure 1. Effects of peptides and lipopeptides on ChT-L and PA activities of


peptide 8 (j) and lipopeptide 36 (m) and PA activity by lipopeptides 28 (s


inhibition = 100[I]0/(IC50 + [I]0) (28 and 33) or 2 ð% inhibition ¼ 100½I�nH


0 =ðI
ChT-L), and 21.8 ± 0.8 (28, PA), 8.4 ± 0.2 (36, ChT-L), 21.8 ± 1.3 (33, PA). In


L activity by 33 with [33] = 0 (�), 20 (n), and 40 (h) lM. Experimental poin


(B) Influence of the alkyl chain length on the efficiency of alkyl-TVTYKF


activators of 20S proteasome. Full symbols are used for ChT-L activity and

benzyloxycarbonyl; b-NA, b-naphthylamine) activities
of 20S proteasome were determined by monitoring the
hydrolysis of the appropriate fluorescent substrate for
30 min at 30 �C using a BMG Fluostar microplate read-
er, in the presence of untreated proteasome (control), or
proteasome that had been incubated with the test com-
pound (0.1–1000 lM) (kexc = 360, kem = 465 nm for
AMC substrates, and kexc = 340, kem = 405 nm for the
bNA substrate). The buffers were (pH 7.5): 20 mM Tris,
1 mM DTT, 10% glycerol, 0.02% (w/v) SDS, and 3% (v/
v) DMSO (ChT-L and PA activities); 20 mM Tris,
1 mM DTT, 10% glycerol, 0.01% Triton X-100, and
3% (v/v) DMSO (T-L activity). The control experiments
were run with the same amount of DMSO solvent (3.5%
(1–27) or 3% (28–40), v/v) as in the samples. Initial rates
determined in control experiments (V0) were considered
to be 100% of the peptidase activity; initial rates (Vi)
that were above 100% in the presence of a test com-
pound were considered to be activations (expressed as
activation factor), while initial rates below 100% were
considered to be inhibitions. The results were obtained
by calculating the average of at least two independent
experiments; the variability was less than 10%. The
inhibitory activity of compounds is expressed either as
IC50 or apparent Ki. The values of IC50 were calculated
by fitting the experimental data to equation 1: % inhibi-
tion = 100 · (1 � Vi/V0) = 100 [I]0/(IC50 + [I]0) (com-
pounds 28, 33 for ChT-L and PA activities), or
equation 2: % inhibition ¼ 100½I�nH


0 =ðICnH


50 þ ½I�
nH


0 Þ, nH


is the Hill number (compounds 1, 8, and 36 for ChT-L
and PA activities) (Fig. 1). The inhibition constants Ki


were determined using the equation Vi/V0 = 1/(1 + [I]/
Ki(app) with Ki(app) = Ki/(1 + [S]/Km) or the equation
IC50 = Ki(1 + [S]/Km). The stability of the new inhibitors
in culture medium RPMI containing 20% fetal calf ser-
um was assessed by studying their kinetics of breakdown
by incubation in the culture medium at 37 �C for up to 2

yeast 20S proteasome at pH 7.5 and 30 �C. (A) Inhibition of ChT-L by


) and 33 (d). The experimental data were adjusted to equation 1 (%


CnH


50 þ ½I�
nH


0 Þ with nH = 2.4 (8) and 3.9 (36) giving: IC50 = 260 ± 12 (8,


set: double reciprocal Lineweaver–Burk plot for the inhibition of ChT-


ts are adjusted to the equation: 1/Vi = (1 + [I]/Ki) · (Km/Vm[S]) + 1/Vm.


(d), alkyl-TITFDY (h) (a), and alkyl-YEL (�,�) (b) as inhibitors or


empty ones for PA activity.







3280 N. Basse et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3277–3281

days. Incubation was terminated by addition of ethanol.
The mixture was poured at 4 �C and centrifuged
(10,000 rpm for 10 min). Aliquots (20 lL) of the clear
supernatant were injected onto the RP-HPLC column.
The degradation half-life was obtained by a least-squar-
es linear regression analysis of a plot of the log [I] versus
time using a minimum of five points.


Natural hexapeptides (1–11) were poor inhibitors of
ChT-L and PA activities (Table 1). Positively charged
peptides (1–3, 5, and 8) inhibited the ChT-L activity
(Fig. 1A), and most surprisingly, the PA activity, whose
active sites are thought to accommodate acidic residues
best. The presence of an aromatic Phe or Tyr residue at
the C-terminal extremity appeared to be a major feature
of their inhibitory efficiency. Three negatively charged
peptides (7, 10 and 11) also inhibited ChT-L and PA
activities to a similar extent. Positively charged peptides
were better inhibitors of both activities than were the
negatively charged ones. Only negatively charged pep-
tides (6, 7, and 11) activated the T-L activity of the la-
tent proteasome by a factor of 2 or more. The motif
YEY (9) was unfavorable, even for PA activity. Alkyl
chains of varying lengths were attached to the N-termi-
nal end of three hexapeptides to study the influence of
alkyl chains on the interaction of peptides with the three
active sites: (i) TVTYKF a competitive inhibitor of
Xenopus 26S proteasome (Ki = 0.6 mM);10 (ii) the relat-
ed peptide TVTFKF (1) which exerts a kinetically com-
plex inhibitor effect on proteasome activities (data not
shown); (iii) the negatively charged TITFDY (7) which
inhibits weakly the ChT-L and PA activities but stimu-
lates the T-L activity 3-fold. A short alkyl chain (C8
for 13 and C10 for 20) enhanced inhibitory activity of
positively charged hexapeptides (about 18-fold for C8
and 8-fold for C10), whereas longer alkyl groups
(15–17) did not enhance the inhibition of ChT-L activity
by the positively charged TVTYKF (activation for 17
with C16 chain) but favored inhibition of T-L activity
(15, 16) (Table 1 and Fig. 1B; a). Consistent with these
results, short alkyl groups (C6–C10 for 21–23) also fa-
vored inhibition by the negatively charged hexapeptide
TITFDY, which was a very poor inhibitor alone (about
23-fold) (compare 27 and 7). We then decreased the pep-
tide character of lipopeptides by shortening the peptide
moiety. Our previous study on hexapeptides highlighted
the influence of the three amino acids at the peptide
C-end.10 Consequently, the positively charged lipotri-
peptides Pam-FKF (37) and Pam-YKF (38) were syn-
thesized and studied. The tripeptide YDL was selected
to obtain negatively charged lipotripeptides because of
the inhibition of Xenopus 26S proteasome by TISYDL
and TVSYDL,10 together with that of yeast 20S protea-
some by TITYDL (11). The effect of replacing aspartic
acid by glutamic acid or asparagine was investigated,
as was the influence of the alkyl chain length (29–33);
we also introduced the unnatural amino acid LL-thyro-
nine (34–36) and the 2-aminopalmitoyl group (36).
Short lipid chains (C6–C12) did not favor inhibition
by lipotripeptides (29–33) in contrast to hexapeptide al-
kyl derivatives (Fig. 1B; b): long alkyl chains produced
better inhibitors acting at micromolar concentrations
(Ki of 5 for Apam-YET(0) 36 and Ki of 18 for Pam-

YEL 33 against ChT-L activity). The competitive inhib-
itor 33 (Fig. 1A, inset) inhibited at 35 lM T-L and PA
activities as efficiently as did the established proteasome
inhibitor MG132 tested at the same concentration,
whereas ChT-L activity was poorly inhibited (decrease
3-fold). Compound 33 also inhibited rabbit 20S protea-
some with an inhibitory effect increased (ChT-L and
T-L) or decreased (PA) by a factor of 2 compared to
yeast 20S proteasome. The three proteasomal activities
were all inhibited to about the same extent by alkyl-trip-
eptides 28 and 33. Conversely, the positively charged
Pam-FKF (37) and Pam-YKF (38) did not inhibit PA
activity like the corresponding hexapeptides TVTFKF
(1) and TITYKF (8). They were poor inhibitors of
T-L activity. Their inhibition of CT-L activity (at
35 lM) was about 5- to 10-fold better than that of the
corresponding hexapeptides 1 and 8. YED (39), YEL
(40), Pam-OMe (41), and Apam (42) had no inhibitory
potency, demonstrating that the whole lipopeptide
structure is necessary for inhibition. Finally, the meta-
bolic stability of some lipopeptides in culture medium
RPMI containing fetal calf serum was studied; the
half-life of Pam-YDL (28) was 23.8 h and that of
Pam-YEL (33) was 19 h. These results show that lipo-
peptides are valuable candidates for the development
of new proteasome inhibitors that do not form a cova-
lent bond with the catalytic threonine-1 Oc. The non-
specific lipid group may act in a dual way by improving
inhibition and by targeting the inhibitor to the mem-
brane (an interface directing group). The peptide se-
quence may also be varied to confer specificity toward
the b1, b2 or b5 subunits.
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Abstract—A series of 2-acylaminothiophene-3-carboxamides has been identified which exhibit potent inhibitory activity against the
FLT3 tyrosine kinase. Compound 44 inhibits the isolated enzyme (IC50 = 0.027 lM) and blocks the proliferation of MV4-11 cells
(IC50 = 0.41 lM). Structure–activity relationship studies within this series are described in the context of a proposed binding model
within the ATP binding site of the enzyme.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. FLT3 inhibitors in clinical development.

Acute myeloid leukemia (AML) is the most common
form of adult leukemia and comprises approximately
20% of childhood leukemias.1 Current treatment for
AML typically involves treatment with general cytotoxic
agents such as Cytarabine (Ara-C) and Daunorubicin to
induce remission of disease. Induction therapy is fol-
lowed by a variety of post-induction treatments ranging
from high dose Cytarabine to bone marrow transplant.2


Such aggressive therapies are often poorly tolerated by
elderly patients. Additionally, since less than 20% of
diagnosed AML patients survive more than 4 years,
improved treatment paradigms are needed.


Activating mutations of the class III receptor tyrosine
kinase FLT3 have been detected in approximately 30%
of patients with acute myelogenous leukemia and a
small number of patients with acute lymphoblastic leu-
kemia or myelodysplastic syndrome.3 Patients with such
FLT3 mutations have a poor prognosis, with decreased
remission times and disease free survival.4 Furthermore,
>90% of blasts from AML patients express either wild-
type or mutant FLT3.5 This suggests that inhibition of
FLT3 may be of significant therapeutic benefit for
AML patients.

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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Reported FLT3 inhibitors under advanced clinical
development include the staurosporine structural ana-
logues, lestaurinib and midostaurin, the quinazoline,
tandutinib, and others.6 These exhibit varying degrees
of non-selectivity, particularly toward other receptor
tyrosine kinases, and as such, may present undesirable
side-effect profiles. Thus, the need still exists for further
development of potent and selective FLT3 inhibitors
(Fig. 1).


During the course of our screening efforts to discover
FLT3 inhibitors derived from alternative chemotypes,
we identified a class of 2-acylaminothiophene-3-carbox-
amides that exhibited potent inhibitory activities. Some
compounds of this class had been reported to potentially
inhibit a range of kinases in an earlier published patent
application; however, no data were provided to support
these claims, nor was FLT3 among the potentially
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Table 2. FLT3 inhibitory activities for 2-phenacylaminothiophene-3-


carboxamides 11–29


6, 11 - 29


S


H2N O


NH


O R


Compound R FLT3 inhibition


IC50
a (lM)


MV4-11


proliferation


IC50
b (lM)


6 H 0.36 (±0.07) >10


11 4-Me 0.052 (±0.01) 0.45


12 4-OMe 0.12 (±0.03) 1.3


13 4-Cl 0.31 (±0.05) 1.4


14 4-Br 0.31 (±0.13) 1.5


15 4-Ac 0.59 (±0.18) 1.8


16 4-t-Bu 0.63 (±0.09) 1.6


17 4-Ph >10


18 4-OPh >10


19 3-Me 0.14 (±0.03) 3.2


20 3-OMe 0.11 (±0.06) 1.5


21 3-Cl 0.63 (±0.10) 2.2


22 2-Me 3.0


23 2-OMe >10


24 2-Cl >10


25 3,4-Di-OMe 0.042 (±0.03) 0.34


26 3,4-Methylenedioxy 0.14 (±0.01) 0.89


27 3,5-Di-OMe 1.7 (±0.62) >10


28 3,4,5-Tri-OMe >10


29 3,4-Di-Me 0.54 (±0.40) 0.71


a Values are means of three experiments, standard deviation is given in


parentheses.
b All dose–response data are calculated from an average of three


replicates per dose.
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affected kinases cited.7 A more recent application cites
inhibition of a broad panel of kinases (including
FLT3) by various compounds within this class; howev-
er, data are presented for only a single inhibitory con-
centration (10 lM).8 Herein, we report on initial
structure–activity relationships for this series with the
goal of mapping out a general binding motif for the
inhibitory interaction with FLT3.9 This information
may serve in the development of FLT3 inhibitors exhib-
iting greater potencies and selectivity.


A survey of simple 2-acylaminothiophene-3-carboxa-
mides (Table 1) revealed a minimal tolerance for steric
bulk at the carbon adjacent to the carbonyl of the sec-
ondary amide and a preference for sp2 hybridization at
this center. Thus, while acetamido and propionamido
analogues 1 and 2, respectively, inhibited FLT3 at
low-micromolar levels, larger alkyl amides resulted in re-
duced activities. Of particular interest are the contrast-
ing activities of the pseudo sp2 isopropylcarboxamide
3 and cyclopropylcarboxamide 4; the former exhibiting
greatly diminished activity. Cyclohexylcarboxamide 5
was inactive at a concentration of 10 lM; however, its
aromatic counterpart, 6 and 2-furoylamide 7, exhibited
significantly enhanced activities (IC50 = 0.36, 0.17 lM,
respectively).10 Pyridine carboxamides (8–10) exhibited
a range of inhibitory potencies against the isolated en-
zyme with p- > o- > m-isomer (10 > 8 > 9), an order
which may reflect important electronic ring effects as op-
posed to specific electrostatic interactions with the
enzyme.


Substituent effects were evaluated on benzoylamide 6
(Table 2). Both steric and electronic factors affected
activity in this series. Small substituents (methyl, 11;
methoxyl, 12) at the 4-position afforded increased
FLT3 enzyme inhibition. Somewhat larger substituents
were tolerated (halo, 13, 14; acetyl, 15; t-butyl, 16),

Table 1. FLT3 inhibitory activities for 2-acylaminothiophene-3-carb-


oxamides 1–10


1 - 10
S


H2N O


NH
R


O


Compound R FLT3 inhibition


IC50
a (lM)


MV4-11 proliferation


IC50
b (lM)


1 Methyl 2.0 (±0.21)


2 Ethyl 2.1 (±0.92)


3 i-Propyl >10


4 c-Propyl 1.3 (±0.37) 1.2


5 c-Hexyl >10


6 Phenyl 0.36 (±0.07) >10


7 Furan-2-yl 0.17 (±0.05) 1.5


8 Pyridin-2-yl 0.64 (±0.10) 0.35


9 Pyridin-3-yl 1.1 (±0.41) 2.0


10 Pyridin-4-yl 0.11 (±0.05) 2.1


a Values are means of three experiments, standard deviation is given in


parentheses.
b All dose–response data are calculated from an average of three rep-


licates per dose.

but with increasing size activity dropped precipitously
(phenyl, 17; phenoxyl, 18). Similar effects on substitu-
tion of the 3-position were observed, with methyl and
methoxyl substituents providing increased activity (19,
20; IC50s = 0.14 and 0.11 lM, respectively). Ortho
substitution was uniformly detrimental to activity, likely
due to induced conformational effects away from
co-planarity.


Interestingly, while enhanced inhibitory activity was ob-
tained with 3,4-dimethoxybenzoylamide 25 (IC50 =
0.042 lM), 3,4,5-trimethoxybenzoylamide 28 was
devoid of activity.


The introduction of spacer atoms between the aryl ring
and carbonyl carbon was also investigated (Table 3).
The results are consistent with a requirement of coplan-
arity between these two groups. Thus, saturated
homologues showed greatly reduced inhibitory activities
compared with vinyl analogues. Again, methoxyl
substitution was beneficial, particularly in the case of
3,4-dimethoxycinnamoyl analogue 39.


Structure–activity relationships of the bicyclic thio-
phene-3-carboxamide core were also investigated
(Table 4). Deletion of the fused cyclohexyl methylenes
(42) resulted in a 50-fold reduction in FLT3 inhibitory
activity, much of which could be recovered by







Table 5. Kinase selectivity screen for compound 25


Kinase % Inha


Abl(h) 21


AMPK(r) �4


Arg(h) 49


Axl(h) �10


Bmx(h) 9


BTK(h) 14


CDK2/cyclinA(h) �22


CDK7/cyclinH/MAT1(h) �1


CHK1(h) �7


c-RAF(h) �1


EphB2(h) �11


Fes(h) �12


Fyn(h) 33


GSK3ß(h) �2


JNK3(h) �6


Lyn(h) 21


Met(h) 13


PKCl(h) 3


PKD2(h) �7


Rsk1(h) 3


TrkB(h) 39


Fes(h) �12


a Compound 25 was tested at single concentration of 3 lM; ATP


concentration was 10 lM. Values are averages of duplicate


experiments.


Table 3. FLT3 inhibitory activities for homologated 2-acylaminothiophene-3-carboxamides 30–41


30-41


S


H2N O


NH
X


O Ar


Compound X Ar FLT3 inhibition IC50
a (lM) MV4-11 proliferation IC50


b (lM)


30 –CH2– Ph 3.2 (±1.1) >10


31 –CH2–O– Ph >10


32 –CH2–S– Ph >10 3.8


33 –CH2–O– 4-MeOPh �10


34 –CH2–CH2– Ph 3.6 (±0.76)


35 –CH2–CH2– 4-MeOPh 2.7 >10


36 –CH@CH– Ph 0.25 (±0.02) 0.53


37 –CH@CH– 4-MeOPh 0.25 (±0.06) 1.8


38 –CH@CH– 4-i-PrPh 0.49 (±0.17) 2.7


39 –CH@CH– 3,4-Di-OMe 0.13 (±0.04) 2.0


40 –CH@CH– Furan-2-yl 0.56 (±0.06) 0.48


41 –CH@CH– 5-Methylfuran-2-yl 1.0 (±0.23) 10


a Values are means of three experiments, standard deviation is given in parentheses.
b All dose–response data are calculated from an average of three replicates per dose.


Table 4. Effects of thiophene substitution upon FLT3 inhibitory


activities for 2-phenacylaminothiophene-3-carboxamides 42–46


25, 42-46
R4


R5
S


H2N O


NH


O
OMe


OMe


Compound R4, R5 FLT3 inhibition


IC50
a (lM)


MV4-11 proliferation


IC50
b (lM)


42 H, H 2.1 (±1.3) 2.4


43 Me, Me 0.14 (±0.10) 0.33


44 –(CH2)3– 0.027 (±0.01) 0.41


25 –(CH2)4– 0.042 (±0.03) 0.34


45 –(CH2)5– 6.9 (±2.9)


46 –(CH2)6– >100


a Values are means of three experiments, standard deviation is given in


parentheses.
b All dose–response data are calculated from an average of three rep-


licates per dose.
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incorporation of methyl groups at R4 and R5 (43). With-
in the series of fused alkylene ring homologues, activity
was inversely correlated with ring size, with optimal
activity residing with cyclopentyl-fused thiophene 44.


In order to evaluate the functional activities within this
series, those inhibitors with approximate sub-micromolar
IC50s were assayed for antiproliferative effects on MV4-11
cells (a human acute myelogenous leukemia cell line
expressing a constitutively activated mutant FLT3).11


With only a few exceptions, activities between the two as-
says were well correlated. Thus, effective anti-prolifera-
tive concentrations (IC50s) were roughly 10-fold less
than corresponding inhibitory concentrations in the iso-
lated enzyme assay. Notable exceptions to this general
correlation were 2-pyridinylcarboxamide 8, dim-
ethylbenzoylamide 29, cinnamoylamide 36, furylacryla-
mide 40, and 4,5-dimethylthiophene analogue 43, each

of which exhibited greater anti-proliferative effects than
would have been anticipated from their FLT3 inhibitory
activities. This could be the result of enhanced cell perme-
abilities of these analogues; alternatively, it is possible
that additional anti-proliferative mechanisms were
involved in these cases.


In order to assess kinase selectivity, compound 25 was
tested against a standard panel of kinases (Table 5).
At a concentration of 3 lM, only the human Abl-related
gene kinase Arg(h) was inhibited at a level approaching
50%.







Figure 3. Cut-away illustration of the active site with superimpositions


of low-energy binding modes for lestaurtinib (yellow) and compound


25 (cyan). Hydrogen bonds between the hinge region of the backbone


and lestaurtinib are shown in green; that with compound 25 is shown


in blue. Only polar hydrogens are shown.
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The low level of inhibition of TrkB in this assay is also
noteworthy, given the reported potent inhibitory activity
of lestaurtinib against Trk isoenzymes A–C
(IC50 � 4 nM).12


To help rationalize the aforementioned structure–activi-
ty relationships and drive future syntheses, a homology
model of the FLT3 kinase domain was constructed and
compound docking studies were carried out. The kinase
domain of FGF receptor 1 (pdb Accession No. 2FGI)
was chosen as the template for FLT3 homology model-
ing because of the high homology and identity (66% and
50%, respectively) between the two enzymes.


Multiple conformations of representative compounds
from this series were generated, each with an internal
hydrogen bond between the primary amide CO and
the secondary amide NH fixed in place (Fig. 2).13 The
conformers were then subjected to rigid body docking
in order to determine a low-energy binding mode. (In
these studies, we assume that the intramolecular hydro-
gen bond is retained upon enzyme binding.) Figure 2
illustrates a common low-energy binding mode, which
correlates well with the SARs observed for this series
(compound 25). The figure shows a cut-away of the
active site between the N- and C-terminal lobes of the
kinase. The compounds are oriented so that the primary
amide engages in a hydrogen bonding interaction with
the backbone carbonyl of glutamate 692—the so-called
‘hinge region’ of receptor tyrosine kinases. The second-
ary amide projects its carboxylate-derived substituent
into a narrow cleft underneath phenylalanine 691 (in
the region of ATP binding). This is consistent with a
preference for aromatic or extended aromatic (vinylaryl)
systems that could participate in p-interactions with Phe
691 while at the same time avoiding steric clashes in this
narrow region. This binding mode also illustrates the
preference for (1) co-planarity of secondary amide
substituents and (2) a free primary amide capable of
hydrogen bonding to the hinge region of the backbone.

Figure 2. Cut-away illustration of the active site between the N- and


C-terminal lobes (magenta). Predicted low-energy binding mode of


compound 25 (cyan). Intra-molecular (red dash) and inter-molecular


(blue dash) hydrogen bonds are shown. Only ligand polar hydrogens


are shown.

We were interested in comparing this hypothetical bind-
ing mode with one that might be predicted for the FLT3
inhibitor, lestaurtinib. Docking lestaurtinib into FLT3
(Fig. 3) revealed a preferred orientation similar to many
binding modes of staurosporine-like compounds found
in kinase co-crystal structures (e.g., pdb Accession
Nos. 1AQ1, 1BYG, and 1NVQ). Lestaurtinib binds in
a typical bi-dentate fashion to the protein backbone
(Glu 692, Tyr 693), whereas the acylaminothiophene-
carboxamides bind with a mono-dentate interaction
(Glu 692 only). However, the relative positions of the
molecules within the active site are very similar. Both
chemotypes are structurally quite flat and occupy the
same plane within the active site. As shown in Figure
3, the ring systems of both molecules overlap significant-
ly; however, the methoxyl substituents of the benzamide
allow for further extension into the binding region than
is accessed by lestaurtinib’s unsubstituted indolocarbaz-
ole core. Such substitution may confer a different kinase
selectivity profile on this chemotype than is observed
with staurosporine-based molecules. Finally, this mod-
eled overlap highlights potential regions where future
synthetic plans might be directed to afford FLT3 inhib-
itors with greater potencies and enhanced clinical
effectiveness.
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Abstract—Design, synthesis, and in vitro and in vivo evaluation of a series of antipsoriatic antedrugs having 16-en-22-oxa-vitamin
D3 are described. Among the seven compounds examined, two are promising: ester 5c and amide 5f, both of which exhibit greater
potent antiproliferation activity with lessened calcemic activity than the presently prescribed maxacalcitol (2).
� 2006 Elsevier Ltd. All rights reserved.

As therapeutic agents for intractable psoriasis with an
unknown cause, various steroids, retinoids, and immu-
nosuppressants such as cyclosporine and methotrexate
have been developed. However, these medicines have
severe side effects including rebound phenomenon,1


atrophy of skin,2,3 teratogenesis,4 nephrotoxicity,5 liver
fibrosis,6,7 and interstitial pneumonia.8 Since the rec-
ognition of the therapeutic effect of the naturally
occurring hormone calcitriol (1a,25-dihydroxyvitamin
D3; 1, Chart 1) was reported in the early 1980s,9 a
number of studies10 have focused on the separation
of the antipsoriatic effect from the undesirable calce-
mic activity by modification of the natural structure
in order to develop a more favorable therapeutic
index. Side-chain analogs of calcitriol (1) such as
maxacalcitol (2),11 tacalcitol (3),12 and calcipotriol
(4)13 have been developed for clinical treatment of
psoriasis. Although they require careful administration
due to their calcemic effects, such vitamin D3 analogs
have been used extensively because they are safer than
other treatments.
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However, these vitamin D agents show less efficacy than
steroids which belong to the ‘very strong’14 or ‘strongest’
class. High doses of vitamin D3 analogs induce an unde-
sirable calcemic action not found in steroids but exhibit
an efficacy closer to that of the potent steroids.15 These
findings prompted us to improve the safety of vitamin D
agents which would allow higher dosages.


Recently, we reported a series of 16-en-22-oxa-vitamin
D3 analogs16 which showed reduction of calcemic
activity. This reduction is assumed to be due to the rapid
oxidative metabolism of enzymes in liver that rapidly
converted the absorbed 16-en-22-oxa-vitamin D3


analogs into inactive metabolites after exhibiting cell
antiproliferative activity. The 16-en-22-oxa-vitamin D3


analogs were absorbed topically and assumed to be
oxidized at the allylic C20 or C23 center adjacent to
the oxygen atom rapidly after entering into liver through
systemic circulation, and gave rise, presumably via the
hemiacetal intermediates 6 or 8 from metabolic enzymes
in the liver, such as CYPs, to the inactive metabolite 7 or
9.16,17 This mode of action is in accordance with the
definition of an ‘antedrug,’18–20 an active synthetic
derivative designed to undergo biotransformation,
proposed in the early 1980s (Chart 2).


With the antedrug concept in mind, we decided to design
a new 16-en-22-oxa-vitamin D3 antedrug having 24-ester
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Chart 2. Presumed multipath metabolism of 16-en-22-oxa-24-carboalkoxy or carbamide analogs.
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Chart 1. Structure of 1 and its analogs.
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and 24-amide functionality. As it was known that calci-
triol (1) metabolized into biologically inactive calcitronic
acid (10),21 installing additional metabolic functionality
leading to inactive carboxy functionality would improve
the ‘antedrug’ profile (Chart 3). We were most interested
in a combination of the changes in the activities of the
newly combined analogs of 16-en, 22-oxa, and 24-carbo-
alkoxide or 24-carbamide moieties and reduction of the
metabolic stability by multipath metabolism. With mod-
ification at the terminal part of the side-chain, the unde-
sirable calcemic activity would be reduced through
faster metabolism in systemic circulation.


In this paper, we describe the synthesis and biological
profiles of 16-en-22-oxa-24-carboalkoxy, carbamide
analogs 5b–f, and the presumed metabolites 7 and 5a.

HO OH


OH


Calcitriol (1)


24-hydroxylase


OH


OH
24


Chart 3. Metabolic pathway of calcitriol (1).

For comparison, 5g–i were also prepared and their
activities evaluated. The results from compounds 5c
and 5f provide promise of potent and selective topical
vitamin D antipsoriatic agents (Fig. 1).


The synthesis of 16-en-22-oxa-24-carboalkoxy and
16-en-22-oxa-24-carbamide analogs 5b–f is shown in
Scheme 1. Treatment of the allyl alcohol 1122 was first
transformed into the secosteroidal allyl alcohol 12 by
photocycloreversion and thermal hydrogen migration,
in 64% yield. The etherification of the allyl alcohol 12
with tert-butylacetate under standard Williamson condi-
tions gave the desired tert-butyl ester 13b, followed by
hydrolysis to obtain the common intermediate secoster-
oidal carboxylic acid 14. The condensation with appro-
priate alcohols or amines under standard conditions,

O


OHHO
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O


Calcitronic acid (10)


24


23







 


   


 


 


 


Figure 1. In vivo serum total calcium concentration after 8-day topical administration of maxacalcitol (2), 5c, and 5f in rats.
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followed by desilyation, furnished 16-en-22-oxa-24-car-
boalkoxy and 16-en-22-oxa-24-carbamide analogs 5b–f
in good yield without difficulty.


We also synthesized the 16-en-22-oxa-24-carboxylic acid
5a, which is presumed to be the common metabolite of es-
ters 5b and 5c, and amides 5d–f for a comparison in the
biological evaluation. The synthesis utilized the interme-
diate 13b in the syntheses of 5b, 5c, 5e, and 5f. Thus, the
carboxylic acid 14 afforded the desired seco-steriod 5a
through 15a after removal of its bis TBS ether.


Synthesis of 22-oxa-24-carboalkoxy analog 5g utilized
the secondary alcohol 16 formed in the synthesis23 of

TBSO
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OH
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O


HO


11 12


15a: R=OCH(CH3)2


15c: R=OC(CH3)(C2H5)2


15e: R=NHCH2C(CH3)3


15f:  R=NHCH2CF2CF3


a b


d e


Scheme 1. Reagents and conditions: (a) hm, THF; heating; (b) method for 1


NaH, 15-crown-5, N-tert-butyl bromoacetamide, DMF, THF; (c) 1 M NaO


propan-2-ol,2-chloro-1,3-dimethylimidazolinium chloride, pyridine, CH2Cl2,


for 15e: 2,2-dimethyl-propylamine,1-ethyl-3-(3-dimethylaminopropyl)carbodi


15f: 2,2,3,3,3-pentafluoro-propylamine, WSCIÆHCl, HOBtÆH2O, CH2Cl2, (e)


from 12, 5e: 40% from 14, and 5f: 77% from 14).

maxacalcitol (2) shown in Scheme 2. With the same
Williamson condition as step b in Scheme 1, the precur-
sor of photolysis, 5,7-dien-ester 17, was obtained. After
photolysis and deprotection, steroidal ester 17 furnished
22-oxa-24-carboalkoxy analog 5g.


The 22-carbon analogs 5h and 5i were prepared starting
from the known diene 19h24 or triene 19i23 (Scheme 3).
Ene reaction of 19 with methyl propiolate using Et2AlCl
provided 22-en-steroidal ester 20. Reduction of triene
20h gave C16–C17 saturated analog 21h by H2 and
Pd–C, and reduction of tetraene 20i gave 5,7,16-trien
analog 21i by NiCl2 and NaBH4, respectively. 5-En
analog 21h converted into 5,7-diene by standard
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from 17).
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conditions established in the synthesis of vitamin D3


derivatives,25,26 via allyl bromides. The crude dienes
22h were first treated with 4-phenyl-1,2,4-triazoline-
3,5-dione (PTAD)27 to give the corresponding PTAD
adduct 23h for purification. After retro-Diels–Alder
reaction, the pure 5,7-diene 22h was obtained. The 5,7-
dienes 22h and 21i furnished 22-carbon esters 5h and
5i after hydrolysis, ester condensation, photolysis, ther-
mal isomerization, and deprotection.


Biological activities of the compounds prepared in the
present study were evaluated as follows using 2 as
the reference: (i) in vitro metabolic stability, (ii) in vivo
calcemic activity, and (iii) in vitro pharmacological
activity. For in vitro metabolic stability, compounds
were incubated with rat liver microsomes or human liv-
er S9 in the presence of NADPH and the metabolic
elimination rate, ke, was determined by time course
for concentrations in the reaction mixture. The calce-

mic activity was estimated based on the calcemic
increment levels from in vivo mouse or rat percutane-
ous administration. The pharmacological activity was
estimated by measurement of human keratinocyte
growth inhibitory activity.28 A chicken VDR affinity
evaluation confirmed that the compounds function as
vitamin D analogs.


Table 1 shows the profiles of compound 5b and its
analogs 5i, 5g, and 5h. According to our previous stud-
ies,16 16-en-22-oxa-vitamin D3 analogs metabolized fast-
er than 2, shown by the profiles of the representative
analog 2a in Table 1. Introduction of a 24-ester moiety
into 16-en-22-oxa analogs like 5b increased the metabol-
ic rate. This result might be due to the multipath
metabolism, oxidative metabolism, and hydrolysis. A
comparison of 5b with 5i and of 5g with 5h clearly
showed that 22-oxa functionality largely contributed
to the poor metabolic stability. Interestingly, the







Table 1. Biological activity of 16-en-22-oxa-vitamin D3 analogs
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Metabolic stability in
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ke ratio versus 2b


In vivo blood


ionized Ca


(mmol/L)c


Ratio of Ca change


to vehicle C (%)j


Antiproliferatior


activity IC50 (nM)k


Antiproliferatior


activity A (%) versus 1l


Calcitriol (1) 100 n.d. n.d. n.d. 27.3 100


Maxacalcitol (2) 20.0 1 2.60 ± 0.22d 98.5 22.6 120.5


2a16 n.d. 1.3 2.16 ± 0.07e 66.2 50.4 54.1


5b 40.1 3.9 1.65 ± 0.05f 22.2 8.9 305.6


5h n.d. 0.4 1.77 ± 0.11g 28.3 17.0 160.4


5i n.d. 2.9 2.31 ± 0.18h 67.4 6.3 432.1


5g n.d. 11.6 1.49 ± 0.09i 9.6 88.4 30.8


n.d., not determined.
a Each point represents the average of duplicate measurements.
b Metabolic stability was calculated as the ratio of the ke value of the analog to 2. Values are means of two experiments.
c The in vivo calcemic activity of test compounds determined by measuring serum calcium level in mice after single percutaneous administration


(n = 3).
d Vehicle levels (mmol/L): 1.31 ± 0.04.
e Vehicle levels (mmol/L): 1.30 ± 0.05.
f Vehicle levels (mmol/L): 1.35 ± 0.02.
g Vehicle levels (mmol/L):1.38 ± 0.02.
h Vehicle levels (mmol/L): 1.38 ± 0.03.
i Vehicle levels (mmol/L): 1.36 ± 0.01.
j Calcemic activity (%) = {(blood ionized Ca [mmol/L] of the analogs) � (blood ionized Ca [mmol/L] of the vehicle)}/(blood ionized Ca [mmol/L] of


the vehicle)} · 100.
k The in vitro effect is expressed as percentage activity at IC50 (n = 2, mean value) in comparison with 1. IC50 is the molar concentration of the test


compound that causes 50% of the maximal inhibition of proliferation by suppression of [3H]TdR uptake.
l Antiproliferation activity (%) = {(IC50 [nM] of 1)/(IC50 [nM] of the analogs)} · 100.
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antiproliferative activity appeared to be subjected to 16-
en substructure in comparing 5g with 5b and 5h with 5i.
Finally, the combination of 16-en, 22-oxa, and 24-ester
moieties is effective for enhancing the metabolic instabil-
ity as well as the pharmacological activity.


Table 2 shows the profiles of substrates 5c–f and their
presumed metabolites 5a and 7. The 3-(3-methyl)-pentyl
ester 5c was designed based on the structure of the ‘super
agonist’ lexacalcitol10 having three substructures—epi-
merization at C20, insertion of methylene group at C24,
and insertion of methylene group at C26 and C27—which
seem to contribute to its potent activity. The increase of
terminal hydrophobicity in 5c with a 26,27-dihomo sub-
stitution obviously enhanced the metabolic instability,
reduced the calcemic activity, and increased the antipro-
liferative activity greatly. It occurred to us that the higher
hydrophobicity enhanced the affinity to CYP29 and the
terminal bulky substituent had some impact on VDR
signaling.30


Although amide 5d was metabolically unstable, calcemic
activity remained relatively potent. Undesirable calcemic
activity seems to be explained by a balance of metabolic
stability with biological activity. In the case of 5d, this
balance seems to be responsible for improved activity.

However, the metabolic stability of 5b and 5d was incon-
sistent with the general tendency of metabolic rates in es-
ters and amides.


To lower the calcemic activity of amide 5d, we promoted
metabolism by steric and electronic effects on the car-
bamide moiety. In 5e, steric hindrance around the nitro-
gen atom was removed, and in 5f, the elimination ability
of the amino group was accelerated by attachment of an
electronegative fluorine atom, and retained terminal
hydrophobicity in both. The enhancement of metabo-
lism and the reduction of calcemic activity in 5e and 5f
suggested that both steric and electronic effects may
have contributed to the promotion of hydrolysis. Addi-
tionally, the modifications of 5f may have markedly
increased antiproliferative activity.


Carboxylic acid 5a and alcohol 7 exhibited few activi-
ties, desirable or undesirable, indicating that these two
presumed metabolites were inactive, in accordance with
the antedrug concept.


Of the antipsoriatic vitamin D3 analogs form this series,
the above results show that ester 5c and amide 5f were
found to have beneficial pharmacological activity and
only slight calcemic activity. Therefore, compounds 5c







Table 3. In vitro and in vivo pharmacokinetic parameters of maxacalcitol 2, 5c, and 5f


Compound In vivo pharmacokinetic in ratsa In vivo skin concentration after


percutaneous administration to rats


(3 mg/0.3 g ointment/kg)b concentration


ratio versus 2 (4 h)


In vitro metabolic


clearance in human liver


S9 (mL/min/mg S9 protein)cDose (lg/kg) CLtot (mL/h/kg)


Maxacalcitol (2) 10 1257 1 0.007


5c 1000 5691 0.8 1.421


5f 1000 7853 0.6 0.278


a Values represent means of several rats: 2: n = 4, 5c: n = 3, 5f: n = 3.
b Single percutaneous administration (after 4 h).Values are means of two rats.
c Values are means of two experiments.
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Maxacalcitol (2) 20.0 1 2.60 ± 0.22d 98.5 22.6 120.5


5c 45.1 >10 1.57 ± 0.03e 9.8 0.8 3519.8


5d 22.2 8.2 2.16 ± 0.28f 63.6 4.4 619.2


5e 18.0 >10 1.82 ± 0.08g 31.9 17.4 157.2


5f 34.4 14.4 1.58 ± 0.11h 16.2 1.9 1470.7


5a 0.04 n.d. 1.38 ± 0.04i No elevation >1000 <2.7


716 0.32 n.d. 1.40 ± 0.04i No elevation >1000 <2.7


n.d., not determined.
a,b,c,j,k,l See Table 1.
d Vehicle levels (mmol/L): 1.31 ± 0.04.
e Vehicle levels (mmol/L): 1.43 ± 0.07.
f Vehicle levels (mmol/L): 1.32 ± 0.02.
g Vehicle levels (mmol/L): 1.38 ± 0.02.
h Vehicle levels (mmol/L): 1.36 ± 0.01.
i Vehicle levels (mmol/L): 1.44 ± 0.03.
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and 5f were further evaluated in pharmacokinetic stud-
ies and their calcemic activities examined in detail.


Table 3 shows the pharmacokinetic profiles for the
in vitro and in vivo studies of maxacalcitol (2), 5c, and
5f. After intravenous dosing to rats, 5c and 5f had great-
er clearance than 2, similar to the results of the stability
evaluation in rat microsomes. The in vivo rat skin con-
centrations after percutaneous administration were al-
most equal to 2, indicating that highly potent analogs
5c and 5f would exhibit higher efficacy than 2 at the
same dose.


In human liver S9, 5c and 5f proved quite unstable met-
abolically compared with 2, indicating that these two
compounds also metabolized rapidly in human liver.


The calcemic activity of 5c and 5f were further assessed
in an 8-day percutaneous administration study. The
results from rats treated with 5c and 5f at several dosag-
es exhibited clear reduced calcemic activity over maxa-
calcitol (2).

In summary, we prepared and profiled a series of 16-en-
22-oxa vitamin D3 analogs possessing a 24-carboalkox-
ide or 24-carbamide moiety in the side-chain, with the
expected enhancement of the metabolic instability fol-
lowed by conversion to inactive metabolites. This series
has shown to be extremely potent agonists of VDR with
low calcemic action. Further biological evaluation of
these analogs identified compounds 5c and 5f to be
extremely potent, low-calcemic vitamin D3 analogs, with
concentration in rat skin comparable to maxacalcitol
(2). Compounds 5c and 5f are currently being evaluated
in further detail for their clinical application as antipso-
riatic agents.
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Abstract—Up-regulation of polyamine transporters on the surface of tumor cells and the internalization of biogenic polyamines by
active transport processes may be exploited for the accumulation of spermidine derivatives as reporter molecules. We have synthe-
sized and tested fluorophor-labeled spermidine derivatives for the development of a new class of intraoperative tumor imaging
agents. In vitro uptake experiments and initial in vivo imaging studies illustrated that fluorophor tagged spermidine derivatives show
tumor accumulation.
� 2006 Elsevier Ltd. All rights reserved.

The discrimination between normal and malignant tis-
sues is a major challenge in tumor surgery and endo-
scopic tumor diagnosis. Targeted fluorescent dyes
resulting in tissue fluorescence differences or the applica-
tion of photosensitizers—used in photodynamic diagno-
sis (PDD)—are of substantial value for the endoscopic
or intraoperative delineation of primary tumors and
metastatic lesions, in particular for oncological applica-
tions.1–3 Most fluorescence markers for intraoperative
tumor imaging are based on receptor-targeted dye-
peptide or protein-dye conjugates.4–7 Fluorophor
conjugated specific antibodies are used as tumor
surface markers.8


A number of mammalian tumor cell lines have been
shown to contain a high level of an active polyamine up-
take system.9 In addition to biosynthesis cancer cells
internalize polyamines by receptor-mediated active
transport processes which can result in the accumulation
of micromolar polyamine quantities and intra-to-extra-
cellular ratios of the order of 1000.10,11 The polyamine
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transport system has a broad structural substrate toler-
ance.9 In particular, spermidine conjugates have been
found to be good substrates of polyamine transport-
ers.12,13 The affinity of polyamines and their analogs
to polyamine transporters increases with the number
of positive charges.12 Polyamines could therefore be
successfully used as carriers for the targeting of anticancer
drugs to tumors.14,15


We propose of coupling polyamines—such as spermi-
dine—to fluorescent dyes might provide a new class of
fluorescent markers in optical tumor imaging which uti-
lize the polyamine transport system in order to accumu-
late in tumors. We synthesized and characterized
spermidine-dye conjugates and evaluated their in vitro
and in vivo tumor uptake characteristics.


The chemical structures of compounds 1–4, spermidine,
and 2-(methylamino)benzoic acid (MANT) are outlined
in Scheme 1. Altogether, a series of three spermidine
conjugates has been synthesized that contain the follow-
ing fluorophores: 5(6)carboxyfluorescein (1), acridine
yellow G (3) or MANT (4), along with two spermi-
dine-free control dyes, compound 2 and MANT.
MANT allowed direct coupling of spermidine to yield
4, whereas the other compounds additionally consist
of a peptidyl (1) or an amino acid as linker moiety (3).
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Scheme 2. Reagents and conditions for the synthesis of 1: (a) 1% TFA


in CH2Cl2; (b) spermidine, HBTU/NMP; (c) 20% piperidine/NMP; (d)


5(6)carboxyfluorescein, HBTU/NMP; (e) 2 h, TFA/H2O/triisoprop-


ylsilane (95:2.5:2.5).


Figure 1. Excitation and fluorescence spectra of compounds 1, 3, and 4.


Scheme 1. Chemical structures of the dye conjugates 1, 3, and 4 as well


as the control dyes.
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Conjugates 1 and 3 as well as compound 2 were synthe-
sized automatically, according to the Merrifield strategy.
9-Fluorenylmethoxycarbonyl (Fmoc) amino acids were
coupled in a stepwise manner to the corresponding
resin.16 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyl-
uronium hexafluorophosphate (HBTU) in N-methyl-
pyrrolidone (NMP) was used as coupling agent. Fmoc
groups were removed using 20% piperidine/NMP. The
compounds were cleaved from the resin with trifluoro-
acetic acid (TFA)/H2O/triisopropylsilane (95:2.5:2.5).
Reversed-phase HPLC purification of the crude
products yielded the pure conjugates 1–4 which were
characterized by analytical reversed-phase HPLC, 1H
NMR spectroscopy, and ion-spray mass spectrometry
to reveal identity and purity of the novel compounds.


The synthetic approach for conjugate 1 (N-5(6)-car-
boxy-fluorescein-aspartyl(spermidine)-glycylglycyl-am-
ide) is outlined in Scheme 2. Cleavage from the Rink
amide resin with subsequent purification yielded 1
(C36H41N7O10, [M+H]+ = 731.73).


Compounds 2 (aspartate(acridine yellow G) and 3
(aspartyl(acridine yellow G)spermidine) were assembled
on Fmoc-D (OAll)-Wang resin (OAll = a-allyl ester).
The synthesis started with Pd/C (palladium/carbon)-
mediated cleavage of the a-allyl ester protecting group.
The free side-chain carboxyl group was acylated with a
fivefold excess of acridine yellow G. To obtain 2, the
Fmoc group was cleaved with subsequent removal of
the compound from the resin. Purification yielded 2
(C19H20N4O3, [M+H]+ = 352.94). Compound 3 was
obtained by cleavage of Fmoc-D-acridine yellow G from
the resin. Then Fmoc-D-acridine yellow G was coupled

with a fourfold excess of spermidine. After cleavage of
Fmoc, precipitation with diethyl ether, and lyophiliza-
tion, the crude product was purified over preparative
HPLC, yielding 3 (C26H37N7O2, [M+H]+ = 480.83) after
lyophylization.


2-(Methylamino)benzoic acid (MANT) was prepared as
previously described by Di Carlo and Lindwall.17


Conjugate 4 was obtained by reacting equimolar quan-
tities of spermidine and 2-(methylamino)benzoic acid
in the presence of equimolar amounts of the coupling
reagent HATU (O-(7-azabenzo-triazol-1-yl)-N,N,N 0,N 0-
tetramethyluronium hexafluorophosphate), yielding
4 (C15H26N4O, [M+H]+ = 279.08). Excitation and
emission spectra of compounds 1, 3, and 4 are shown
in Figure 1.


The in vitro uptake characteristics of the fluorescent-
labeled spermidine derivatives 1–4 into two tumor cell
lines (B16 mouse melanoma and MH3924A rat hepato-
ma) could be directly followed by confocal laser scan-
ning microscopy (a tunable ZeissLSM 510 UV). In a
control experiment we co-cultured and co-incubated
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mouse fibroblasts 3T3YMT-MP expressing Phi-Yellow
(a yellow fluorescent protein) and B16 or MH3924A
cells in the presence of compound 4. The cells were im-
aged on the coverslips on which they were grown follow-
ing 1, 4, and 24 h incubations with 50 lM of one of the
compounds. Conjugate 1 was bound on the cell surface
and not internalized by both cell lines (Fig. 2). Unla-
beled tumor cells and tumor cells incubated with the
control dyes 2 (control for 3) or MANT (control for
4) showed no fluorescence. B16 and MH3924A cells
internalized conjugates 3 and 4 (Fig. 2) into granular
cytoplasmatic structures, probably endosomes and lyso-
somes. Tumor cells incubated with 3 or 4 in the presence
of benzyl viologen, a potent polyamine uptake inhibitor,
showed no fluorescence. The non-tumor cell line
(3T3YMT-MP) showed yellow fluorescence due to yel-
low fluorescent protein expression in their mitochondria
and slight blue fluorescence, whereas the tumor cells
showed intensive blue fluorescence (Fig. 2). Tumor cell
associated blue fluorescence was more intensive com-
pared to non-tumor cell associated blue fluorescence
suggesting that dye 4 is preferably internalized into tu-
mor cells. Quantitative uptake studies showed a 19% in-
crease in cell associated fluorescence for B16 melanoma
and 16% for MH3924A cells after a 24 h incubation with
4 versus unlabeled tumor cells.


The affinity of polyamines and their analogs to poly-
amine transporters increases with the number of positive
charges.12 As compound 1 shows three negatively and
two positively charged groups under physiological con-
ditions, it is bound to polyamine receptors without a
subsequent internalization. To achieve intracellular up-
take, the net charge of the conjugates must be positive
under physiological conditions, which can be realized
by the conjugation of neutral (MANT) or basic fluoro-
phores (acridine yellow G) to spermidine. This hypoth-
esis was supported by the internalization of 3
(five positive charges) and 4 (two positive net charges).


Cellular toxicities of the dyes 1, 3, and 4 were tested in a
colony forming assay with MH3924A and B16 cells.

Figure 2. Confocal laser scanning micrographs of cultured MH3924A


cells after 24-h incubation with 1 or 4, and B16 melanoma cells (blue


fluorescence) co-cultured with 3T3YMT-MP cells (yellow fluorescence


and slight blue fluorescence) after a 4-h incubation with 50 lM of 4.

Eight days after 4 h incubations with 1 or 4 at concen-
trations of 1–250 lM, colony forming unit ranged be-
tween 100% and 98% (percentage relative to untreated
controls). Colony formation was completely inhibited
following 4 h incubations with 25 lM of conjugate 3.


Conjugate 4 was selected for initial in vivo testing based
on favorable tumor cell uptake and in vitro cytotoxicity
characteristics. In vivo fluorescence imaging experiments
were performed on male nude mice Balc C nu/nu (ca. 20 g
of bodyweight) bearing subcutaneous MH3924A (rat
hepatoma) with a mean diameter of 3–8 mm. All animal
experiments were in compliance to the German Animal
Guidelines. The polyamine-dye conjugate 4 was injected
intravenously as a bolus at a dose of 500 lmol/kg body-
weight via a lateral tail vein. Directly prior to the imaging
experiments the mice were anesthetized by intraperitoneal
injection of ketamine/xylazine hydrochloride (1:1) at a
dose of 1 mL/kg bodyweight. Images were acquired
10 min, 1 and 4 h after the administration of 4 in a con-
stant experimental (exposure time = 60 s, bit range = 0–
6) setup using a dual-mode cooled Hamamatsu C4480
12-bit CCD (charge coupled device) camera (Hamamatsu
Photonics GmbH) in an open surgery with a large incision
in the chest or abdomen. Image acquisition and analysis
were performed using Argus 50 software (Hamamatsu
Photonics). A monochromatic, ultraviolet 15 Watt hand-
lamp was used as the excitation source. Long-wave pass
filters were used to cut off reflected excitation light, and
wavelengths between 430 < k < 450 nm (quantum
yield = 0.3) were detected. The working distance was in
the range of 5 cm. In control animals that received only
PBS buffer injections no contrast enhancement was ob-
served (Fig. 3). Ten minutes and one hour after the admin-
istration of contrast agent 4, fluorescence associated to
dye accumulation could be detected mainly in the bladder
and in the tumor (MH3924A), to a lesser extent in intes-
tine, liver, and kidneys, but not in the muscle, lungs or
other organs and tissues (Fig. 3). Absolute fluorescence
signal intensities of tumor and organs were determined
by setting regions of interests (= 11.6 mm2 = 14881 pix-
els) with Argus software which assures that each region
of interest contains the same number of pixels. Signal
intensities were expressed as total numbers of counts in
the region over 1 min. The bladder showed the highest
intensity with 183105 counts, followed by the tumor with
153718 counts, and intestine with 99157 counts. Even 4 h
after the application of 4, contrast enhancement with
115443 photon counts in the whole tumor was observed.
The tumor of control animals showed 2103 photon
counts. Fluorescence micrographs of excised tumor and
selected organs (liver, kidneys, lungs, and intestine) were
in accordance with the imaging experiments. Control
tissue sections of untreated animals lack auto fluorescence.


The major advantage of polyamine dye conjugates is their
potential to accumulate in a wide range of tumor types, as
a great number of tumor cell lines have elevated poly-
amine receptor levels,whereas only a single tumor type
can be detected by fluorescent markers based on antibod-
ies and receptor-targeted peptides and proteins.5,8,9 Addi-
tionally after application of 4 no protection from sunlight
is necessary, whereas skin retention of photosensitizers







Figure 3. In vivo optical CCD imaging of nude mice carrying


MH3924A 1 h after injection of compound 4 or PBS buffer (control).


All units are photon counts (Maximal signal per pixel = 80, minimal


signal per pixel = 0). Exposure time = 60 s.
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based on porphyrin necessitates protection of patients
from light for as long as 6–7 weeks.18 The new generation
photosensitizer 5-aminolevulinic acid shows selective up-
take in vascular and proliferative tissues.2 However, its
uptake rate is restricted by its hydrophilic nature.2 Fast,
facilitated tumor cell uptake despite the hydrophilic nat-
ure of conjugate 4 is an advantage compared to 5-amino-
levulinic acid. Due to substantial accumulation of 4 in
bladder and intestine, the major disadvantage of com-
pound 4, the detection of tumors located within these or-
gans would be difficult. In the detection of cancer in
bladder and intestine 5-aminolevulinic acid should be
more suitable.2 The data presented in this paper support
the further evaluation of conjugate 4 as an optical agent
for tumor identification.
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Abstract—The 1,4-benzodiazepine-2,5-dione is a suitable template to disrupt the interaction between p53 and Hdm2. The develop-
ment of an enantioselective synthesis disclosed the stereochemistry of the active enantiomer. An in vitro p53 peptide displacement
assay identified active compounds. These activities were confirmed in several cell-based assays including induction of the p53
regulated gene (PIG-3) and caspase activity.
� 2006 Elsevier Ltd. All rights reserved.

P53 is a nuclear transcription factor that acts as a tumor
suppressor. P53 mutations are very common in human
tumors, however it remains wild-type in approximately
50% of human cancers.1 DNA damage due to chemo-
therapy or radiation increases the levels of p53, promot-
ing the synthesis of proteins involved in DNA repair.2


As a consequence, elevation of p53 levels assists in cell
cycle arrest and/or apoptosis. However, high levels of
p53 also leads to increased expression of the human
homolog of the double minute-2 protein (Hdm2).3a


Hdm2 is an E3 ubiquitin ligase and when bound to
p53 leads to p53 ubiquination and degradation by the
proteasome complex, thus facilitating resistance to che-
motherapy or radiation attack.3b It is also known that
Hdm2 over-expression is associated with poor clinical
outcome for some cancers.4 Therefore, disruption of
the interaction between these two proteins is an appeal-
ing target for chemotherapeutic treatment of wild-type
p53 tumors.


Several authors have described Hdm2 antagonists.5 Our
group,6 has published a number of papers describing the
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1,4-benzodiazepine-2,5-dione as a suitable template for
inhibiting the Hdm2:p53 interaction.


Previously we described the synthesis and SAR of novel
racemic 1,4-benzodiazepinediones with improved cellu-
lar activity.6e Here, we describe the synthesis of enantio-
merically pure 1,4-benzodiazepinediones as Hdm2
antagonists, as well as some of the biological activities
obtained with these compounds.


In order to evaluate the stereochemical effects on the
activity of our inhibitors, we developed a new methodol-
ogy for the synthesis of enantiomerically pure
compounds.


The synthetic strategy, outlined in Scheme 1 and 2,
consisted of the preparation and selective crystalliza-
tion of the diastereomeric camphanic esters 3 and 4.
Compound 1 was treated with methyl lithium to give
the corresponding racemic alcohol 2. This was treated
with camphanic chloride, followed by selective recrys-
tallization to give 4. After separation and hydrolysis,
the enantiomerically pure alcohol was transformed to
the corresponding amine 7 via Mitsunobu reaction
with phthalimide and deprotection with hydrazine. In
2, amine 7 was subjected to an Ugi reaction followed
by in situ cyclization to generate a 1:1 mixture of the
1,4-benzodiazepine-2,5-dione templates 10 and 11,
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Figure 1. X-ray structure determination of compound 4.
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which were readily separated by column chromatogra-
phy. Alkylation of diastereoisomer 10 followed by
reduction of the nitro group yielded the target Hdm2
antagonists 12.

The stereochemistry of 12 was assigned on the basis of
small molecule X-ray crystallography, conformational
analysis and comparison with the structure of a closely
related analog bound to Hdm2.6a


Small molecule crystallography of compound 4 (Fig. 1),
gave an unambiguous assignment of the stereochemistry
at the substituted chiral nitrogen.7 Conformational anal-
ysis with the two possible diastereomers at position 3
established a strong preference for one low energy con-
former in each case (not shown) Figure 2. Comparison
of the preferred conformer for each of the two diastereo-
mers with the published crystal structure of an HDM2-
bound analog in this series (Ref. 6a) established that one
conformer was essentially identical to that of the close
analog bound to HDM2 (Figs. 3 and 4 and additional
discussion below) while the other could not fulfill the
same binding interactions. On this basis the stereochem-
istry at position 3 was assigned.







Figure 4. The binding model of the Hdm2-12a complex. In addition to


the surface representation of the protein, Val93 is shown in stick form,


highlighting the proposed intermolecular hydrogen bond with the


aniline N of 12a (see text).
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Figure 3. Binding model schematic for the complex of 1,4-benzodiaz-


epine-2,5-diones bound to Hdm2.
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The primary evaluation of the inhibitory activity of final
compounds was assessed using a displacement assay of a
fluorescent peptide substrate mimicking the sequence of
the p53 interaction with Hdm2 (FP assay).6a Induction
of PIG3 production in JAR carcinoma cells, which are
known to overexpress both Hdm2 and p53, was used
as secondary screening to confirm that the cellular activ-
ity of 12a–m is mediated by p53 activation. The PIG3
production was measured by ELISA.6d The results of
the FP1 binding assay and the PIG3 production in cell
culture are reported in Table 1.

As mentioned in our previous papers,6b,e the introduc-
tion of an amine functional group in the ortho position
of the benzylic ring significantly improved the IC50


values, but dramatically reduced the cellular activity.
The reduction of cellular potency is probably due to
the zwitterionic character of the molecule. A binding
model of an Hdm2-antagonist complex was used to
guide the exploration of solubilizing modifications of
this series of molecules.


Based on the previously disclosed structure of a closely
related antagonist bound to Hdm2,6a we developed a
binding model for the complex schematized in Figure 3.
The binding interaction involves three lipophilic pock-
ets that are complemented by the three aromatic rings
of the bound benzodiazepine. The binding model pre-
dicts that the ortho-aniline is well positioned to hydro-
gen bond with the backbone carbonyl of Val93 (Figs.
3 and 4). This prediction was validated by the ob-
served activity of various ortho-anilines in this series
(12e, 12i, and 12k).


The binding model and related crystal structures (not
shown) also indicate that the aliphatic acid solubilizing
group is relatively solvent-exposed (Fig. 4). We did not
expect a strong specificity based on intermolecular bind-
ing interactions with substituents at this position.


Analysis of SAR reported in Table 1 shows that the
replacement of the valeric acid with the morpholin-4-
ylethyl or with 2-(2-methoxyethoxy) ethyl solubilizing
chains negatively impacts both the affinity measured in
the FP1 binding assay and cellular PIG3 production
(compare 12b with 12c and 12g). Different results were
observed with the corresponding amino analogues
(12a, 12e and 12i), which exhibit approximately the
same affinity in the FP1 binding assay. Moreover, the
non-acidic compounds 12e and 12i proved to perform
better in the PIG3 cell-based assay than the valeroyl
derivative 12a. Although the PIG3 production was also
increased when the 1-methyl-4-propylpiperazine was
used as a solubilizing group (12k), the introduction of
2-morpholin-4-yl-acetamide or 2-piperazin-1-yl-acetam-
ide solubilizing chains (12l and 12m, respectively) was
detrimental for the activity. A dramatic difference in
activity between the two enantiomers was observed
when comparing 12e with 12f and 12g with 12h, where
the more active enantiomer was 35 times more potent
that the other. Epimerizing of the chiral center of posi-
tion 3 also deceases the IC50 value (12c and 12d). The
replacement of the iodine substitution of 12e by 1-pro-
pynyl moiety afforded 12j, which was found less potent.


Table 2 shows the different activity that some of our
most potent compounds have in wild-type versus mu-
tant p53 tumor cell lines. As expected based on the
mechanism of action, these compounds showed good
selectivity for inhibiting growth of the wild-type p53
MCF7 tumor cell line and a concomitantly reduced
activity in the mutant p53 MDA MB 231 cell line.6d


Depending upon the p53 activation level, wt-p53 tu-
mor cell lines can be driving toward either a cytostatic







Table 1. SAR using FP IC50 and PIG3 production
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Cl


Cl I 2.39 30 58 97


12h O O


Cl


Cl I >12.5


12i O O


Cl


NH2
Cl I 0.394 96.4 338.1 458.85


12j N
O


Cl


NH2
Cl 0.787 54.8 265.0 474.1


12k N
N


Cl


NH2
Cl I 0.546 84.0 396.9 412.2


12l N
O


O


Cl


Cl I 5.4 31 32 24


12m N
NH


O


Cl


NH2
Cl I 1.55 8.6 23.3 33.3


a Compound 12a is the racemic mixture.
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or apoptotic event. In order to assess whether these
inhibitors can drive the cell toward apoptosis, and
therefore anticipate the possible response of our

antagonists on a tumor growth xenograft, we mea-
sured the caspase activity in JAR cells. Figure 5 shows
the rate of caspase-3 and caspase-7 activation in JAR







Table 2. Comparison of the activity of compounds inhibiting growth


of wt-p53 tumor cells (MCF7) versus mutant p53 tumor cells (MDA-


MB-231)
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Figure 5. Caspase induction in JAR cells, 48-h exposure.
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cells treated with some of our best antagonists.8 At 25
and 50 lM, the rate of caspase-3 and -7 production is
substantially increased compared to that observed for
cells treated with DMSO control. These data clearly
indicate that inhibition of the Hdm2 interaction with
p53 leads to activation of an apoptotic response in
JAR cells.


In summary, we have reported herein the synthesis of
enantiomerically pure 1,4-benzodiazepine-2,5-diones as
Hdm2 antagonists 12a–m as potent Hdm2 antago-

nists. Structure-base predictions have provided reli-
able guidance in exploring this class of molecules.
Increased potency was obtained by the introduction
of an amine functional group in the ortho position
of the benzylic ring, leading to the formation of an
additional hydrogen bond with Val93. We have also
shown that the replacement of the valeric acid side
chain with different solubilizing groups has major im-
pact on the cellular potency of this class of mole-
cules. Additionally, these series of compounds
induce PIG3 production in cell-based assays, and dis-
play selectivity towards wild-type p53 tumor cells.
The caspase induction shown with compounds 12i,
12e, and 12b indicates that benzodiazepinediones are
capable to activate an apoptotic response in cell-
based assay.
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Abstract—We designed and synthesized AHI4 that has an axial hydroxyl group instead of geminal methyl groups at C-6 0 of AHI1,
previously reported as a lead compound for the development of non-azole inhibitors of ABA 8 0-hydroxylase. (+)-AHI4 competitive-
ly inhibited 8 0-hydroxylation of ABA by recombinant CYP707A3. The KI value was found to be 0.14 lM, 10-fold less than that
of (+)-AHI1, suggesting that enzyme affinity increased by a factor of 10 due to substitution of the hydroxyl group by the geminal
methyls at C-6 0. This finding should assist in the design of more effective, non-azole ABA 8 0-hydroxylase inhibitors.
� 2006 Elsevier Ltd. All rights reserved.

Figure 1. Major catabolic pathway of ABA in plants. The key step is


the 8 0-hydroxylation catalyzed by ABA 8 0-hydroxylase. 8 0-Hydroxy-


ABA is spontaneously isomerized to phaseic acid which is (probably


enzymatically) reduced to give dihydrophaseic acid. The activity of


phaseic acid is one-tenth to one-hundredth of that of ABA. Dihydro-


phaseic acid exhibits no ABA activity.

Abscisic acid (ABA) 8 0-hydroxylase is a cytochrome
P450 monooxygenase and a key catabolic enzyme con-
trolling inactivation of ABA, a plant hormone involved
in stress tolerance.1–4 In addition to ABA biosynthesis
and transport, catabolism of ABA is crucial for control-
ling ABA concentration in vivo. Chemical regulation of
ABA catabolism by use of enzyme inhibitors is a practi-
cal method to control concentration. Because ABA is
largely catabolized through 8 0-hydroxylation by the
cytochrome P450 monooxygenase (Fig. 1), ABA 8 0-hy-
droxylase (e.g., Arabidopsis CYP707A1–CYP707A4),5,6


specific inhibitors of this enzyme are likely to be very
useful tools for probing cellular and molecular events
involving ABA. Kitahata et al. reported that (+)-dinico-
nazole, a triazole-containing fungicide, strongly inhibits
ABA 8 0-hydroxylase.7 However, azole-containing P450
inhibitors can function as inhibitors of other P450 en-
zymes; in fact, diniconazole and uniconazole-P act
as GA biosynthesis inhibitors.7 This loose specificity
for target enzymes derives from structural properties
of the azole-containing inhibitors. The azole-type
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inhibitors bind to the P450 active site by both coordinat-
ing the heme-iron atom and interacting with the sur-
rounding protein residues.8 The heme coordination
results from the intrinsic affinity of the ligand nitrogen
electron pair for the heme iron. Azole-type inhibitors
tend to be non-specific owing to this intrinsic effect.
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Figure 2. Chemical structures of ABA 8 0-hydroxylase inhibitors (AHI)


and their isomers.
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Recently, we proposed a lead compound, ABA 8 0-hy-
droxylase inhibitor 1 (AHI1, Fig. 2), for the develop-
ment of non-azole inhibitors.9 This compound has a
simple ring structure which easily allows structural mod-
ifications of the ring methyl groups due to the low cost
of synthesis. Verification of an effect of the modifica-
tions on ABA 8 0-hydroxylase inhibition is done more
easily than by using the full ABA structure. Methyl
groups on the ABA ring are thought to stabilize the en-
zyme–ABA complex through van der Waals or CH–p
interactions. If the interaction were a weak hydrogen
bond such as the CH–p interaction, a more acidic
hydrogen at these sites may reinforce affinity for ABA
8 0-hydroxylase. However, substituents with additional
carbons at these methyls substantially reduce affinity
for the enzyme,10 suggesting that the substrate-binding
cavity accommodates ABA with little or no tolerance

Scheme 1. Synthesis of AHI4 and epi-AHI4. Reagents and conditions: (i) TBS


(1.5 equiv), diisopropylamine (1.5 equiv), THF, �78 to �40 �C, 50 min, foll


iodomethane (1.5 equiv), �50 �C, 4 h, 8%; (iii) 2-propynyl THP ether (2.1 eq


�78 to �62 �C, 1 h, 79%; (iv) sodium bis(methoxyethoxy)aluminum hyd


(4.0 equiv), DMF, 0 �C to room temperature, 15 h, 82%; (vi) pyridinium p


CH2Cl2, 22 h, 79%; (viii) bis(2,2,2-trifluoroethyl)(methoxycarbonylmethyl)


followed by addition of 8, 1 h, 87%; (ix) p-TsOH (0.5 equiv), THF–EtOH (2:1


separation using ODS and chiral columns. Compounds 2–9 are a racemic m

for bulkier structures. It follows, therefore, that an acid-
ic hydrogen should be introduced directly on the ring
carbon, instead of methyl groups. Thus, AHI4 (Fig. 2)
was designed which has an axial hydroxyl group instead
of geminal methyl groups at C-6 0 of AHI1. In this paper,
we describe the synthesis, optical resolution, and deter-
mination of the absolute configuration of AHI4 and
evaluate its inhibitory activity against ABA 8 0-
hydroxylase.


AHI4 was synthesized from (±)-2-hydroxycyclohexa-
none (Scheme 1). Protection of the 2-hydroxyl of (±)-
2-hydroxycyclohexanone with tert-butyldimethylsilyl
chloride (TBSCl) yielded the TBS ether 1, which was
converted into a diastereomeric mixture of 2 and 3 in
a ratio of 1:4, by 6-methylation using methyl iodide.
The minor diastereomer 2 gave a diastereomeric mixture
of 4 and 5 in a ratio of 19:1 by introduction of the side
chain with alkynyl lithium. Reduction of the triple bond
of 4 coupled with de-protection of the secondary alcohol
gave the diol 6, which was converted to 7 by re-protec-
tion of the secondary alcohol and de-protection of the
primary alcohol. Oxidation of 7 gave the aldehyde 8,
which was converted to the methyl ester 9 as a 2Z/2E
mixture (3:1). The methyl ester 9 was purified and sepa-
rated into (+)-AHI4 and the enantiomer by HPLC using
ODS and chiral columns.11 (±)-epi-AHI4 was synthe-
sized from 3 in a similar manner to AHI4.12


In the NOESY spectrum of (±)-AHI4, an NOE was ob-
served between the 5-hydrogen and the 3 0- and 5 0-hydro-
gens (Fig. 3), indicating that AHI4 adopts a chair form
with the side-chain axial. In this conformation, observed
NOEs between the 5-hydrogen and the 6 0- and 7 0-hydro-
gens indicate that the 6 0-hydrogens and 2 0-methyl (C-7 0)
are cis to the side chain. Thus, we determined the rela-

Cl (1.2 equiv), imidazole (2.4 equiv), DMF, 0 �C, 15 h, 98%; (ii) n-BuLi


owed by addition of 1, �40 to �28 �C, 1.5 h, followed by addition of


uiv), n-BuLi (2.0 equiv), THF, �78 �C, 1 h, followed by addition of 2,


ride (4.5 equiv), THF, 1.5 h, 78%; (v) TBSCl (2.0 equiv), imidazole


-TsOH (0.35 equiv), EtOH, 60 �C, 1.5 h, 94%; (vii) MnO2 (15 equiv),


phosphonate (3.0 equiv), KN(TMS)2 (2.2 equiv), toluene, 0 �C, 1 h,


), 60 �C, 4 h, 44%; and (x) NaOH, MeOH, 1 h, 98%, followed by HPLC


ixture.







Figure 4. Differences in chemical shifts between (R)-MTPA-esters of


both enantiomers of Me AHI4.


Figure 3. A favored conformation of AHI4 depicted in a stick model.


Carbons, hydrogens, and oxygens are colored gray, white, and red,


respectively. Arrows represent the observed NOEs.


Figure 5. A Dixon plot for the inhibition of recombinant CYP707A3


microsomes by (+)-AHI4.16
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tive configuration of (±)-AHI4 as (1 0S*,2 0S*,6 0S*).
The conformation of (1 0S*,2 0S*,6 0S*)-AHI4 is
consistent with theoretical calculations [B3LYP/6-
311++G(2df,2p)//B3LYP/6-31G(d)];13 the chair with
the equatorial methyl is more stable than that with the
equatorial side chain by 1.3 kcal mol�1. On the other
hand, the relative configuration of (±)-epi-AHI4 was
determined to be (1 0S*,2 0R*,6 0S*) because it is the epi-
mer of AHI4 at C-6 0.


The absolute stereochemistry of both enantiomers of
AHI4 was determined by Mosher’s method14 using 1H
NMR spectra of (S)-(+)-a-methoxy-a-(trifluorometh-
yl)phenyl acetates (MTPA) of the methyl ester of both
AHI4 enantiomers, which was prepared from com-
pound 9 with (S)-(+)-MTPACl and subjected to subse-
quent HPLC. The side chain and ring protons of Me
(+)-AHI4 shifted upfield and downfield, respectively,
compared to those of Me (�)-AHI4 (Fig. 4), indicating
that the absolute configuration at C-1 0 of (+)-AHI4 is S,
whereas that of (�)-AHI4 is R. Finally we determined
the absolute stereochemistry for (+)-AHI4 as
(1 0S,2 0S,6 0S) and for (�)-AHI4 as (1 0R,2 0R,6 0R). Be-
cause (+)-AHI4 is the compound for which the C-8 0 of
(+)-AHI1 is substituted with a hydroxyl group, the
hydroxyl group of (+)-AHI4 is expected to mimic C-8 0


of (S)-(+)-ABA as the native hormone with respect to
binding the active site.


(+)-AHI4 strongly inhibited 8 0-hydroxylation of ABA
by recombinant CYP707A3. The inhibition mode was
competitive based on a Dixon plot. The KI value was
determined to be 0.14 lM (Fig. 5), 10-fold less than that
of (+)-AHI1 (1.4 lM),15 indicating a 10-fold increase in
affinity for the active site due to the hydroxyl group sub-
stitution for the geminal methyls at C-6 0. On the other
hand, (�)-AHI4 and (±)-epi-AHI4 exhibited little inhib-
itory activity. (+)-AHI4 did not exhibit ABA activity in
either rice seedling elongation or lettuce seed germina-
tion assays even at a high concentration (400 lM). This
is because of the absence of the side-chain methyl (C-6),
which has been shown to be essential for ABA bioactiv-
ity.10 However, (+)-AHI4 enhanced the effect of (+)-

ABA upon simultaneous application of both com-
pounds to rice seedlings (Fig. 6). The activity of 1 lM
ABA at which the inhibition ratio is 22% was enhanced
to 96% by addition of 30 lM (+)-AHI4. This suggests
that (+)-AHI4 inhibits 8 0-hydroxylation of (+)-ABA
in vivo. Radish seedlings acquired drought-stress toler-
ance when treated with 400 lM (+)-AHI4 in the absence
of (+)-ABA (Fig. 7). (±)-epi-AHI4 was not found to in-
duce tolerance at the same concentration. Thus, (+)-
AHI4 is thought to induce drought-stress tolerance by
slowing endogenous ABA catabolism in radish
seedlings. (+)-AHI4 may be more effective when ABA
is required (e.g., under stress conditions) than when it
is not (e.g., germination and growth).


The above results suggest that the axial hydroxyl group
at C-6 0 stabilizes the enzyme–ligand complex more
strongly than the geminal methyls. The acidic hydrogen
of the hydroxyl group is expected to provide a stronger







Figure 7. Drought tolerance of radish seedlings treated with (+)-


AHI4.17


Figure 6. Enhanced effect of (+)-AHI4 on ABA activity in the rice


seedling elongation assay.9
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interaction relative to the CH–p interaction. The inhib-
itory activity of (+)-AHI4 is more than 10 times of that
of (+)-AHI1, equal to that of (+)-6-nor-ABA,10 and less
than one-tenth of that of uniconazole-P and (+)-dinico-
nazole.7 In light of the fact that (+)-AHI1 is 10 times less
effective than (+)-6-nor-ABA owing to the absence of
the ring enone, the present findings should aid in the
design of more effective, non-azole ABA 8 0-hydroxylase
inhibitors which are comparable to the azole-containing
class.
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Abstract—Small molecule antagonists of the vanilloid receptor TRPV1 (also known as VR1) are disclosed. Pyrrolidinyl ureas such
as 8 and 15 (SB-705498) emerged as lead compounds following optimisation of the previously described urea SB-452533. Pharma-
cological studies using electrophysiological and FLIPR-Ca2+-based assays showed that compounds such as 8 and 15 were potent
antagonists versus the multiple chemical and physical modes of TRPV1 activation (namely capsaicin, acid and noxious heat).
Furthermore, 15 possessed suitable developability properties to enable progression of this compound into in vivo studies and
subsequently clinical development.
� 2006 Elsevier Ltd. All rights reserved.

The vanilloid receptor1 (TRPV1, previously referred to
as VR1) is a non-selective cation channel, predominant-
ly expressed by neurons of the peripheral nervous sys-
tem, which plays a key role in the detection of noxious
painful stimuli such as acid (low pH), noxious heat
and vanilloids such as capsaicin (the pungent compo-
nent of hot chili peppers).


Based on knowledge gleaned from the biological effects
of capsaicin,2 the study of TRPV1 null mice and recent
understanding of the role of TRPV1 receptors in noci-
ceptive pathways and models of disease, it is increasingly
clear that TRPV1 represents an exciting novel target for
the treatment of chronic pain and a range of other
disorders.3


Early efforts at manipulation of the TRPV1 receptor for
the treatment of pain centred on the use of agonists such
as capsaicin and resiniferatoxin. Both of these agents are
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thought to induce analgesia, via the desensitisation or
elimination of TRPV1-bearing nerve terminals. The ini-
tial TRPV1-receptor activation, however, often leads to
pain and extreme discomfort. In addition, such therapy
may also be associated with systemic side-effects. The
delayed onset of action coupled with an appreciation
of these side-effects has hindered the development of sys-
temically bioavailable TRPV1 agonists.


Indeed, more recent efforts have focused on small mole-
cule TRPV1 antagonists since these agents may be
expected to have a faster onset of action and should
avoid the side-effects associated with TRPV1 agonist-
based therapies. Furthermore, because of its different
mode of action, a TRPV1 antagonist may offer an im-
proved safety profile in comparison with current estab-
lished therapy. The appearance of many new TRPV1
antagonists in the literature means that these predictions
may soon be evaluated in the clinic.3
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Figure 1. Cyclisation of N-ethyl group and generic synthetic scheme.


3288 H. K. Rami et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3287–3291

We recently reported4 that SB-366791, a novel, potent
and selective competitive antagonist of human and rat
TRPV1 represented a useful tool compound for the
study of TRPV1 function. Unfortunately, the poor
pharmacokinetic properties of this compound, like the
prototypical TRPV1 antagonist capsazepine before it,
made it unsuitable for further progression. More recent-
ly we described5 the synthesis and SAR around the urea
SB-452533, a compound identified by high throughput
screening (HTS). SB-452533 showed good potency
against capsaicin, noxious heat and low pH mediated
activation of TRPV1 but it too was deemed unsuitable
for progression due to its high intrinsic clearance deter-
mined in vitro in both rat and human liver microsomes
(intrinsic clearance rates in liver microsomes: rat > 50
and human 41 mL/min/g liver).


In this communication, we report our continuing efforts
to identify selective TRPV1 antagonists with improved
pharmacokinetic properties in order to: (i) enable the
assessment of the safety and efficacy of such molecules
in vivo and (ii) identify a molecule suitable for clinical
development.


Since the high clearance associated with SB-452533 ser-
ies could be due to potential dealkylation of the N-ethyl
group, our initial attempt to improve the pharmacoki-
netic properties focused on cyclisation of the N-ethyl
group onto the right-hand side (RHS) phenyl ring
affording 2,3-dihydroindoline derivatives (Fig. 1).


The synthesis of the dihydroindole urea derivatives
(Table 1) was readily achieved by reduction of appropri-

Table 1. Antagonist activity (FLIPR) versus capsaicin at TRPV1 for


compounds 1–6


Compound n R pKb


1 1 H 6.8


2 1 4-Me 7.4


3 1 5-Me 7.3


4 1 4-F 7.4


5 1 5-F 7.1


6 2 6-Me 7.4


SB-452533 — — 7.8

ately substituted indole using sodium cyanoborohy-
dride, alkylation with 2-bromoethylamine followed by
addition of 2-bromophenyl isocyanate to afford com-
pounds 1–5 as previously published6 (see Fig. 1). The
parent dihydroindoline compound 1 was 10-fold less po-
tent in comparison to SB-452533. Encouragingly, intro-
duction of either a methyl or fluoro substituent
increased potency with the 4-position showing optimum
potency but still lower when compared with SB-452533.
The tetrahydroquinoline homologue derivative6 6 also
showed good potency, suggesting minimal overall
conformational change and therefore tolerated.
However, despite the encouraging potency achieved
with both the dihydroindole derivatives 1–5 and the
homologue tetrahydroquinoline 6, there was no
improvement in their overall in vitro PK profile (e.g.,
for 5 and 6 rat CLi > 50 mL/min/g liver and human 19
and > 45 mL/min/g liver, respectively).


Our attention next turned to alternative cyclisation of
the N-ethyl group onto the ethylene linker, leading to
the pyrrolidinyl urea derivatives. Preparation of
analogues 7–11 was readily achieved as outlined in generic
Figure 2. Palladium-assisted coupling of an appropriately
substituted bromobenzene with the 3-amino Boc-
protected pyrrolidine derivative afforded the 3-amino
Boc-protected N-arylpyrrolidine. Deprotection under
acidic conditions followed by treatment with 2-brom-
ophenyl isocyanate afforded analogues 7–11 in good
overall yield.7 Preparation of the analogues 12–20 was
readily achieved as outlined in Figure 3 for synthesis of 15.


In this pyrrolidine series, the stereochemical require-
ment(s) for activity was initially investigated (Table 2).
With the 3-Me phenyl RHS both the R and S enantio-
mers were prepared. The R enantiomer (8) clearly
showed at least 10-fold greater activity in comparison
with the S enantiomer (7) and demonstrated chiral dis-
crimination at the receptor site. Encouragingly, the
SAR determined from the SB-452533 series could be ap-
plied to the pyrrolidinyl ureas. Thus, the 3-methyl (8)
and 3-fluoro (9) showed equivalent potency to SB-
452533 whilst the disubstituted analogues 10 and 11
exhibited slightly higher potency. Results from rat and
human liver microsomes for analogues 8–11 showed
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Table 2. Antagonist activity (FLIPR) versus capsaicin at TRPV1 for


pyrrolidine urea analogues 7–20


Compound Stereochemistry X R2 pKb


7 S C 3-Me <6.8


8 R C 3-Me 7.7


9 R C 3-F 7.8


10 R C 3,4-DiF 8.1


11 R C 3-F-4-Me 8.3


12 R N H <6.6


13 R N 3-CF3 7.1


14 R N 4-CF3 6.9


15 R N 5-CF3 7.5


16 R N 6-CF3 7.2


17 R N 5-Br 7.2


18 R N 5-Cl 7.3


19 R N 5-CN 6.7


20 R N 5-Me <6.7
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that the intrinsic clearance rates were now much lower
than for previous compounds (611 and 64 mL/min/g
liver in rat and human, respectively) and, hence, the
potential for assessing key exemplars of the series in vivo
could be usefully explored. However, all the analogues

8–11 possess lipophilic left-hand side (LHS) and RHS
and, not surprisingly showed poor aqueous solubility
(<0.1 mg/mL); an improvement in the solubility profile
was desired. The LHS SAR demonstrated by the SB-
452533 series precluded introduction of polar substitu-
ents such as amino groups since this was found to lower
activity and so modification of the properties of the
RHS aryl group was investigated.


Evaluation of the parent 2-pyridyl compound 12
(Table 2) indicated poor activity at TRPV1 but intro-
duction of a trifluoromethyl group in the 6-position
(equivalent to 3-Me position when X = CH, e.g., as in
8) showed an encouraging level of activity (analogue
16). Further investigation of the isomeric trifluorometh-
yl analogues showed that the 5-pyridyl position was
optimum (compound 15) as the alternative isomers (13
and 14) showed lower potency. Having established the
5-pyridyl position as optimum for substitution, alterna-
tive substituents were investigated. Neither the 5-bromo
(17) nor the 5-chloro (18) showed an increase in potency
compared to 15 and replacement by 5-cyano (19) and
5-methyl (20) attenuated activity.







Table 3. Antagonist activity (FLIPR) versus capsaicin at rat and


guinea pig TRPV1 receptor and pharmacokinetic profile for 15


Parameter Rat Guinea pig Dog


pKb 7.5 7.3 nd


CLi (mL/min/g liver) <0.5 4.2 0.9


CLb (mL/min/kg) 4 34 11


Vss (L/kg) 0.9 3.6 1.9


t1/2 (h) 3.1 2.6 3.4


Fpo (%) 86a 39b 42a


a At 3 mg/kg dose.
b At 1 mg/kg dose.


nd, not determined.
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The selectivity of 15 was defined by broad receptor pro-
filing (CEREP) and other in vitro assays where it
showed little or no activity versus a wide range of ion
channels, receptors and enzymes.8 Furthermore, 15
showed improved solubility (0.4 mg/mL in simulated
gastric fluid) and therefore, emerged as the optimized
analogue from the pyrrolidine urea series. Compound
15 (pKb 7.5 ± 0.2), SB-705498, was further investigated
and a full in vitro and in vivo package generated
(Table 3).


The synthesis of compound 15 as detailed above (Fig. 3)
exemplifies a readily accessible route to pyrrolidinyl ure-
as and was applied to preparation of analogues7 high-
lighted in Table 2. From commercially available

Figure 4. Inhibition of the capsaicin-mediated activation of human


TRPV1 by 15. Whole cell currents were recorded from


HEK293 Æ TRPV1 cells using the patch clamp technique. TRPV1-


mediated responses to 1 lM capsaicin (black bar) were completely and


reversibly inhibited by co-application of 1 lM 15 (open bar; 102 ± 1%


inhibition, n = 5).


Heat (50˚C)


+1 μM
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Control 
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200 pA


500 ms


A B


Figure 5. Inhibition of human TRPV1 receptors by 8. Whole cell current


technique. TRPV1-mediated responses to heat were completely and reversib

starting materials (21 and 22) the pyridyl intermediate
23 was prepared in high yields (K2CO3, DMF, 100 �C,
7 h, 83%). Deprotection of 23 under acidic conditions
followed by basification afforded the primary amine 24
which was used without purification in the next step.
Addition of 24 to an ethereal solution of 2-bromophenyl
isocyanate furnished 15 in an overall yield of 62% with-
out the need for chromatography.


Compound 15 showed good antagonist potency in
FLIPR assays against both the rat and guinea pig
TRPV1. Furthermore, the low intrinsic clearance trans-
lated to low in vivo clearance in the rat, dog and mod-
erate in the guinea pig with good bioavailability and
an acceptable volume of distribution and half-life across
species (Table 3).


Compound 15 was also investigated in electrophysiology
experiments using the whole cell patch clamp method, as
described previously.4,5 The data show that 15 is a rapid,
potent and reversible inhibitor of capsaicin-mediated
activation of human TRPV1 (Fig. 4).


Further aspects of the pharmacological properties
namely effects of pyrrolidinyl ureas on the alternative
modes of activation of TRPV1 were also investigated.
Compound 8 showed full blockade of heat activation
of TRPV1 and this was fully reversible following drug
washout (Fig. 5). Compound 15 also produced full
blockade of heat (97 ± 3% at 1 lM) as well as pH acti-
vation (104 ± 3% at 1 lM, n = 5) of hTRPV1.


Overall, these results show that these pyrrolidinyl ureas
such as 8 and 15 exhibit potent and reversible blockade
against the multiple modes of TRPV1 activation, name-
ly the vanilloid (capsaicin), heat- and acid-mediated acti-
vation of the receptor (full data to be reported
elsewhere).


Having initially demonstrated that 15 showed good
overall in vitro efficacy and oral bioavailability in rat,
the in vivo activity of 15 was investigated in the capsai-
cin-induced secondary hyperalgesia model9 in the rat
(Fig. 6). This model demonstrates the compound’s
antagonist activity in vivo against the specific TRPV1
agonist capsaicin.

0


20


40


60


80


100


Wash    +1μM 
Compound 8


Control


%
 C


on
tr


ol
 c


ur
re


nt


s were recorded from HEK293 Æ TRPV1 cells using the patch clamp


ly inhibited by co-application of 1 lM 8.







Br


N
H


N
H


O


N


Et


Me


N


Br


N
H


N
H


O
Me


N


Br


N
H


N
H


O N


CF3


SB-452533  pKb 7.5


Remove liability for N-dealkylation


Improve solubility and PK


8    pKb 7.7


15    pKb 7.5


Figure 7. Design of pyrrolidine analogues.


0


2


4


6


8


1


1.4 2 4 6 8 1 1 2 6


W
it


h
d


ra
w


al
 


Von Frey Hair (g) 


Vehicle po 
Vehicle po ipsilateral 
SB705498 3 mg/kg po
SB705498 10 mg/kg 
SB705498 30 mg/kg


Figure 6. Activity of compound 15 (SB-705498) in the capsaicin


induced secondary hyperalgesia model in the rat (3–30 mg/kg po at 2 h


pre-treatment time).


H. K. Rami et al. / Bioorg. Med. Chem. Lett. 16 (2006) 3287–3291 3291

As an early indicator of potential pharmacodynamic
activity (consistent with activity at the target receptor),
15 showed excellent activity at 10 and 30 mg/kg po with
good reversal of allodynia. Compound 8 also showed a
similar level of activity at the equivalent dose (data not
presented). Furthermore, compound 15 was also shown
to give 80% reversal of allodynia in the guinea pig FCA
model at 10 mg/kg po (full data to be reported else-
where). This latter result suggests the potential for a
TRPV1 antagonist in the treatment of inflammatory
pain.


In conclusion, we have shown that modification of the
HTS hit SB-452533 led to 8 that showed improved in vi-
tro metabolic stability. Several cycles of lead optimisa-
tion chemistry, as summarized in Figure 7, detail the
process of identification of our cyclised pyrrolidine ure-
as. Further SAR work identified 15 that exhibited an
excellent in vitro and in vivo PK profile together with
highly encouraging activity in preclinical models of pain
(Fig. 6) and activities across different modalities (capsa-

icin, heat and low pH). Compound 1510 (SB-705498) is
currently undergoing clinical trials and the outcome,
as well as full in vivo biology details, will be reported
elsewhere.
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Abstract—Molecular modeling in combination with X-ray crystallographic information was employed to identify a region of the
kinesin spindle protein (KSP) binding site not fully utilized by our first generation inhibitors. We discovered that by appending
a propylamine substituent at the C5 carbon of a dihydropyrazole core, we could effectively fill this unoccupied region of space
and engage in a hydrogen-bonding interaction with the enzyme backbone. This change led to a second generation compound with
increased potency, a 400-fold enhancement in aqueous solubility at pH 4, and improved dog pharmacokinetics relative to the first
generation compound.
� 2006 Elsevier Ltd. All rights reserved.

FF Cl

Kinesin spindle protein (KSP) has recently been identi-
fied as a target for a new generation of antimitotic che-
motherapeutic agents that do not interact directly with
tubulin.2 As a member of the kinesin superfamily of
molecular motors, KSP (or Hs Eg5) couples the energy
generated by the hydrolysis of ATP to the production of
a motile force that properly organizes the bipolar mitot-
ic spindle during mitosis.3 Inhibition of KSP results in a
mitotic block that leads to apoptosis both in vitro and
in vivo,4 and clinical trials have recently been initiated
to determine the potential of a KSP inhibitor (KSPi)
to treat cancer in humans.5
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We recently disclosed 3,5-diaryl-4,5-dihydropyrazole 1
(Fig. 1) as a potent, selective inhibitor of KSP that is
active in cells at low nanomolar concentrations;1a


however, a key impediment to the development of 1 is
very poor solubility that prohibits simple aqueous
formulation for iv administration. We describe herein
an effort to increase potency and water solubility in
the dihydropyrazole series that was guided by analysis
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Figure 1. Recently disclosed 3,5-diaryl-4,5-dihydropyrazole inhibitors


of KSP.
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of a computer-generated structural model of an inhibitor–
KSP complex. This endeavor led to the installation of an
alkylamino side chain at C5 of the dihydropyrazole core
to provide a leading compound with increased potency,
a 400-fold enhancement in aqueous solubility at pH 4,
and improved dog pharmacokinetics relative to 1.


Target design and chemistry. Although KSPi 1 is a po-
tent, low molecular weight, and synthetically accessible
compound, it has water solubility at pH 6.5 of only
29 lg/mL. From the outset of our studies we sought to
develop a KSPi suitable for iv administration in an
aqueous vehicle; however, simple modifications made
in an effort to improve aqueous solubility, including
installation of polar functionality in the vicinity of either
aryl ring or directly off the N1 position, led to detrimen-
tal effects on potency. As a result, we required a new
strategy to install solubilizing groups in this series.


Our group recently disclosed the first X-ray crystal
structure of a small molecule inhibitor bound to a
KSP motor domain construct.6 Since structural infor-
mation of the KSP binding site was available to us, we
initiated an effort to leverage molecular modeling in
combination with available X-ray data to provide guid-
ance for future target selection. To this end, computer-
generated molecular models of dihydropyrazole 2
docked into the allosteric site of KSP were produced
and analyzed.7 Our analysis took note of the importance
of hydrophobic interactions in the vicinity of both aryl
groups, as well as the key location of the N1 acyl group
in a solvent exposed area of the binding site (Fig. 2a).
Importantly, we also identified unoccupied space above
the plane of the dihydropyrazole ring lined with regions
of high electron density due to the amide backbone of
the enzyme (Fig. 2b).


We hypothesized that substitution of the dihydropyraz-
ole core at C5 could effectively fill the unutilized space
and, with optimal placement of functionality, interact
favorably with the adjacent polar region pictured in Fig-
ure 2b. In this manner, we hoped to enhance both poten-
cy and water solubility; however, facile synthetic access

Figure 2. Molecular modeling of KSPi 2 in the allosteric site of KSP. (a) Show


site; the aryl rings are predicted to be buried in lipophilic areas of the prot


binding site; the phenolic OH and carbonyl oxygen are predicted to be residi


dihydropyrazole ring.

to such analogs was not precedented, so we first sought
the development of new methodology.


We disclosed in a recent Communication a short and effi-
cient route to exploring SAR in this series (Scheme 1).8


Beginning with a readily available Weinreb amide (3),
addition of alkynyl lithiums proceeds cleanly to furnish
the propargylic ketones 4. Conjugate addition by lithium
diphenylcuprate occurs readily at �78 �C to furnish
b-alkylchalcones 5. The chalcones are subsequently
treated with hydrazine hydrate to form dihydropyrazoles
6 which upon treatment with various electrophiles
provide dihydropyrazole ureas 7 in good overall yield.9


This practical methodology allowed us to quickly
investigate the SAR of C5 alkyl substitution.


In vitro SAR and structural analysis. Dihydropyrazole 8a
(Table 1) was chosen as a benchmark compound for the
purpose of investigating the effect of C5 substitution on
potency.10 A 10-fold boost in KSP inhibitory activity11


was immediately realized by installing a methyl substitu-
ent at the C5 position of the core (8b). We rationalized
this result, in part, on the basis of a beneficial interaction
from the methyl group with the adjacent hydrophobic
area partially filled by the C5 aryl group (Fig. 2a). Addi-

n in green are computer-generated hydrophobic regions of the binding


ein. (b) Shown in yellow are computer-generated polar regions of the


ng in polar regions. Notice the unoccupied polar region directly above







Table 1. SAR of C5 alkylgroups in 5-alkyl-3,5-diaryl-4,5-dihydropy-


razoles


Compound R1 R2 KSP IC50 (nM)


8a CH3 H 3140


8b CH3 CH3 284


8c CH3 (CH2)1OH 903


8d CH2CH3 (CH2)2OH 606


8e CH2CH3 (CH2)3OH 745


8f CH2CH3 (CH2)4OH 697


8g CH2CH3 (CH2)2NH2 390


8h CH2CH3 (CH2)3NH2 44


8i CH2CH3 (CH2)4NH2 67


All values reported are an average for n = 3 or greater. The standard


deviation limits are within 25–50% of the reported values.
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Figure 3. (a) X-ray structure of the allosteric binding site in the KSP-2-


ADP ternary structure; (b) X-ray structure of 8h in the binding site.
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tionally, modeling indicates that the C5 substituent may
force the molecule into a lower plane inside the binding
pocket (compared to the unsubstituted counterpart 8a),
further burying the aryl rings in the hydrophobic patch-
es located on each side of the cavity.


Continuing our investigation into the SAR of C5 substi-
tution, we found that enhanced polarity in the form of a
hydroxymethyl substituent was slightly detrimental to
potency as evidenced by 8c. Likewise, all compounds
investigated that had an alkyl group of 2–4 carbons ter-
minated with a hydroxyl substituent (8d–f) were less po-
tent than methyl analog 8b. Replacement of the
hydroxyl group with a primary amino group, however,
proved more beneficial. Whereas the ethyl linker in 8g
was not optimal, the propyl or butyl linkers in 8h,i pro-
vided a more favorable interaction with the amide back-
bone of the enzyme.


Comparison of the X-ray crystal structures of 2 and 8h
(Fig. 3) in the allosteric site of KSP supported our struc-
ture-based design hypothesis.12 Whereas both inhibitors
occupy the same binding site and only very minor
changes were seen throughout the protein backbone
when comparing the two structures, the primary amino
group of 8h forms a hydrogen-bonding interaction with
the backbone carbonyl of Gly117 (dN-O = 3.3Å) that
may account for a portion of the observed boost in
potency. Of note is the fact that the carbonyl group in
8h has rotated relative to the carbonyl group in 2
(compare Figs. 3a vs b), the former confirmation being
that predicted by molecular modeling. Based on the
computer-predicted binding mode of 2, there appears
to be additional hydrophobic space (green area in the
foreground of Fig. 2a) that may be reached by alkyl sub-
stituents with greater distance from the core, as is the
case with the urea linkage in 8h. This additional hydro-
phobic interaction may also contribute to an increase in
potency within this series.

We next investigated the effects of altering the steric and
electronic properties of the butylamino group of 8i
(Table 2). Addition of one (9a) or two (9b) alkyl groups
to form a secondary or tertiary amine reduced potency
only slightly relative to the parent; in fact, even the large
bicyclic amino group in 9c was well tolerated. These re-
sults are readily explained by the proximity of the key
G117 residue to an open, solvent-exposed region of
the enzyme that can easily tolerate increased steric bulk.
However, reducing the basicity of the amine by tying up
the lone pair of electrons in the form of either an N-ox-
ide (9d) or an amide (9e) eliminated the potency
enhancement gained from the amino substituent. At-
tempts to restore the potency seen in the parent molecule
by installing moderately basic amines in heterocyclic
amides (9f–h) were unsuccessful. These results support
our hypothesis that a portion of the potency enhance-
ment gained from the C5 alkylamine results from the
basicity of the amine, and its ability to form a critical
hydrogen bonding interaction.


The SAR in Tables 1 and 2 indicates that a propyl linker
with a primary amino functionality (cf. 8h) offers an
optimal potency enhancement for compounds in the
C5 alkyl dihydropyrazole series. In an additional







Table 2. SAR of steric and electronic alterations of the primary amino


group in 5-butylamino-3,5-diaryl-4,5-dihydropyrazoles
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N O


FF
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CH2CH3
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Compound R ATPase (nM)


9a –NHBn 100


9b –NMe2 103


9c
N
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9d –NMe2O 585
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O


N
H
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9f N
H


O
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9g N
H


O


HN
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9h N
H


O


NH


N 686


All values reported are an average for n = 3 or greater. The standard


deviation limits are within 25–50% of the reported values.


Table 3. SAR of N1 ureas in 5-propylamino-3,5-diaryl-4,5-dihydro-


pyrazoles


Compound R1 R2 ATPase (nM)


10a CH3 CH3 8


10b –(CH2)3– 55


10c –(CH2)4– 26


10d –(CH2)5– 85


10e –(CH2)2O(CH2)2– 122


All values reported are an average for n = 3 or greater. The standard


deviation limits are within 25–50% of the reported values.
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Scheme 2. Reagents and conditions: (a) Chiralpak AD; (b) MsCl,


TEA, CH2Cl2; (c) NaN3, DMF, 50 �C; (d) H2, Pd/C, EtOAc/EtOH.


Table 4. Direct comparison of the properties of 1 and 12


Property 1 12


KSP IC50 (nM) 24.7 ± 7.5 1.9 ± 1.2


Cell potencya (nM) 24.8 ± 4.2 5.2 ± 0.3


logP 3.1 1.2


Solubilityb (mg/mL) 0.029 >12


Dog PK:c


Clearance (mL/min/kg) 22.1 ± 2.3 14.5 ± 7.6


T1/2 (h) 1.0 ± 0.1 14.7 ± 7.3


Vdss (L/kg) 1.6 ± 0.4 14.0 ± 0.7


hERG IC50
d (lM) 26.4 ± 8.1 19.3 ± 0.7


a See Ref. 1b for details of this assay.
b Both 1 and 12 were crystalline; solubility was determined for 1 in pH


6.5 citrate; for 12, pH 4.0, citrate was used. The solubility of 12 in


water (final pH 10.3) was 1.7 mg/mL.
c The compounds were dosed at 0.25 mpk iv to two mongrel dogs, one


of each sex.
d Values are the average of at least two independent determinations


see Ref. 14 for details of this assay.
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attempt to improve potency, we probed the SAR of the
urea group at N1 as pictured in Table 3. Optimization of
the monoethylurea 8h to the dimethylurea 10a provided
a five-fold boost in potency. Cyclization at the ureido
site to form a 4-, 5-, or 6-membered ring (10b–d) resulted
in modest losses of potency, while the morpholine ana-
log 10e was even less potent. However, the moderate
sensitivity to the nature of the substituent at N1 further
supports the notion that this region sits in the solvent-
exposed pocket indicated by the computer-generated
models and later confirmed by X-ray crystallography.
The location and limited size of the hydrophobic pocket
identified in the foreground of the active site (Fig. 2a)
appear to dictate the binding affinity of these ureido
derivatives. In an independent but related series of
KSP inhibitors, such a hydrophobic subpocket in the
proximity of a polar solvent-exposed area was responsi-
ble for making one of two possible stereochemical con-
figurations significantly more potent than its
counterpart.1b


KSPi 10a was selected as an optimal compound for fur-
ther characterization, and its (S)-enantiomer, 12, was

synthesized as described in Scheme 2.13 Table 4 directly
compares the key properties of 12 with our starting
point, compound 1. Propylamine substitution resulted
in a significant increase in potency, both against the iso-
lated enzyme and in cells, and reduced logP from 3.1 to
1.2. As predicted, aqueous solubility was dramatically
enhanced from 29 lg/mL in 1 at pH 6.5 to greater than
12 mg/mL at pH 4 for 12. Compound 12 also has im-
proved dog pharmacokinetics relative to 1, as evidenced
by a reduction in clearance and a significant increase in

,
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half-life. Finally, unlike in a related series of inhibitors
where the introduction of a basic amine resulted in
greater binding affinity for the potassium channel hERG
(human Ether-a-go-go Related Gene),1b,c the hERG
binding of 12 is not significantly increased with respect
to 1.14


In conclusion, we have described how the introduction
of an alkylamino group at the C5 position of the 3,5-dia-
ryl-4,5-dihydropyrazole core provided access to a series
of KSP inhibitors that displayed improved potency,
pharmacokinetics, and water solubility relative to the
first generation compounds. Of special note is how
molecular modeling and X-ray crystallography were em-
ployed to identify an unoccupied region of space in the
binding site that is effectively utilized in the second gen-
eration compounds described herein.
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site. The X-ray diffraction data were collected at 100 K to
2.51 Å resolution in the space group P212121 with cell
dimensions of a = 68.7 Å, b = 79.6 Å, and c = 158.7 Å
(Rsym = 0.047 and completeness = 99%). The ternary com-
plex structure of KSP-8h-ADP(Mg2+) was determined by
the use of the difference Fourier method and refined to an
R-factor of 0.234 (Rfree = 0.279). The coordinates have
been deposited with RCSB Protein Data Bank under the
accession code 2G1Q.


13. Compound 11 was synthesized by the general procedure
described in Ref. 8. Separation of the enatiomers of 11 was
carried out on a 5 cm Chiralpak AD column at a flow rate
of 80 mL/min with an eluent of 15% 2-propanol in hexanes
containing 0.1% diethylamine as a modifier. Under these
conditions, the first enantiomer to elute was more potent
in the ATPase assay (190 vs. 8200 nM for the second
eluting isomer) and was carried on to provide 12 as
described in Scheme 2. The (S)-stereochemistry is assigned
by analogy to our previous work (Ref. 1a).


14. Blockade of the hERG channel has been implicated in
drug-induced prolongation of the QTc interval of the
EEG, an observation that has been linked to potentially
fatal ventricular arrhythmias. The hERG IC50 values were
determined by radioligand competition experiments using
membrane preparations from human embryonic kidney
cells that stably express hERG. For assay details, see:
Bilodeau, M. T. et al. J. Med. Chem. 2004, 47, 6363, and
references therein.
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Abstract—Analogues of the tetrahydroisoquinoline family of antitumor antibiotics, 3-epi-jorumycin (3) and 3-epi-renieramycin G
(4), in addition to their respective parent natural products (�)-jorumycin (1) and (�)-renieramycin G (2) were evaluated against both
human colon (HCT-116) and human lung (A549) cancer cell lines. (�)-Jorumycin (1) displayed potent growth inhibition with
GI50 values in the low nanomolar range (1.9–24.3 nM), while compounds 2–4 were found to be substantially less cytotoxic
(GI50 0.6–14.0 lM).
� 2006 Elsevier Ltd. All rights reserved.

The tetrahydroisoquinoline family of alkaloids includes
potent cytotoxic agents that display a range of biological
properties such as antitumor and antimicrobial activi-
ties.1 (�)-Jorumycin (1) (Fig. 1), a member of the family,
was isolated from the mantle and mucus of the pacific
nudibranch Jorunna funebris2 and is closely related to
the saframycins, members of the renieramycin family,
and, most notably, Ecteinascidin 743 (Et-743, 5) which
was demonstrated to be a highly promising, exceedingly
potent antitumor agent currently in phase II/III
clinical trials.3 Consistent with other members in the
group, (�)-jorumycin (1) has been shown to harbor
potent biological activities.2,4 Fontana et al., in the
context of their original isolation studies, have demon-
strated that 1 possesses activity against NIH 3T3 tumor
cells (100% of inhibition at 50 ng/mL) in addition to
P388, A549, HT29, and MEL28 tumor cell lines (IC50


12.5 ng/mL).2 Furthermore, 1 was shown to inhibit the
growth of various Gram-positive bacteria (e.g., Bacillus
subtilis, Staphylococcus aureus) at a concentration lower
than 50 ng/mL.2 Saito et al., employing (�)-jorumycin
(1) prepared semisynthetically from renieramycin M,
have reported potent antiproliferative activity for 1

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2006.03.042


Keywords: Renieramycin G; 3-epi-Renieramycin G; Jorumycin; 3-epi-


Jorumycin; Antitumor agents; Tetrahydroisoquinolines.
* Corresponding author. Tel.: +1 970 491 6747; fax: +1 970 491


3948; e-mail: rmw@chem.colostate.edu

against HCT-116 (IC50 0.57 nM), QG56 (IC50


0.76 nM), and DU145 (IC50 0.49 nM) cell lines.4


(�)-Renieramycin G (2) (Fig. 1) was isolated from the
marine sponge Xestospongia caycedoi by Davidson in
1992.5 Despite having an amide carbonyl residue at
C-21, 2 was reported to retain cytotoxicity against hu-
man cancer cells with MIC values of 0.5 and 1.0 lg/
mL against KB and LoVo cell lines, respectively.5 These
results are surprising in light of the fact that virtually all
biologically active members of this family of tetrahydro-
isoquinoline alkaloids possess a carbinolamine or cyano
function at C-21 that permits the formation of a potent,
electrophilic iminium ion species that has been implicat-
ed in the formation of covalent bonds to ds-DNA and
possibly, other biomacromolecules at this position.1


Recently, we reported the asymmetric total syntheses
of (�)-jorumycin (1) and (�)-renieramycin G (2).6


However, en route to 1 and 2, a serendipitous discovery
afforded a method to efficiently and selectively access
two related natural product analogues, 3-epi-jorumycin
(3) and 3-epi-renieramycin G (4). Preliminary biological
evaluation of 3-epi-jorumycin (3), in addition to relevant
synthetic intermediates, revealed low micromolar
growth inhibition profiles for all compounds tested in
the context of two human cancer cell lines (HCT-116
and A549).6 At the time of our report, despite the wealth
of elegant investigations directed toward synthesizing
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Table 1. Antiproliferative activity of tetrahydroisoquinolines 1–4a


Compound Cell line


A549 HCT-116


1 0.0192 (±0.0009) 0.0019 (±0.0002)


2 12.9 3.87 (±0.28)


3 4.64 (±1.73) 0.61 (±0.04)


4 10.1 (±1.6) 1.40 (±0.46)


a Values reported are GI50 in micromolar.
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Figure 1. Tetrahydroisoquinoline alkaloids and C-3-epi analogues.
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potent and more readily accessible analogues of the
tetrahydroisoquinoline family bearing the pentacyclic
skeleton characteristic of the saframycins and ecteinasci-
dins,1,7,8 structure–activity relationship investigations
had not yet addressed the cytotoxicity profiles of stereo-
isomeric members of this family. Therefore, this preli-
minary biological evaluation constituted the basis for a
new investigation of this class of antitumor antibiotics
with a focus on the effect of stereochemical changes at
C-3.


Herein, we report a significant extension of our initial
investigation on the cytotoxicity of jorumycin, reniera-
mycin, and analogs.6 Specifically, in an effort to accu-
rately determine the influence of the stereochemistry at
C-3 on the biological activity of (�)-jorumycin (1) and
(�)-renieramycin G (2), we endeavored to evaluate the

cytotoxicity of 3-epi-jorumycin (3) and 3-epi-renieramy-
cin G (4) in conjunction with the natural materials.
In accord with these goals, compounds 1–4 were pre-
pared through our previously reported procedure6,9


and were subsequently examined, simultaneously, for
their antiproliferative activities against human colon
(HCT-116) and human lung (A549) cancer cell lines.


HCT-116 and A549 cells were plated in triplicate at 1500
and 5000 cells per well, respectively, in a flat-bottomed
96-well tissue culture plate. Cells were allowed to adhere
and grow for at least one doubling and then exposed to
the test compound at a dose range of 0.01–20 lM for
48 h. When the GI50 of a given test compound was very
low on the dosing range, the experiment was repeated
with an adjusted dosing scale to more accurately identify
the true GI50. Cell proliferation was quantified by mea-
suring fluorescence using an Fmax plate reader after
incubating with a fluorogenic redox indicator, Alamar
blue, for 3–4 h. Statistical analysis was performed using
XLfit made by IDBS.


Of the four compounds evaluated, (�)-jorumycin (1),
harboring a carbinolamine function at C-21, displayed
the most impressive cytotoxic activity with GI50 values
in the low nanomolar range for both HCT-116 and
A549 cell lines (Table 1). With respect to the HCT-116
cell line, data obtained for 1 from this study (GI50


1.9–2.4 nM) were in relatively good agreement with
those recently reported by Saito et al. (IC50 0.57 nM)
on a sample prepared through semisynthetic methods.4


As well, our data acquired for 1 in the context of the
A549 cell line (GI50 19.2–24.3 nM) substantially
agreed with those reported by Fontana et al. (IC50


12.5 ng/mL (23.7 nM)).2


Although (�)-jorumycin (1) displayed a nanomolar
growth inhibition profile, the corresponding epimer,
3-epi-jorumycin (3), proved substantially less cytotoxic.
Indeed, the low micromolar GI50 values obtained for 3
in these studies were in good agreement with those ob-
served in our prior investigation.6 (�)-Renieramycin G
(2) and the corresponding epimer, 3-epi-renieramycin
G (4), both of which possess an amide carbonyl group
at C-21, also revealed low micromolar growth inhibition
profiles. Importantly, this study constitutes the first
cytotoxic evaluation of 2 in the context of the HCT-
116 and A549 cell lines as minimal antiproliferative
activity data continue to persist for members of the tet-
rahydroisoquinoline family possessing a C-21 amide car-
bonyl group relative to their respective C-21 cyano- or
carbinolamine-containing relatives.1,10
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Figure 2. Views (1 and 2) of an overlay of iminium ion intermediates 9
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From these studies, a number of important observations
were made concerning the influence of the stereochem-
ical configuration at C-3 on the antiproliferative activity
of 1 and 2, both representative members of the tetrahy-
droisoquinoline family of antitumor agents. (�)-Joru-
mycin (1), like Et-743 (5), is presumably capable of
alkylating ds-DNA through an incipient iminium spe-
cies generated through dehydration of the C-21 carbi-
nolamine group.1,2 Indeed, the low nanomolar growth
inhibition values obtained for 1 in these studies are con-
sistent with those of other related members including
saframycin A (6), saframycin S (7), and analogues.1


However, the low micromolar growth inhibition profile
observed for 3-epi-jorumycin (3) is not consistent with
members of the tetrahydroisoquinoline family bearing
a leaving group at C-21. In fact, the data for 3 are more
akin to those obtained for (�)-renieramycin G (2) as
well as 3-epi-renieramycin G (4). Interestingly, in stark
contrast to the differences in cytotoxicity observed be-
tween 1 and 3, compounds 2 and 4 proved essentially
equipotent in these studies, apparently uninfluenced by
the configuration at C-3.


It has been conjectured that (�)-renieramycin G (2) and
the closely related natural product renieramycin H (crib-
rostatin 4) (8), both of which possess amide carbonyl
groups at C-21, in comparison to their relatives bearing
a leaving group at C-21, owe their diminished cytotoxic-
ity to the apparent absence of a viable C-21 iminium ion
precursor.5,11 Moreover, although the notion has not yet
been proven, the absence of such a structural feature
would perhaps significantly compromise if not entirely
subvert the capacity of amide-containing tetrahydroiso-
quinoline members to form covalent bonds with
ds-DNA. The inability to form covalent drug–DNA ad-
ducts would certainly account for a significant portion
of the approximate two to three orders of magnitude dif-
ference in cytotoxicity1,10 between these two classes of
substrates. Based on the fact that 3-epi-jorumycin (3)
displays a low micromolar cytotoxicity profile similar
to that of 2 and 4 in the context of the cell lines tested,
we hypothesize that 3, like the amide-containing sub-
strates, may perhaps exhibit a reduced capacity for
forming covalent bonds to DNA, irrespective of its pos-
session of a C-21 iminium ion precursor. Furthermore,
based on the aforementioned theories, the similar behav-
ior of 2 and 4 in these studies suggests that these amide-
containing substrates are capable of exerting cytotoxic
effects through alternative mechanisms,1 which remain
fully intact irrespective of the C-3 stereochemical
configuration.


As discussed in our initial disclosure, the stereochemical
configuration at C-3 was found to significantly influence
the conformation of the two diastereomeric pentacyclic
amide intermediates but remarkably displayed the
C-21 carbon atom in a similar region of space. Similarly,
the proposed reactive iminium ion intermediates gener-
ated through the dehydration of (�)-jorumycin (1) and
3-epi-jorumycin (3), 9 and 10, respectively, also display
significant conformational differences, particularly with
respect to the orientation of the E-ring as illustrated in
the overlays presented in Figure 2.12

In light of the structural differences between 9 and 10,
which are evidenced by the spatial distribution of the
right-hand E-ring systems when the left-hand A-ring
systems of these substances are superimposed (Fig. 2),
the possibility exists that the unique conformational fea-
tures associated with 10, arising from the inversion of
configuration at C-3, ultimately compromise the ability
of 3-epi-jorumycin (3) to form stable covalent adducts
with DNA. This notion seems perhaps counterintuitive
since the overall spatial arrangements of the C-21 carbon
atoms in both 9 and 10, C-21 being the well-accepted site
of DNA alkylation in the saframycin–ecteinascidin fami-
ly of antitumor agents, are similar in the context of this
illustration (Fig. 2).6 Significantly, a network of hydrogen
bonds has been proposed to assist in stabilizing the safra-
mycin–ecteinascidin class of drugs in the minor groove of
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ds-DNA.13,14 Therefore, it seems reasonable that perhaps
other more distant structural perturbations could possi-
bly affect this delicate relationship and result in a drug–
DNA adduct of diminished stability.


A complete explanation for the diminished activity of 3-
epi-jorumycin (3) is not available at this juncture. None-
theless, these results could potentially, in part, rationalize
the significantly diminished activity that has been ob-
served in related analogues, which possess conformation-
al deviations in comparison to the natural pentacyclic
scaffolds contained within 1 and other members.8 Indeed,
an SAR profile of the core of these natural products would
certainly prove useful in guiding efforts toward the con-
struction of more potent tetrahydroisoquinoline agents.
Efforts to unambiguously establish the capacity of jor-
umycins 1 and 3 in addition to renieramycins 2 and 4 to
alkylate DNA are presently under study and will be the
subject of a separate study.


In conclusion, two tetrahydroisoquinoline analogues 3-
epi-jorumycin (3) and 3-epi-renieramycin G (4) in addi-
tion to their corresponding parent natural products,
(�)-jorumycin (1) and (�)-renieramycin G (2), respec-
tively, were examined side-by-side for their antiprolifer-
ative activities against human colon (HCT-116) and
human lung (A549) cancer cell lines. As anticipated,
(�)-jorumycin (1) displayed potent growth inhibition
with GI50 values in the low nanomolar range. Converse-
ly, 3-epi-jorumycin (3) displayed a low micromolar cyto-
toxicity profile similar to those of compounds 2 and 4.
This somewhat unexpected result is currently under fur-
ther investigation.
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Abstract—The discovery and development of 5-azaindole factor VIIa inhibitors will be described.
� 2006 Elsevier Ltd. All rights reserved.

In an effort to develop novel anti-thrombotic agents, we
have been actively pursuing inhibition of the trypsin-like
serine protease, factor VIIa (fVIIa). Although inhibition
of related proteases, such as fIIa and fXa, has proven
efficacious, inhibition earlier in the coagulation cascade,
such as factor VIIa, may provide a safety advantage.1–5


Our previous reports focus on the discovery and optimi-
zation of potent and selective amidine-containing P1
fVIIa inhibitors.6,7


Earlier, we reported on the development of compounds
such as 1 as an injectable agent for the treatment of
thromboembolic disorders (Fig. 1).7 These biaryl ami-
dine-containing compounds suffer from low oral bio-
availability.8 In an attempt to apply the knowledge we
have gained from our amidine fVIIa inhibitor parenteral
program to an oral program, we began with our 5-ami-
dinobenzimidazole (1) scaffold and replaced the amidine
with a 5-azaindole (1H-pyrrolo[3,2-c]pyridine, 2) in con-
junction with removal of the distal phenol to decrease
the overall polar surface area. The amidine-containing
analog has good potency for fVIIa (0.013 lM) and
>200-fold selectivity versus the primary anti-targets
fXa, fIIa (thrombin), and trypsin. The 5-azaindole
retains respectable potency at 0.80 lM and >50-fold
selectivity for the anti-targets. Overall, this non-amidino
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scaffold represented a promising lead with a less basic P1
and moderate potency and selectivity.


Toward our goal of a potent and selective fVIIa inhibi-
tor, we sought fVIIa potency <0.100 lM with selectivity
>250-fold against the three main anti-targets fXa,
thrombin, and trypsin. To gain potency and selectivity
in our 5-azaindole series, we began to optimize for the
S1 0 pocket. This region offers variety within the tryp-
sin-like serine proteases affording the opportunity for
selectivity and affinity.


To exploit the S1 0 pocket for potency and selectivity, a
number of analogs based on compound 2 were generat-
ed. Of these, 33 selected compounds are depicted in
Table 1. Of the 33 compounds generated, a range of
potencies (fVIIa Ki 0.028–130 lM) and selectivities
versus the anti-targets (1–5000) were achieved including
24 compounds superior to the initial urea lead 2.

Figure 1. Potency for fVIIa and selected anti-targets in an amidino and


non-amidino scaffold.9,10
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Table 1. Inhibition data for compounds 2–34


N NH OH


NH


RO


Compound R fVIIa Ki (lM) Xa IIa Trypsin


2 NH2 0.80 156 89 58


3 Pentylamine 0.335 388 343 181


4 Phenethylamine 0.27 417 174 96


5 2-Thiophen-2-yl-ethylamine 0.35 429 169 120


6 Phenylamine 0.0615 1008 2114 2033


7 2-Fluoro-phenylamine 0.057 1930 2456 2632


8 3-Fluoro-phenylamine 0.13 923 1154 1154


9 4-Fluoro-phenylamine 0.11 382 1364 1364


10 2,6-Difluoro-phenylamine 0.033 2697 3939 2182


11 2,4-Difluoro-phenylamine 0.10 1700 1200 1500


12 3,4-Difluoro-phenylamine 0.33 455 455 455


13 3,5-Difluoro-phenylamine 0.83 181 181 181


14 2-Chloro-phenylamine 0.057 2632 2632 2632


15 2-Methoxy-phenylamine 0.047 1723 3191 3191


16 3-Methoxy-phenylamine 0.10 1600 1500 1500


17 4-Methoxy-phenylamine 0.088 705 1023 1591


18 2,4-Dimethoxy-phenylamine 0.028 2643 3179 5000


19 1-(3-Amino-phenyl)-ethanone 0.06 2167 2000 2167


20 1-(4-Amino-phenyl)-ethanone 0.19 789 305 495


21 4-Amino-benzoic acid 0.058 966 2241 1103


22 Thiophen-2-ylamine 0.16 600 938 538


23 Thiophen-3-ylamine 0.13 623 769 1154


24 Pyridin-2-ylamine 2.7 67 56 56


25 Pyridin-3-ylamine 0.155 635 968 935


26 Pyrrolidine 17 3 5 9


27 1-Methylpiperazine 130 1 1 1


28 Toluene 2.0 46 24 26


29 1,3-Difluoro-2-methyl- benzene 9.5 10 16 16


30 2-Phenyl-ethanol 0.22 136 470 57


31 2-Pyridin-3-yl-ethanol 0.61 149 107 34


32 Phenyl-methanol 0.85 80 68 57


33 Propyl-benzene 2.8 61 28 10


34 N-Benzyl-hydroxylamine 0.072 653 750 375


Data shown are factor VIIa Ki and fold-selective ratios (anti-target Ki/fVIIa Ki) for coagulation factors Xa, IIa (thrombin), and trypsin.9,10
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Incorporation of an alkyl moiety on the urea as in 3
yielded a moderate increase in potency and selectivity
versus 2. Remarkably, addition of a phenyl group on
the urea as in 6 offered a 10-fold increase in potency
and a 6- to 35-fold increase in selectivity as
compared to 2. To further develop 6, substituted
phenylurea analogs (7–21) were produced. Interesting-
ly, ortho-substitution seems to be well tolerated often
increasing potency and selectivity, while meta- and
para-substitution often leads to decreased potency
and selectivity (e.g., compounds 7–9 and 15–17). Fol-
lowing this trend, 2,6-substituted fluoro compound 10
showed a 2-fold increase in potency and selectivity
over the phenyl analog 6. Substitution of the
terminal aryl ring with either electron-donating or
electron-withdrawing groups was tolerated, suggesting
that the advantage of substitution may be to disrupt
the planarity between the urea and the phenyl group.

Phenyl isosteres such as thiophenes and heterocycles
such as pyridines were not well tolerated (compounds
22–25). Finally, cyclic ureas such as compounds 26
and 27 lost potency for all the serine proteases
tested, emphasizing the importance of the distal urea
N–H.


To diversify away from ureas, a number of amides
were completed based on the same base scaffold
(Table 1). The amide analog 28 was found to be
30-fold less potent and >20-fold less selective than
the homologous urea counterpart 6. This trend
continues as the 2,6-difluoromethyl amide 29 is far less
potent and selective than the corresponding urea 10.
Substitution of the phenethyl chain with an a-hydrox-
yl group (30) via coupling of the amine with LL-phen-
yllactic acid surprisingly retrieves some potency and
selectivity. As might be predicted, the N-hydroxy urea
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34 retains intermediate values of potency and
selectivity between urea 6 and the phenyllactic amide
30 through a possible H-bonding interaction similar
to the N–H of the urea.


In an attempt to understand the binding of this
structural series, we obtained the crystal structure of
compound 2 in fVIIa (Fig. 2). An array of hydrogen
bonds to the catalytic residues are observed including
the short interactions between Ser195, the hydroxypy-
razole oxygen, and a water molecule in the oxyanion
hole. The residues from 215 to 220 which define one
side of the S1 pocket are significantly rearranged from
the position observed for the amidine-based inhibitors
such that the indole ring of Trp215 is relocated into
the position of the S2 pocket. This ring now provides
an edge to face contact with the phenol ring of the
inhibitor. The P1 pyridine ring does not interact
directly with the enzyme but is likely protonated and
binds through a water bridge to Asp189. The
substituent on the distal ring of 2 does not extend into
the S1 0 pocket. The distal phenyl ring on the urea
likely binds in an edge to face interaction with the
rearranged Trp215.

Figure 2. Crystal structure of 2 bound to fVIIa.11


OBnNHN


OBn
Br


H


OOH
Br


a,b


35 36


c,d


39


e,f
N


Scheme 1. Synthesis of 6. Reagents and conditions: (a) MgCl2, TEA, paraform


Pd(PPh3)4, K2CO3, DME, reflux, 80%; (d) (1-diazo-2-oxo-propyl)-phosph


PdCl2(PPh3)2, TEA, CuI; (f) NaOH, MeOH, reflux, 60% over 2 steps; (g) P


DMF, 30–50%.

Synthesis of the urea S1 0 analogs began with the
commercially available 2-bromophenol 35 (Scheme 1).
Selective ortho-formylation using paraformaldehyde
and MgCl2 followed by benzyl protection provided
salicylaldehyde 36.12 Palladium-catalyzed Suzuki cou-
pling between bromide 36 and 3-cyanophenylboronic
acid followed by conversion of the aldehyde to the al-
kyne via the diazophosphonate Ohira reagent gave
intermediate 37. Construction of the indole ring was
achieved using a Sonogashira coupling of the alkyne
37 and mesylate 38.13 Reduction of the nitrile and
benzyl ether of 39 was achieved via hydrogenation
with Pearlman’s catalyst followed by addition of
phenylisocyanate to provide the target urea 6. Urea
compounds 3–25 were constructed following the above
procedure. Amides 28–33 were completed using
standard amide coupling procedures with the
deprotected benzylamine of 39.


The replacement of the amidino P1 group in trypsin-
family serine protease inhibitors has been a major fo-
cus of research in the pharmaceutical industry. Herein,
we have demonstrated that the 5-azaindole is a viable
replacement for the 5-amidinobenzimidazole for fVIIa
inhibition. Furthermore, the P1 0-phenylurea 6 provides
a substantial increase in potency and selectivity from
our original azaindole lead 2. A systematic SAR study
on phenylurea 6 revealed that ortho-substitution was
optimal with 2,6-difluoro compound 10 increasing
potency 25-fold and selectivity over 15-fold for all
anti-targets compared to the initial lead 2. Crystallo-
graphic data support the potency achieved by the
5-azaindole urea 2 and phenylurea 6 through a combi-
nation of hydrogen-bonding effects and phenyl edge to
face interactions. These potent and selective non-ami-
dino fVIIa inhibitors are undergoing pharmacokinetic
evaluation and will be presented in a future
publication.
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Abstract—Guided by structure-based drug design, modification of the 1,4-benzodiazepin-2,5-dione lead compound 1 resulted in the
discovery of 19, a potent and orally bioavailable antagonist of the HDM2-p53 protein–protein interaction (FP IC50 = 0.7 lM,
F � 100%).
� 2006 Elsevier Ltd. All rights reserved.

The tumor suppressor protein, p53, is maintained at a
low concentration in cells via redundant negative regula-
tory feedback loops, the main one involving the protein
HDM2.1 HDM2 binds the transactivation domain of
p53, thereby targeting it for proteasomal degradation
through its E3 ligase activity.1 Antagonism of HDM2-
p53 binding should increase levels of p53 and thus trig-
ger apoptosis or cell-cycle arrest, providing an attractive
approach to treating cancers possessing wildtype (wt)
p53.2–5


Proof-of-concept studies have been performed using the
HDM2 small-molecule inhibitors called ‘Nutlins,’ dem-
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onstrating that antagonizing HDM2 in wt-p53 tumor
cell lines is a viable approach for cancer therapy.6–8


We previously reported 1,4-benzodiazepine-2,5-diones
(BDPs) as potent antagonists of the HDM2-p53 interac-
tion in vitro and in cell-based assays.9–11 The lead com-
pound 1 (Fig. 1) demonstrated rapid clearance and no
bioavailability (data not shown).


The poor pharmacokinetic (PK) results were rational-
ized on the basis of several factors, including low solu-
bility and poor cell membrane permeability. Although
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Figure 1. The structure of the lead compound (1).
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Figure 2. Cut-away view of the crystal structure of 1 bound to HDM2


(protein solvent-accessible surface, cyan; C, gray; O, red; N, blue; Cl,


green; iodo, and purple; PDB ID: 1T4E).10


Table 2. Alkylation of 1 at N1 with solubilizing groups


N
H


N


O
CO2Me


O


Cl


Cl
I


1)ROH/ DIAD/ PPh3/THF


2)NaOH/MeOH


N
R


N


O
CO2H


O


Cl


Cl
I


Compounda R FP IC50 (lM)


1 –H 0.42


8 –CH3 2.18


9 –CH2C(O)NHMe 3.33


10
N


4.35


11 –CH2CO2H 10.2


12 –(CH2)2CO2H 1.09


13 –(CH2)4CO2H 0.51


14 –(CH2)2NMe2 36


a Racemic mixture of (S,S) and (R,R) isomers.
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the AlogP12 (4.85) does not violate the Lipinski ‘Rule-
of-Five,’13 the calculated pKa


14 of the acid moiety is
2.66 resulting in a low percentage of neutral species
available (�0.002%) at physiological pH (7.4) to pass
through the cell membrane.


To improve cell permeability, modifications were made
at the carboxylic acid site and tested for in vitro potency
in the previously described fluorescence polarization
(FP) assay (Table 1).9,10 Compounds with acceptable
potencies were tested for cell activity in the BrdU prolif-
eration assay,10,11 measuring for the preferential activity
in MCF7 mammary carcinoma cells, which express wt-
p53, over MDA MB231 mammary carcinoma cells
expressing mutant p53.


Compound 2, the homologue of 1, proved to be essen-
tially equipotent to 1 and had slightly better cell-based
activity. This may be due to an increase in the acid
pKa (3.93),14 thereby increasing the available neutral
fraction at pH 7.4. Coupling of the acid with a primary
amine resulted in either a loss of in vitro potency or little
benefit to cell permeability as inferred from the BrdU
IC50 values (3–6).


Since functionalization of the acid moiety was unpro-
ductive, it was hypothesized that removal of the acid
would provide the best course of action. Compound 7
was synthesized using the 4-component Ugi condensa-
tion previously described,9 but proved insoluble, pre-
cluding an accurate IC50 determination (Table 1).
Thus, a solubilizing group was deemed necessary.


Inspection of the co-crystal structure of 1 with HDM2
(PDB ID: 1T4E)10 demonstrated that substitution might
be tolerated on the ring nitrogen (N1) since it is primar-
ily solvent-exposed (Fig. 2). This hypothesis was tested
by alkylating the ester of 1 using the Mitsunobu reac-
tion, followed by saponification yielding the correspond-
ing acid (Table 2).

Table 1. Modifications of the carboxylic acid moiety of 1


N
H


N


O


O


R
I


Cl


Cl


Compounda R FP IC50


(lM)


BrdU IC50
b


(lM)


1 –CO2H 0.42 38 (128)


2 –CH2CO2H 0.54 24 (70)


3 –C(O)NH(CH2)2OH 2.12 nac


4 –C(O)NH(CH2)2CO2H 0.85 nac


5 –C(O)NH(CH2)4CO2H 0.87 31 (90)


6 –C(O)NH(CH2)2NMe2 27 nac


7 H nac nac


a Racemic mixture of (S,S) and (R,R) isomers.
b MCF-7 (MDA MB231).
c Data not available.

Tolerance to substitution of N1 is very sensitive to chain
length. Short-chain solubilizing groups resulted in at
least a 5-fold reduction in binding affinity (8–11), with
the acid 11 showing the greatest potency loss. When
the chain linking the carboxylic acid moiety to N1 was
extended by one methylene, binding was improved 10-
fold (12 vs 11). Expanding the chain length further
(13) produced a compound essentially equipotent to
the unsubstituted benzodiazepine (1). In contrast, utiliz-
ing a basic solubilizing group resulted in an essentially
inactive molecule (14). On the basis of these results,
the pentanoic acid group was selected as the substituent
of choice for further investigation.


BDP analogues incorporating the pentanoic acid
side chain as a solubilizing group were synthesized
(Table 3). The ester precursor to 13 (15) showed a
decrease in binding affinity, as did the diethylamido
derivative (16). These results suggest that the carboxyl-
ate may be interacting with the HDM2 protein in a
way not accessible to the ester or amide derivatives.
Indeed, one of the two monomers in the unit cell of







Table 3. Optimization of BDPs with pentanoic acid side chain


N N
HO2C


O


O


I


Cl


R


Cl


Compound R FP IC50 (lM) BrdU IC50
e (lM)


13a –CO2H 0.51 ± 0.03 38 (128)


15a –CO2Me 2.82 ± 0.06 25 (67)


16a –C(O)NEt2 2.13 ± 0.27 9 (37)


17b H 8.22 ± 1.5 13 (60)


18c (S)-CH3 13.3 ± 1.9 naf


19c (R)-CH3 0.70 ± 0.02 7 (67)


20d c–C3H5 2.15 ± 0.13 naf


a Racemic mixture of (S,S) and (R,R) isomers.
b Racemic at C3.
c Chirality at C3 is (S).
d Racemic mixture of (S,R) and (R,S) isomers.
e MCF-7 (MDA MB231).
f Data not available.


Figure 4. (a) Steric repulsion between the carboxylate and amide


carbonyl favoring the bound conformation of 1 (and 13). (b) The two


main conformers of 7 (and 17) looking down the C–N bond. The


benzylic hydrogens were differentially colored to highlight steric


interactions with the amide carbonyl.
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the HDM2/1 co-crystal structure shows a hydrogen
bond between the antagonist carboxylate and the side
chain hydroxyl of Ser-17, the N-terminal residue in the
construct we typically used (Fig. 3).10 Furthermore,
binding affinity is not greatly affected by extension of
the N-terminus (HDM2[2-188] vs HDM2[17-125];
0.39 lM vs 0.59 lM, respectively), suggesting that this
binding contact may not be an artifact of truncation.
Thus, the BDP carboxylate-Ser17 contact may be an
important contributor to the binding observed for these
antagonists.


Conformational factors may also contribute to the ob-
served effects of acid modification (Table 3). Removal
of the acid function (17) yielded a 16-fold loss in binding
affinity. Conformational analysis with 13 established
that the presence of the carboxylate favors the observed
binding conformation (Fig. 2) through steric repulsion
with the ring carbonyl oxygen, essentially locking out
rotation around the single N–C bond (Fig. 4a). Removal

Figure 3. Crystal structure of 1 bound to HDM2 demonstrating the


HDM2 Ser17-BDP carboxylate H-bond (PDB ID: 1T4E).10

of the acid lowers the barrier to rotation, permitting
multiple conformations (Fig. 4b).


We tested our hypothesis regarding the importance of
conformational rigidity using an enantiomerically pure
a-methylbenzylamine in the BDP synthesis. Compounds
18 and 19 were generated from the S- and R-enantio-
mers, respectively. Consistent with the importance of
conformational bias through restricted rotation, the
(R)-enantiomer (19), for which the observed binding
conformation is favored, has similar binding affinity to
that of the parent acid 13 (Table 3).


In contrast, the (S)-enantiomer (18), favoring a different
conformation that, if bound, would leave one of the three
major hydrophobic interaction sites vacant, is much less
active (Figs. 2 and 4). The larger cyclopropyl analogue
(20) has a similar potency to the ester or amide (Table 3).


Figure 4b can be used to demonstrate the two BDP con-
formations. For 19, the pink hydrogen represents the
methyl group so the conformer on the left is favored
due to minimization of the steric repulsion between the
carbonyl oxygen and methyl substituent. Conversely,
for 18, the white hydrogen represents the methyl group
so minimizing steric interactions would favor the right-
hand conformer.


The cell-based activity of 19 was enhanced 5-fold over 1
(and 13), suggesting that the compound was more cell per-
meable. This was consistent with the observed CACO-2
assay results (Table 4). Additional analogues were pre-
pared based on the SAR developed for the original lead
series,9 and these proved to be similar in potency to 19
in both in vitro and cell-based assays (Table 4).


With compounds possessing desirable early ADME
properties in hand, the PK profile of 19 was determined
in mice. Compound 19 was administered intravenously
(iv) and orally (po) at 5 and 40 mg/kg, respectively.







Table 4. FP, proliferation, and CACO-2 assay results of BDP analogues


N N
HO2C


O


O


Y


X


Cl


Compounda X Y FP IC50 (lM) BrdU IC50
b (lM) CACO-2 Papp(·10�6) A! B(B! A)


19 Cl I 0.70 ± 0.02 7 (67) 7.34 (13.0)


21 CF3 I 0.98 ± 0.02 11 (30) 10.3 (9.6)


22 OCF3 I 1.04 ± 0.03 19 (67) nac


23 Cl C„CH 0.71 ± 0.01 10.3 (69) 20.9 (16.1)


24 Cl C„CCH3 1.11 ± 0.08 10.7 (30) 19.9 (9.1)


a Pure enantiomer with chirality as shown.
b MCF-7 (MDA MB231).
c Data not available.
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The time course of the plasma concentration of 19 is
shown in Figure 5.


The iv dosing shows a relatively smooth decrease in
plasma concentration over time, with a half-life (t1/2)
of 3.1 h. The clearance of 19 was 13.2 mL/min/kg and
the volume of distribution was 3.0 L/kg (both values
are normalized for animal weight).


Oral administration of 19 resulted in a Cmax of 6.3 lM
after 6 h (Tmax). The t1/2 was 2.5 h. The truncated
area-under-the-curve values were used to determine the
approximate bioavailability of 100% in mice.
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Figure 5. Average plasma concentration versus time profiles of 19 after


iv (above) and po (below) administration to mice at doses of 5 and


40 mg/kg, respectively (±standard error for n = 3).

In summary, structural modification of the poorly bio-
available BDP inhibitor of the HDM2-p53 protein–pro-
tein interaction (1) was performed under the guidance of
structure-based design. Several iterations ultimately led
to the discovery of an orally bioavailable and potent
drug-like antagonist (19). With 19 or one of the structur-
ally related analogues in hand (21–24), proof-of-concept
in vivo studies were performed and have been described
in detail elsewhere.11
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Abstract—To develop novel PPARa ligands, we designed and synthesized several 3-{3-[2-(nonylpyridin-2-ylamino)ethoxy]phenyl}-
propanoic acid derivatives. Compound 10, the meta isomer of a PPARc agonist 1, has been identified as a PPARa ligand. The
introduction of methyl and ethyl groups at the C-2 position of the propanoic acid of 10 further improved the PPARa-binding
potency.
� 2006 Elsevier Ltd. All rights reserved.

Peroxisome proliferator-activated receptors (PPARs)
belong to the nuclear receptor superfamily1 and the
PPAR subfamily consists of three members, PPARa,
PPARc, and PPARd. These receptors act as ligand-acti-
vated transcription factors with other members of the
nuclear receptor family,2–4 and play a central role in
the storage and catabolism of dietary fats by regulating
the expression of a large number of genes involved in
lipid metabolism and the energy balance.5 PPARa is
highly expressed in metabolically active tissues such as
liver, heart, and muscle, and activation of PPARa
decreases the serum triglyceride level and increases the
HDL-c level.6 Therefore, PPARa agonists such as clofi-
brate (Fig. 1) are being utilized as hypolipidemic agents.
Meanwhile, PPARc is expressed predominantly in adi-
pose tissues and functions as a regulator of glucose
and lipid homeostasis. The clinically useful thiazolidin-
edione (TZD) class of insulin sensitizers such as rosiglit-
azone7 and pioglitazone8 (Fig. 1) are potent PPARc
agonists used in the treatment of Type 2 diabetes. In
addition, recent studies revealed that dual agonists of
PPARa/c decreased the free triglyceride plasma
concentration and increased the plasma HDL
concentration in an insulin resistant animal model.9–11


Thus, many groups have ongoing research programs
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to find more potent and less toxic PPARa agonists
and PPARa/c dual agonists.


We previously reported compound 1, which was de-
signed based on the structure of rosiglitazone and 15d-
PGJ2,12,13 as a potent PPARc ligand.14 To find novel
PPARa agonists, we chose compound 1 as a lead struc-
ture, because recent reports on selective PPAR ligands
indicated that minor structural modifications can affect
selectivity.15–17 In this letter, we report the design, syn-
thesis, and binding affinity of PPAR ligands based on
the structure of compound 1.


In the course of our computational studies on com-
pound 1 and its derivatives using Glide 3.5 software,
we found that compound 10 (Fig. 2), the meta isomer
of 1, likely fits PPARa protein more tightly than 1.18


An inspection of the simulated PPARa/1 complex
showed that one of the two oxygen atoms of the carbox-
ylate group forms hydrogen bonds with His 440 and Tyr
464, and that the nonyl group is located in the hydro-
phobic region formed by Ile 241, Leu 247, Ala 250,
Leu 254, Ile 272, Val 332, and Ala 333 (Fig. 3, left). In
the simulated PPARa/10 complex, as well as the hydro-
gen bonds and the hydrophobic interaction found in the
PPARa/1 complex, the existence of added hydrogen
bonds was expected between the other oxygen atom of
the carboxylate and Ser 280, and between the tertiary
nitrogen and Thr 279 (Fig. 3, right). These results
prompted us to evaluate the affinity for PPAR of 10
and its derivatives 2–9 and 11–20 (Fig. 2).



mailto:miyata-n@ phar.nagoya-cu.ac.jp

mailto:miyata-n@ phar.nagoya-cu.ac.jp





N


Et


O
S


NH


O


O


N N


Me


O
S


NH


O


O


O COOEt


Cl


N N
O


OH


O


Nonyl


S


NN
H


OH


O


O


S


O


N


O
OH


Me


S


Me


F3C


COOH


O


Rosiglitazone Pioglitazone


GW501516


15d-PGJ2
Clofibrate


1


GW7647


Figure 1. Structures of rosiglitazone, pioglitazone, 15d-PGJ2, clofibrate, GW7647, GW501516, and compound 1.


OH


O


O
N


(CH2)nCH3


N


OH


O


O
N


Nonyl


N
R1 R2


R3


2 : n = 0
3 : n = 1
4 : n = 2
5 : n = 3
6 : n = 4
7 : n = 5
8 : n = 6
9 : n = 7
10 : n = 8
11 : n = 9
12 : n = 10


13 : R1 = Me, R2 = H, R3 = H
14 : R1 = Et, R2 = H, R3 = H
15 : R1 = OEt, R2 = H, R3 = H
16 : R1 = H, R2 = H, R3 = OMe
17 : R1 = Me, R2 = H, R3 = OMe
18 : R1 = Et, R2 = H, R3 = OMe
19 : R1 = OEt, R2 = H, R3 = OMe
20 : R1 = Me, R2 = Me, R3 = OMe


Figure 2. Structures of compounds 2–20.
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The compounds prepared for this study are shown in
Figure 2, and the routes used for their synthesis are
illustrated in Schemes 1 and 2. Scheme 1 shows the
preparation of the 3-{3-[2-(alkylpyridin-2-ylamino)eth-
oxy]phenyl}propanoic acid derivatives 2–16, 18, and 19.
The yield of 2-alkylaminopyridine 22a–k was 69–86%,
using the method of Buchwald:19 treatment of 2-bromo-
pyridine 21 with n-nonylamine (4 equiv), Pd2(DBA)3,
BINAP, and t-BuONa in toluene under reflux.
m-Hydroxybenzaldehyde 23a and isovaniline 23b were
allowed to react with 1,2-dibromoethane to give ethers
24a and 24b. The Horner–Wadsworth–Emmons reaction20

was applied to the conversion of 24a, b into acrylic acid
derivatives 25a–g. The double bond of 25a–g was hydroge-
nated to yield compounds 26a–g. Coupling between 2-
alkylaminopyridine 22a–k and propanoic acid ethyl esters
26a afforded N-(2-pyridinyl)-N-alkylpropanoic acids 27a–
k. Propanoic acid ethyl esters 26b–g were also allowed to re-
act with 2-nonylaminopyridine 22i to afford N-(2-pyridi-
nyl)-N-nonylpropanoic acids 27l–q. The subsequent
hydrolysis of 27a–q gave the desired carboxylic acids
2–16, 18, and 19.


The preparation of 3-{4-methoxy-3-[2-(nonylpyridin-2-
ylamino)ethoxy]phenyl}propanoic acids 17 and 20, which
have one or two methyl groups at the C-2 position of the
propanoic acid, is outlined in Scheme 2. The aldehyde 24b
was reduced by NaBH4 and allowed to react with acetic
anhydride to give acetic acid 3-(2-bromoethoxy)benzyl
ester 29. Compound 29 was treated with 1-methoxy-1-
trimethylsilyloxypropene or dimethylketene methyltrim-
ethylsilyl acetal in the presence of magnesium perchlorate
in anhydrous CH2Cl2 to give esters 30a,b.21 Coupling
between 2-nonylaminopyridine 22i and propanoic acid
methyl esters 30a,b afforded N-(2-pyridinyl)-N-nonyl
compounds 31a,b and subsequent hydrolysis gave
carboxylic acids 17 and 20.


The binding affinity of the compounds for PPARs was
evaluated with a CoA-BAP System (Microsystems).22


In this system, the alkaline phosphatase (AP) activity
is directly proportional to the affinity of the ligands
for PPARs.
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Scheme 1. Reagents and conditions: (a) CH3 (CH2)nNH2, Pd2(DBA)3, BINAP, t-BuOH, toluene, 80 �C, 69–86%; (b) 1,2-dibromoethane, Cs2CO3,
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Figure 3. View of the lowest energy conformations of 1 (left) and 10 (right) docked in PPARa. Residues around compounds and hydrogen bonds are


displayed as wires and dotted lines, respectively. Figures represent distances in angstrom.
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The ability of compounds 2–20 to bind PPARa, PPARc,
and PPARd was evaluated and the results are shown in
Tables 1–3, respectively. GW764723 (PPARa), rosiglit-
azone7 (PPARc), and GW50151624 (PPARd) were used

Table 1. Binding affinity for PPARa of compounds 1–20 at 0.1, 1.0,
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Values are means of at least three experiments.

as reference compounds (Fig. 1). The lead compound 1
showed high affinity for PPARc and little affinity for
PPARa and PPARd (Tables 1–3, line 1). As we had
expected from the computational study described above,

Table 2. Binding affinity for PPARc of compounds 1–20 at 0.1, 1.0,
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Table 3. Binding affinity for PPARd of compounds 1–20 at 0.1, 1.0,
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compound 10, the meta isomer of compound 1, displayed
much higher affinity for PPARa than did 1 (Table 1, line 1
vs 10). Furthermore, the affinity for PPARc of 10 is lower
than that of 1 (Table 2, line 1 vs 10), and compound 10
exhibited no affinity for PPARd (Table 3, line 10).


To study the structure–activity relationship of 3-{3-[2-
(alkylpyridin-2-ylamino)ethoxy]phenyl}propanoic acid
derivatives and to find more potent PPARa ligands,
we initially evaluated the PPAR-binding affinity of com-
pounds 2–12 which have alkyl chains of various lengths
on their nitrogen atom. It was found that the affinity of
these compounds was closely related to chain length.
Among compounds 2–12, nonyl 10 showed the greatest
affinity for PPARa, while decyl 11 and undecyl 12 were
most active toward PPARc, and heptyl 8 and octyl 9
showed little affinity for PPARd (Tables 1–3, lines 2–12).


We next examined the effect of substituents at the C-2 po-
sition of the propanoic acid of 10, because it has been
reported that the introduction of an alkyl or alkoxy group
at this position increases activity for PPARa.15,25–27


Methyl 13, ethyl 14, and ethoxy 15 were tested, and much
to our satisfaction, 13 and 14 showed strong affinity for
PPARa and slightly weak affinity for PPARc as com-
pared with the parent compound 10. In addition, com-
pounds 13–15 had no affinity for PPARd (Tables 1–3,
lines 13–15).


To examine the effect of the introduction of a methoxy
group at the C-4 position of the benzene ring,
compounds 16–20 were investigated. However, these
compounds did not show a pronounced affinity
for PPARa compared to compounds 10, 13, and 14
(Tables 1, lines 16–20).


In summary, to find novel PPARa ligands, we prepared
several 3-{3-(2-nonylaminoethoxy)phenyl}propanoic
acid derivatives which were designed based on the struc-

ture of the PPARc agonist 1. Compound 10, the meta
isomer of 1, was found to be a PPARa ligand. The intro-
duction of methyl (13) and ethyl (14) groups at the C-2
position of the propanoic acid of 10 further improved
the PPARa-binding potency. The findings of this study
will help provide an effective agent for hyperlipidemia.
Currently, further detailed studies pertaining to com-
pounds 13 and 14 are under way.
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The legends to Figs. 1b and 3b should be corrected as follows:
In Fig. 1b, ‘‘8 (yellow) and 5 (green)’’ should read ‘‘8 (green) and 5 (yellow).’’
In Fig. 3b, 8 (yellow) and 10 (green) should read ‘‘8 (green) and 10 (yellow).’’
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Synthesis and SAR of a-sulfonylcarboxylic acids as potent matrix metalloproteinase inhibitors pp 3096–3100


Yue-Mei Zhang,* Xiaod\ong Fan, Bangping Xiang, Devraj Chakravarty,
Robert Scannevin, Sharon Burke, Prabha Karnachi, Kenneth Rhodes and Paul Jackson
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A series of novel carboxylic acid-based a-sulfone MMP inhibitors have been synthesized and the in vitro enzyme SAR


and in vivo PK evaluation are discussed. These compounds are potent MMP-9 inhibitors and are selective over MMP-1.


Development of new brain imaging agents based upon nocaine–modafinil hybrid monoamine
transporter inhibitors


pp 3101–3104


John L. Musachio, Jinsoo Hong, Masanori Ichise, Nicholas Seneca, Amira K. Brown,
Jeih-San Liow, Christer Halldin, Robert B. Innis, Victor W. Pike, Rong He,
Jia Zhou and Alan P. Kozikowski*


N


Cl


S
OH


11CH3


[11C]5


N


Cl


S
N


11CH3


[11C]6


O


[11C]5 and [11C]6 display high affinity for the NET in vitro (Ki = 0.94 and


0.68 nM, respectively) and significant selectivity over the dopamine (DAT) and


serotonin transporters (SERT). Because of their high affinity and favorable


transporter selectivities we speculated that these ligands might serve as useful


PET agents for imaging NET in vivo. Contrary to our expectations, both of


these ligands provided brain images that were more typical of those shown by


agents binding to the DAT.


Carboxy derivatized glucosamine is a potent inhibitor of matrix metalloproteinase-9 in HT1080 cells pp 3105–3110


Eresha Mendis, Moon-Moo Kim, Niranjan Rajapakse and Se-Kwon Kim*
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Carboxylated glucosamine (CGlc) synthesized through substitution of


–OOC–CH2CH2–CO– group to glucosamine hydrochloride (Glc)


exhibited a potent matrix metalloproteinase-9 (MMP-9) expression


inhibition in HT1080, human fibrosarcoma cells.


3081







Stereoselective synthesis of dinucleoside boranophosphates by an oxazaphospholidine method pp 3111–3114


Takeshi Wada,* Yukihiro Maizuru, Mamoru Shimizu, Natsuhisa Oka and Kazuhiko Saigo
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Enantiomerically pure 1,4-benzodiazepine-2,5-diones as Hdm2 antagonists pp 3115–3120


Juan Jose Marugan,* Kristi Leonard, Pierre Raboisson, Joan M. Gushue, Raul Calvo,
Holly K. Koblish, Jennifer Lattanze, Shuyuan Zhao, Maxwell D. Cummings,
Mark R. Player, Carsten Schubert, Anna C. Maroney and Tianbao Lu


4-(Aminoalkylamino)-3-benzimidazole-quinolinones as potent CHK-1 inhibitors pp 3121–3124


Zhi-Jie Ni,* Paul Barsanti, Nathan Brammeier, Anthony Diebes, Daniel J. Poon,
Simon Ng, Sabina Pecchi, Keith Pfister, Paul A. Renhowe, Savithri Ramurthy,
Allan S. Wagman, Dirksen E. Bussiere, Vincent Le, Yasheen Zhou,
Johanna M. Jansen, Sylvia Ma and Thomas G. Gesner
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P3 and P4 position analysis of vinyl ester pseudopeptide proteasome inhibitors pp 3125–3130


Mauro Marastoni,* Anna Baldisserotto, Claudio Trapella, Riccardo Gavioli and
Roberto Tomatis
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Here following is the report on the use of small, focused libraries to study P3 and P4 positions of vinyl ester pseudopeptides, selective


inhibitors for trypsin-like activity of the 20S proteasome.
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A ratiometric fluorescent sensor for Zn2+ based on internal charge transfer (ICT) pp 3131–3134


Yujiang Mei and Paul A. Bentley*
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8-Hydroxyquinolinedipyrrin derivative ratiometric chemosensors were designed, prepared, and shown to have a high


selectivity and sensitivity for Zn2+ ions.


One-pot synthesis and SAR study of cis-2,6-dialkyl-4-chloro-tetrahydropyrans pp 3135–3138


Pedro O. Miranda, Leticia G. León, Vı́ctor S. Martı́n,* Juan I. Padrón*


and José M. Padrón*


The in vitro antitumor activity of 2,6-dialkyl-4-chloro-tetrahydropyrans against human solid tumor cells is reported.


Carbonic anhydrase inhibitors: Inhibition of the cytosolic human isozyme VII with anions pp 3139–3143


Daniela Vullo, Eva Ruusuvuori, Kai Kaila, Andrea Scozzafava and Claudiu T. Supuran*
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Suzuki-type Pd(0) coupling reactions in the synthesis of 2-arylpurines as Cdk inhibitors pp 3144–3146


Lucie Vandromme, Sandrine Piguel, Olivier Lozach, Laurent Meijer,
Michel Legraverend* and David S. Grierson
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or 4-substituted thiophene
R2 = methoxyethylamino or
para-methoxybenzylamino
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A new drug-release method using the Staudinger ligation pp 3147–3149


Michel Azoulay, Gérald Tuffin, Wafa Sallem and Jean-Claude Florent*
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Herein we describe a new way to liberate a drug from a prodrug using the Staudinger ligation as the trigger.


Isoquinoline–pyridine-based protein kinase B/Akt antagonists: SAR and in vivo antitumor activity pp 3150–3155


Gui-Dong Zhu,* Jianchun Gong, Akiyo Claiborne, Keith W. Woods, Viraj B. Gandhi,
Sheela Thomas, Yan Luo, Xuesong Liu, Yan Shi, Ran Guan, Shayna R. Magnone,
Vered Klinghofer, Eric F. Johnson, Jennifer Bouska, Alexander Shoemaker, Anatol Oleksijew,
Vincent S. Stoll, Ron De Jong, Tilman Oltersdorf, Qun Li, Saul H. Rosenberg and Vincent L. Giranda
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A series of 27 isoquinoline–pyridine-based deri-


vatives were synthesized and evaluated as protein


kinase B/Akt antagonists. An amino analog


(R5 = NH2) demonstrated good efficacy in a


mouse MiaPaCa-2 xenograft model, but with


accompanying toxicity.


Synthesis of pyrazoles and isoxazoles as potent avb3 receptor antagonists pp 3156–3161


Thomas D. Penning,* Albert Khilevich, Barbara B. Chen, Mark A. Russell, Mark L. Boys,
Yaping Wang, Tiffany Duffin, V. Wayne Engleman, Mary Beth Finn, Sandra K. Freeman,
Melanie L. Hanneke, Jeffery L. Keene, Jon A. Klover, G. Allen Nickols,
Maureen A. Nickols, Randall K. Rader, Steven L. Settle, Kristen E. Shannon,
Christina N. Steininger, Marisa M. Westlin and William F. Westlin
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The synthesis and biological evaluation of a series of pyrazole and isoxazole avb3 antagonists is described.


Benzo[b]thiophene-2-carboxamides and benzo[b]furan-2-carboxamides are potent antagonists
of the human H3-receptor


pp 3162–3165


Bernd Peschke,* Sonja Bak, Rolf Hohlweg, Rita Nielsen, Dorthe Viuff and Karin Rimvall
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Benzo[b]thiophene-2-carboxamides and benzo[b]furan-2-carboxamides are potent antagonists on the human H3-receptor, showing


Ki values of as low as 4 nM.
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DNA and LNA oligonucleotides containing N20-functionalised derivatives of 20-amino-20-deoxyuridine pp 3166–3169


Neerja Kalra, Maria C. Parlato, Virinder S. Parmar and Jesper Wengel*
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Synthetic studies of neoclerodane diterpenes from Salvia divinorum:
Selective modification of the furan ring


pp 3170–3174


Wayne W. Harding, Matthew Schmidt, Kevin Tidgewell, Pavitra Kannan,
Kenneth G. Holden, Christina M. Dersch, Richard B. Rothman and Thomas E. Prisinzano*
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Kinesin spindle protein (KSP) inhibitors. Part 4: Structure-based design of 5-alkylamino-
3,5-diaryl-4,5-dihydropyrazoles as potent, water-soluble inhibitors of the mitotic kinesin KSP


pp 3175–3179


Christopher D. Cox,* Maricel Torrent, Michael J. Breslin, Brenda J. Mariano, David B. Whitman,
Paul J. Coleman, Carolyn A. Buser, Eileen S. Walsh, Kelly Hamilton, Michael D. Schaber,
Robert B. Lobell, Weikang Tao, Vicki J. South, Nancy E. Kohl, Youwei Yan, Lawrence C. Kuo,
Thomayant Prueksaritanont, Donald E. Slaughter, Chunze Li, Elizabeth Mahan,
Bing Lu and George D. Hartman
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KSP IC50 = 25 nM
solubility = 29 µg/mL (pH 6.5)
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KSP IC50 = 2 nM
solubility > 12 mg/mL (pH 4.0)


A successful effort was undertaken to improve potency and


solubility in a class of anti-mitotic agents that was guided by


computer-generated structural models of an inhibitor–enzyme


complex.


Antitumor activity of tetrahydroisoquinoline analogues 3-epi-jorumycin and 3-epi-renieramycin G pp 3180–3183


Jonathan W. Lane, Alberto Estevez, Kyle Mortara, Ondine Callan,
Jeffrey R. Spencer and Robert M. Williams*
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8-(Pyren-1-yl)-20-deoxyguanosine as an optical probe for DNA
hybridization and for charge transfer with small peptides


pp 3184–3187


Linda Valis, Elke Mayer-Enthart and Hans-Achim Wagenknecht*


Pyrene-modified guanine as an internal optical label and photoinducable


charge donor for DNA analytics.


Synthesis and photocytotoxic activity of new chlorin–polyamine conjugates pp 3188–3192


Guillaume Garcia, Vincent Sol,* François Lamarche, Robert Granet,
Michel Guilloton, Yves Champavier and Pierre Krausz
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Biological tests were realized on K562 cells.


Fluorophor-labeled spermidine derivatives as fluorescent markers in optical tumor imaging pp 3193–3196


Markus Wolf,* Ulrike Bauder-Wüst, Rüdiger Pipkorn, Helmut Eskerski and
Michael Eisenhut


The synthesis and initial biological evaluation of fluorophore tagged spermidine derivatives for intraoperative tumor


imaging is reported.


Novel 5-azaindole factor VIIa inhibitors pp 3197–3200


Jennifer R. Riggs,* Huiyong Hu, Aleksandr Kolesnikov, Ellen M. Leahy,
Kieron E. Wesson, William D. Shrader, Dange Vijaykumar, Troy A. Wahl,
Zhiwei Tong, Paul A. Sprengeler, Michael J. Green, Christine Yu, Brad A. Katz,
Ellen Sanford, Margaret Nguyen, Ronnel Cabuslay and Wendy B. Young
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We have developed a series of potent and selective factor VIIa inhibitors based on the 2-[5-(5-


carbamimidoyl-1H-benzoimidazol-2-yl)-6-hydroxy-biphenyl-3-yl]- succinic acid scaffold. These biaryl


amidine-containing compounds suffer from low oral bioavailability. In an attempt to apply the


knowledge we have gained from our amidine fVIIa inhibitor parenteral program to an oral program,


we began with our 5-amidinobenzimidazole scaffold and replaced the amidine with a less basic


5-azaindole (1H-pyrrolo[3,2-c]pyridine, 2). The discovery and development of 5-azaindole factor VIIa


inhibitors will be described.
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A new class of selective, non-basic 5-HT2A receptor antagonists pp 3201–3204


Tammy Ladduwahetty,* Amanda L. Boase, Andrew Mitchinson, Caroline Quin,
Smita Patel, Kerry Chapman and Angus M. MacLeod
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This paper describes the design of a novel series of non-basic 5-HT2A receptor antagonists thus disproving the generally accepted


view that a basic nitrogen is crucial to binding at this receptor.


A practical synthesis of the major 3-hydroxy-2-pyrrolidinone
metabolite of a potent CDK2/cyclin A inhibitor


pp 3205–3208


Marcella Nesi,* Daniela Borghi, Maria Gabriella Brasca, Francesco Fiorentini and Paolo Pevarello
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The synthesis of the metabolite of a potent 3-aminopyrazole CDK2/cyclin A inhibitor is presented. The use of polymer-supported


cyanoborohydride in trifluoroethanol proved most convenient in the reductive amination step.


Racemic and chiral sulfoxides as potential prodrugs of the COX-2 inhibitors Vioxx� and Arcoxia� pp 3209–3212


Francisco Caturla,* Mercè Amat, Raquel F. Reinoso, Mónica Córdoba and Graham Warrellow
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The enantiomeric synthesis and profiling of sulfoxide-based rofecoxib and etoricoxib (Merck) prodrugs are reported.


Diphenylmethane skeleton as a multi-template for nuclear receptor ligands: Preparation
of FXR and PPAR ligands


pp 3213–3218


Masahiko Kainuma, Jun-ichi Kasuga, Shinnosuke Hosoda, Ken-ichi Wakabayashi, Aya Tanatani,
Kazuo Nagasawa, Hiroyuki Miyachi, Makoto Makishima and Yuichi Hashimoto*


Design and preparation of novel ligands for FXR, DPPF-01, and for PPARa, DPHK-01, were described.
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Evaluation of the eutomer of 4-{3-(4-chlorophenyl)-3-hydroxypyrrolidin-1-yl}-1-(4-fluorophenyl)
butan-1-one, {(+)-SYA 09}, a pyrrolidine analog of haloperidol


pp 3219–3223


Seth Y. Ablordeppey,* Margaret Lyles-Eggleston, Barbara Bricker, Wang Zhang,
Xue Zhu, Carl Goodman and Bryan L. Roth
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A pyrimidine–pyrazolone nucleoside chimera with potent in vitro anti-orthopoxvirus activity pp 3224–3228


Xuesen Fan, Xinying Zhang, Longhu Zhou, Kathy A. Keith, Earl R. Kern and Paul F. Torrence*


5-Formyl-20-deoxyuridine was condensed with 1-phenyl-3-methyl-2-pyrazolin-5-one to give a novel pyrimidinylidene–pyrazolone


nucleoside (9) with potent in vitro anti-orthopoxvirus properties.


Novel alkylpolyaminoguanidines and alkylpolyaminobiguanides with potent antitrypanosomal activity pp 3229–3232


Xiangdong Bi, Christina Lopez, Cyrus J. Bacchi, Donna Rattendi and Patrick M. Woster*
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The synthesis and antitrypanosomal activity of analogues related to 7b (IC50 = 0.09 lM) and 8d (IC50 = 0.18 lM)


are described.


Discovery of indole-containing tetracycles as a new scaffold for androgen receptor ligands pp 3233–3237


Xuqing Zhang,* Xiaojie Li, George F. Allan, Amy Musto, Scott G. Lundeen and Zhihua Sui
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A novel series of tetracyclic indoles (I) have been designed, synthesized and evaluated as androgen receptor (AR)


ligands. Studies of structure–activity relationships (SARs) were investigated, which led to some compounds in this


series as strong binders to androgen receptors.


3088 Contents / Bioorg. Med. Chem. Lett. 16 (2006) 3081–3095







RNA interference by 20,50-linked nucleic acid duplexes in mammalian cells pp 3238–3240


Thazha P. Prakash,* Bryan Kraynack, Brenda F. Baker, Eric E. Swayze and Balkrishen Bhat
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An exploratory theoretical elucidation on the peroxyl-radical-scavenging mechanism and
structure–activity relationship of nonsteroidal anti-inflammatory drugs


pp 3241–3244


Lan-fen Wang, Yu-guang Song, Xiu-feng Zhang and Yang Liu*
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Stilbene-based anticancer agents: Resveratrol analogues active toward HL60 leukemic
cells with a non-specific phase mechanism


pp 3245–3248


Daniele Simoni,* Marinella Roberti, Francesco Paolo Invidiata, Enrico Aiello, Stefania Aiello,
Paolo Marchetti, Riccardo Baruchello, Marco Eleopra, Antonietta Di Cristina, Stefania Grimaudo,
Nicola Gebbia, Lucia Crosta, Francesco Dieli and Manlio Tolomeo
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The effects of several stilbenes on HL60 cell cycle have been detected. Particularly interesting is the non-selective phase block caused


by a known compound.


Identification of novel PPARa ligands by the structural modification of a PPARc ligand pp 3249–3254


Shinya Usui, Hiroki Fujieda, Takayoshi Suzuki, Naoaki Yoshida, Hidehiko Nakagawa and
Naoki Miyata*
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To develop novel PPARa ligands, we designed and synthesized several 3-{3-[2-


(nonylpyridin-2-ylamino)ethoxy]phenyl}propanoic acid derivatives which were


designed based on the structure of PPARc agonist 1. Among these compounds,


compounds 10, 13 and 14 were found to be strong PPARa ligands.
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Two novel furan derivatives from Phellinus linteus with anti-complement activity pp 3255–3257


Byung-Sun Min, Bong-Sik Yun, Hyeong-Kyu Lee, Hee-Jin Jung, Hyun-Ah Jung and Jae-Sue Choi*
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Two unique furan derivatives, named phellinusfurans A (1) and B (2), were isolated from the fruiting body of Phellinus linteus, and


exhibited significant anti-complement activity in the classical pathway assay.


Synthesis of 2-alkoxy-8-hydroxyadenylpeptides: Towards synthetic epitope-based vaccines pp 3258–3261


Jimmy J. Weterings, Selina Khan, Gerbrand J. van der Heden, Jan W. Drijfhout,
Cornelis J. M. Melief, Herman S. Overkleeft, Sjoerd H. van der Burg, Ferry Ossendorp,
Gijsbert A. van der Marel* and Dmitri V. Filippov*
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The design, synthesis and immunogenic properties of 2-alkoxy-8-hydroxyadenylpeptides are reported.


Flexible synthesis and biological evaluation of novel 5-deoxyadenophorine analogues pp 3262–3267


Morwenna S. M. Pearson, Rim Ouled Saad, Thierry Dintinger, Hassen Amri,
Monique Mathé-Allainmat* and Jacques Lebreton*
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Two series of novel analogues of 5-deoxyadenophorine with lipophilic side-chains (C2–C11) are prepared and tested on a range of


glycosidases.


Substituted pyrrolidine-2,4-dicarboxylic acid amides as potent dipeptidyl peptidase IV inhibitors pp 3268–3272


Ting-Yueh Tsai, Mohane Selvaraj Coumar, Tsu Hsu, Hsing-Pang Hsieh, Chia-Hui Chien,
Chiung-Tong Chen, Chung-Nien Chang, Yu-Kang Lo, Ssu-Hui Wu, Chung-Yu Huang, Yu-Wen Huang,
Min-Hsien Wang, Hsin-Yi Wu, Hong-Jen Lee, Xin Chen, Yu-Sheng Chao and Weir-Torn Jiaang*
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DPP-IV IC50 = 1.7 nM
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Protein tyrosine phosphatase 1B inhibitory activity of triterpenes isolated from Astilbe koreana pp 3273–3276


MinKyun Na, Long Cui, Byung Sun Min, KiHwan Bae, Jae Kuk Yoo,
Bo Yeon Kim, Won Keun Oh* and Jong Seog Ahn
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Bioassay-guided fractionation of a MeOH extract of the rhizomes of Astilbe koreana led to the isolation of five PTP1B inhibitory


triterpenes including a new one, 3a,24-dihydroxyolean-12-en-27-oic acid (4).


Development of lipopeptides for inhibiting 20S proteasomes pp 3277–3281


Nicolas Basse, David Papapostolou, Maurice Pagano, Michèle Reboud-Ravaux,*


Elise Bernard, Anne-Sophie Felten and Régis Vanderesse
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Identification of 2-acylaminothiophene-3-carboxamides as potent inhibitors of FLT3 pp 3282–3286


Raymond J. Patch, Christian A. Baumann, Jian Liu, Alan C. Gibbs,
Heidi Ott, Jennifer Lattanze and Mark R. Player*
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A series of 2-acylaminothiophene-3-carboxamides has been identified which exhibit potent inhibitory activity against the FLT3


tyrosine kinase. Structure–activity relationship studies within this series are described in the context of a proposed binding model


within the ATP binding site of the enzyme.


Discovery of SB-705498: A potent, selective and orally bioavailable TRPV1 antagonist suitable
for clinical development
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Alexander J. Stevens, Darren Smart, Becky Sargent, Dominic Sanderson,
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TRPV1 antagonist activity of SB-705498 (15) and its in vitro and in vivo activity are reported.
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Design and semisynthesis of novel fredericamycin A derivatives with an improved antitumor profile pp 3292–3297


Ulrich Abel, Werner Simon, Peter Eckard and Friedrich G. Hansske*
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1: X=H, Y=OMe (Fredericamycin A)
mean cellular IC70 = 517 nM
differential cytotoxicity = 14 fold


1e: X=I, Y=OMe
mean cellular IC70 = 11 nM
differential cytotoxicity = 837 fold


12: X=H, Y=morpholine
mean cellular IC70 = 77 nM
differential cytotoxicity = 153 fold


Starting from natural Fredericamycin A, a


series of semisynthetic derivatives was


prepared exhibiting increased potency


and selectivity in vitro in a human tumor


cell line panel.


1,10-Xylyl bis-1,4,8,11-tetraaza cyclotetradecane: A new potential copper chelator agent
for neuroprotection in Alzheimer�s disease. Its comparative effects with clioquinol on rat
brain copper distribution


pp 3298–3301


Vincent Moret, Younes Laras, Nicolas Pietrancosta, Cédrik Garino, Gilles Quéléver,
Amandine Rolland, Bernard Mallet, Jean-Chrétien Norreel and Jean-Louis Kraus*
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A new non-azole inhibitor of ABA 80-hydroxylase: Effect of the hydroxyl group substituted
for geminal methyl groups in the six-membered ring


pp 3302–3305


Yoshiharu Araki, Arisa Miyawaki, Tomoyuki Miyashita, Masaharu Mizutani,
Nobuhiro Hirai and Yasushi Todoroki*
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The axial hydroxyl group at C-60 stabilizes the enzyme–ligand complex more strongly than the geminal methyls.


Design and synthesis of a biotin-tagged photoaffinity probe of paeoniflorin pp 3306–3309
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photoaffinity probe


Paeoniflorin


A trifunctional biotin-tagged photoaffinity probe of paeoniflorin was designed and synthesized, and this new biotinylated probe is a


potential tool for labeling, purification, and identification of the target proteins.
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Enhanced pharmacokinetic properties of 1,4-benzodiazepine-2,5-dione antagonists of the
HDM2-p53 protein–protein interaction through structure-based drug design
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Guided by structure-based drug design, modification of the BDP


lead compound 1 resulted in the discovery of 19, a potent and


orally bioavailable antagonist of the HDM2-p53 protein–protein


interaction (FP IC50 = 0.7 lM, F 100%).


Design, synthesis, and evaluation of novel kazusamycin A derivatives as potent antitumor agents pp 3315–3318


Ryoichi Ando,* Yusaku Amano, Hideo Nakamura, Noriyoshi Arai and Isao Kuwajima
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Structure–activity relationship studies on UK-2A, a novel antifungal antibiotic
from Streptomyces sp. 517-02. Part 5: Roles of the 9-membered dilactone-ring
moiety in respiratory inhibition


pp 3319–3322


Yoshinosuke Usuki,* Noriko Adachi, Ken-Ichi Fujita, Akio Ichimura,
Hideo Iio and Makoto Taniguchi


Several open-chained analogues of UK-2A, a novel antifungal antibiotic isolated


fromStreptomyces sp. 517-02, were prepared for structure–activity studies. The in


vitro antifungal activities of these compounds against Rhodotorula mucilaginosa


IFO 0001 and the inhibition of uncoupler-stimulated respiration in bovine heart


submitochondrial particles (SMP) were evaluated. Oxidative potentials


were measured by cyclic voltammetry. An analogue prepared from dihexyl


LL-glutamate showed comparable inhibitory activity as UK-2A.


Design and evaluation of new antipsoriatic antedrug candidates having 16-en-22-oxa-vitamin D3 structures pp 3323–3329
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5c IC50 = 0.8 nM 5f IC50 = 1.9 nM


Design, synthesis, and biological evaluation of the promising antipsoriatic


vitamin D3 antedrugs 5c and 5f are reported.
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An improved synthesis of psammaplin A pp 3330–3333


Amy M. Godert, Norman Angelino, Anna Woloszynska-Read, Shannon R. Morey,
Smitha R. James, Adam R. Karpf and Janice R. Sufrin*
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Psammaplin A


An improved synthesis of psammaplin A has been developed, making it more accessible for biological evaluations.


Triplex forming ability of oligonucleotides containing 20-O-methyl-2-thiouridine or 2-thiothymidine pp 3334–3336


Itaru Okamoto, Kohji Seio and Mitsuo Sekine*


Triplex stabilities of oligonucleotides containing 20-O-methyl-2-thiouridine (s2Um) and 2-thiothymidine (s2T) in third strand were


studied. Both s2Um and s2T could stabilize parallel triplexes.


Inhibitory activity of cyclohexenyl chalcone derivatives and flavonoids of fingerroot,
Boesenbergia rotunda (L.), towards dengue-2 virus NS3 protease


pp 3337–3340


Tan Siew Kiat, Richard Pippen, Rohana Yusof, Halijah Ibrahim,
Norzulaani Khalid and Noorsaadah Abd Rahman*


Double reciprocal plots of 4-hydroxypanduratin A
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Boesenbergia rotunda (L.) cyclohexenyl chalcone derivatives, 4-hydroxypandur-


atin A and panduratin A, showed good competitive inhibitory activities towards


dengue 2 virus NS3 protease with the Ki values of 21 and 25 lM, respectively,


whilst those of pinostrobin and cardamonin were observed to be non-


competitive. NMR and GCMS spectroscopic data formed the basis of


assignment of structures of the six compounds isolated. Lineweaver–Burk plot


of inhibitor compound 6, 4-hydroxypanduratin A.
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Abstract—Two novel stereoisomers of furan derivatives, phellinusfurans A (1) and B (2), were isolated from the fruiting body of
Phellinus linteus. Their structures were elucidated by spectroscopic analysis. Compounds 1 and 2 exhibited significant anti-comple-
ment activity with IC50 values of 33.6 and 33.7 lM, respectively, in inhibiting the hemolytic activity of human serum against
erythrocytes.
� 2006 Elsevier Ltd. All rights reserved.
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The complement system is a major effector of humoral
immunity and is activated by a cascade mechanism via
an antigen–antibody-mediated process (classical path-
way, CP), an antibody-independent process (alternative
pathway, AP), or through mannan binding lectin/MBL-
associated serine protease (MBL/MASP).1,2 The proteo-
lytic cascade allows for a very high amplification rate,
which in the next step activates the enzymes later in
the cascade. This in turn cleaves the non-enzymes, such
as C3, C4, and C5. The pathway converges the C3
convertase step leading to C5 convertase and the self-
assembly of the membrane attack complex (MAC). In
complement activation, the complement components in-
duce the release of mediators from the mast cells and
lymphocytes, causing a variety of diseases (i.e., rheuma-
toid arthritis, osteoarthritis, atopic dermatitis, lung fluid
inflammation, and atherosclerotic lesion), as well as can
be fated if occurring after an organ transplantation.3


This effect is normally beneficial for the host, but can
also cause adverse effects depending on the site as extent
and duration of complement activation. The modulation
of complement activity can be important to the treat-
ment of inflammation.

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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As parts of a study to develop anti-complementary
agents from natural products, the complement-inhibit-
ing properties of the fruiting body of Phellinus linteus
(Berk & Curt) Aoshima (Hymenochaetaceae), which is
commonly referred to as Sangwhang in Korea, have
been investigated. This mushroom has been used as a
traditional oriental medicine for treating stomachache
and arthritis of the knee.4 A literature survey shows that
this species produces a variety of structurally unusual
secondary metabolites, such as sphingolipid,4 hispidine,5


benzyl hydroflavones,6 furo[3,2-c]pyran-4-ones,7 pyr-
ano[4,3-c][2]benzopyran-1,6-diones,7,8 and 26-mem-
bered macrolide,9 which have been shown to have
biological effects on tyrosinase inhibitor, antioxidant
and cytotoxic activity. In this paper, two furan deriva-
tives with an unprecedented carbon skeleton have been
isolated10 and bioassayed for their classical pathway
complement inhibitory activity (Fig. 1).
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Figure 1. Structures of phellinusfurans A (1) and B (2).
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Compound 1 was obtained as a brownish yellow pow-
der. FABMS evidenced a quasi-molecular ion peak at
m/z 307 [M+Na]+, with the molecular formula
C13H16O7, and this was verified by the 13C NMR spec-
trum.11 Compound 1 also manifested two doublet ole-
finic signals at d 6.54 (d, J = 3.6 Hz) and d 7.20 (d,
J = 3.6 Hz), which were attributed to the presence of a
furan ring by virtue of their coupling pattern on the
1H NMR spectrum, as compared with that of the
dihydroxerulin isolated from Xerula melanotricha.12


This observation was bolstered further by the 13C
NMR spectral assignments (two olefinic methine car-
bons at d 110.3 and d 121.7, and two oxygenated olefinic
quaternary carbons at d 149.3 and d 160.6) coupled with
the results of the DEPT, HMQC, and HMBC experi-
ments. Also, the 1H NMR spectrum evidenced a
hydroxymethyl signal at d 4.48 (2H, br s), which was
directly correlated with the olefinic carbon signals (d
121.7 and d 160.6) in the HMBC spectrum, and suggest-
ed the presence of a hydroxymethyl-furan ring in com-
pound 1. Furthermore, the 1H NMR spectrum of
compound 1 revealed signals for two oxymethine pro-
tons at d 4.91 (s) and d 5.33 (dd, J = 4.8, 2.1 Hz). The
oxymethine signal (d 5.33) was correlated with the ole-
finic proton at d 7.21 (d, J = 2.1 Hz) and the other oxy-
methine proton at d 3.77 (m), and the latter proton was
further coupled to the hydroxymethyl protons at d 3.49
(2H, br s) in the 1H–1H COSY spectrum. The 13C NMR
spectrum, in combination with the results of the DEPT
and HMQC experiments, also revealed signals for three
oxymethine carbons (d 74.4; d 80.8; d 99.1), two olefinic
carbons (d 121.4; d 126.7), a carbonyl carbon (d 196.8),
and a hydroxymethyl carbon (d 62.6), and the connectiv-
ity of these carbons was established by the results of the
HMBC experiment. In the HMBC spectrum, the corre-
lations from dH 4.91/5.33 to dC 126.7/196.8 and dH 5.33
to dC 62.6/74.4/121.4 suggested the presence of the 5-
(1,2-dihydroxyethyl)-4-ylmethylene-dihydrofuran-3-one
moiety. In addition, the 1H NMR spectrum revealed a
methoxy group (dH 3.41), which was correlated with
the oxygenated carbon at dC 99.1, and confirmed that
compound 1 harbors a structural moiety of 5-(1,2-
dihydroxyethyl)-4-ylmethylene-2-methoxy-dihydrofu-
ran-3-one. This result was verified further by the detec-
tion of the fragment ions m/z 61 [C2H5O2]+ and 175
[C7H11O5]+ in the EIMS spectrum. The two partial
structures were linked via the HMBC experiment. The
long-range correlations between dH 7.21 (H-8) and dC


110.3 (C-3 0)/149.3 (C-2 0), and dH 6.54 (H-3 0) and dC


121.4 (C-8) confirmed that the hydroxymethyl-furan
ring was linked to the 5-(1,2-dihydroxyethyl)-4-ylmeth-
ylene-2-methoxy-dihydrofuran-3-one by C-8. The re-
sults of NOESY measurement confirmed the indicated
structure and also proved the relative stereochemistry
at C-2, C-5, and C-8. The proton signal at d 7.21 (H-
8) was correlated with the signal at d 5.33 (H-5), whereas
that of H-8 exerted no influence on the signal at d 3.77
(H-6) in the NOESY spectrum, which demonstrated
the Z-configuration of the double bond at C-8 and the
a-orientation of the dihydroxyethyl group at C-5. How-
ever, the proton signal at d 5.33 could not be correlated
with the signal at d 3.41 (OCH3) in the NOESY spec-
trum, which bolstered the theorized a-orientation of

the methoxy group at C-2. However, the absolute con-
figuration at C-6 remained unidentified. Thus, the struc-
ture of phellinusfuran A (1) was confirmed to be 5a-(6,7-
dihydroxyethyl)-4-(5 0-hydroxymethyl-furan-2- ylmethyl-
ene)-2a-methoxy-dihydrofuran-3-one.


Compound 2 appeared as a brownish-yellow powder.
The molecular formula was identified as C13H16O7,
identical to that of 1, according to the results of FABMS
and 13C NMR.13 In addition, the NMR spectral data of
compound 2 were also almost completely identical to
those of 1. However, careful examination of the NOESY
spectra obtained for both compounds revealed signifi-
cant differences in the NOE correlation peaks of the pro-
tons. The NOE correlations between d 7.11 (H-8) and d
5.46 (H-5)/3.93 (H-6), and d 5.46 (H-5) and d 3.28
(OCH3) revealed that the configuration of the dihydr-
oxyethyl group was a b-orientation. In consequence,
the structure of phellinusfuran B (2) was identified as
5b-(6,7-dihydroxyethyl)-4-(50-hydroxymethyl-furan-2-yl-
methylene)-2a-methoxy-dihydrofuran-3-one.


Compounds 1 and 2 were bioassayed with regard to
their classical pathway complement inhibitory activity
via an in vitro assay technique.14 Both compounds
exhibited significant inhibitory effects on the CP of the
complement system, evidencing IC50 values of 33.6 and
33.7 lM, respectively, compared with a positive control,
rosmarinic acid (IC50 180 lM). This showed that the
two furan derivative stereoisomers exhibited compara-
ble inhibitory effects on the complement system.


In summary, the novel furan derivatives, designated as
phellinusfurans A (1) and B (2) in this study, were isolat-
ed from the fruiting bodies of P. linteus. These two com-
pounds both exhibited significant anti-complement
effects. However, the two stereoisomers evidenced no
differences with regard to their inhibitory activities on
the complement system.
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