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Abstract—Among five carboxamide derivatives (13–17), N-(2-dimethylaminoethyl)-4,8-dihydrobenzo[1,2-b:5,4-b 0]dithiophene-4,8-
dione-2-carboxamide (13) showed the greatest enhancement of all-trans retinoid acid (ATRA)-induced differentiation in HL-60 cells,
inducing nearly complete differentiation at a concentration of 0.02 lM. On the other hand, 2-hydroxymethyl-4,8-dihydrobenzo[1,2-
b:5,4-b 0]dithiophene-4,8-dione (2) and 2-(1-hydroxylethyl)-4,8-dihydrobenzo[1,2-b:5,4-b 0]dithiophene-4,8-dione (18) exhibited excel-
lent and equally potent differentiation effects on HL-60 cells. To improve their water solubility, ester-type hydrophilic prodrugs (23–
26) were also synthesized. Compounds 13 and 23–26 are identified in this paper as new anti-leukemic drug candidates.
� 2007 Published by Elsevier Ltd.

In prior work,1,2 we synthesized a series of benzodithio-
phenedione derivatives and found that many of these
compounds showed potent cytotoxicity against numer-
ous cancer cell lines, including HL-60 acute myeloid leu-
kemia cells. Recently, S. Waxman et al.3,4 reported that
some of our previously described benzodithiophenes,1,2


including 4,8-dihydro-benzo[1,2-b:5,4-b 0]dithiophene-
4,8-dione-2-carboxylic acid (1) and 2-hydroxy methyl-
4,8-dihydrobenzo[1,2-b:5,4-b 0]dithiophene-4,8-dione (2),
can efficiently induce differentiation and apoptosis in
leukemia cells. Since induction of apoptosis and cell dif-
ferentiation are considered important mechanisms for
anti-leukemic therapy, 1 and 2 are considered lead com-
pounds for further development as anti-leukemic drugs.
However, the low cytotoxicity (IC50 = 8.6 lM) of the
former and the poor water solubility (7.8 lg/mL) of
the latter must be significantly improved. Thus, we syn-
thesized new hydrophilic derivatives of 1 and 2, and
herein report their synthetic methods, as well as anti-leu-
kemic activity and pharmacokinetic profiles.
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2-Acetyl-4,8-dihydrobenzo[1,2-b:5,4-b 0]dithiophene-4,8-
dione (3) and 2,6-diacetyl-4,8-dihydrobenzo[1,2-b:5,4-
b 0]dithiophene-4,8-dione (4) were prepared according
to our previously reported method.1,2 As shown in
Scheme 1 (Supplemental data), compounds 3 and 4 were
first oxidized with NaOCl/NaOH in EtOH–H2O to the
carboxylic acids 1 and 5, which were then reacted with
SOCl2 to form the corresponding acid chlorides (6, 7).
Subsequent treatment of these acid chlorides with vari-
ous aminoalkylamines yielded the corresponding carb-
oxamides (8–12), which were subsequently treated with
H3PO4 in THF to provide the desired water-oluble
phosphates (13–17). In Scheme 2 (Supplemental data),
compound 2 and 2-(1-hydroxyethyl)-4,8-dihydroben-
zo[1,2-b:5,4-b 0]dithiophene-4,8-dione (18) were treated
with succinic anhydride or glutaric anhydride, respec-
tively, in the presence of Et3N and DMAP, to give the
corresponding mono esters (19–22). Subsequent treat-
ment of 19–22 with sodium 2-ethylhexanoate in EtOAc
afforded the corresponding sodium salts (23–26).


All nine newly synthesized hydrophilic derivatives (13–
17 and 19–22) as well as 1, 2, and 18 were evaluated in
a MTT assay against HL-60 cells,5,6 and the results
are shown in Table 1. Except for 1, all of the tested
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Table 1. Cytotoxicity of 1, 2 and 13–22 against human leukemia HL-60 cellsa


Compound R R0 IC50
b (lM)


1 –COOH H 8.6


2 –CH2OH H 0.18


13


O


N
NH H3PO4


.
H 0.02


14


O


N
N H3PO4


.
H 0.08


15
N


O


N CH3 H3PO4
. H 0.3
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O


N
N H3PO4


.
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N
N H3PO4


.
0.07


17
N


O


N CH3 H3PO4
. N


O


N CH3 H3PO4
. 0.09


18
CHOH


CH3
H 0.05


19 CH2 O


O
COOH H 0.47


20 CH2 O


O
COOH H 0.7


21
O


O
COOH


CH3
H 0.26


22
O COOH


OCH3
H 0.25


a HL-60 cells (4 · 104) were treated with 1, 2, and 13–22 for 72 h. After treatment, cells were harvested and examined using MTT assay.
b IC50 value means the concentration causing 50% growth-inhibitory effect.
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compounds exhibited potent cytotoxicity. Microscopic
examination of HL-60 cells treated with test compounds
showed many apoptotic bodies. For instance, after
treatment with 0.1 lM of 13 for 72 h, cells displayed typ-
ical morphological features of apoptotic cells with con-
densed and fragmented nuclei (Fig. 1).


Table 1 also shows that carboxamides 13–17 are about
30- to 400-fold more potent as cytotoxic agents than 1.
Compound 13 showed the highest cytotoxicity
(IC50 = 0.02 lM). Another important finding is the rela-
tively high cytotoxicity of compounds 2
(IC50 = 0.18 lM), 18 (IC50 = 0.05 lM) and their ester

type hydrophilic derivatives (19–22). These ester deriva-
tives (19–22) will likely be readily hydrolyzed into their
parent compounds (2 and 18) by esterases in vivo. Thus,
the two parent compounds 2 and 18, as well as carbox-
amide 13, which showed the highest cytotoxicity, are
recommended for further investigation.


Using a NBT-reduction assay, compounds 2, 18, and 13
were evaluated alone, or in combination with 5 nM all-
trans retinoic acid (ATRA), for their differentiation
effect on HL-60 cells. As shown by the results in
Figure 2A, lead compound 2 alone induced considerable
cell differentiation (ca. 21%) at 0.2 lM. Even more







Figure 1. Induction of apoptosis by compound 13 in HL-60 cells.


HL-60 cells (2 · 104 cells/mL) were treated with vehicle (A and A 0),


0.1 lM 13 (B and B 0), for a total of 72 h, then fixed and stained with


Liu stain or DAPI. The morphologic changes were examined in cell


smears by phase contrast and fluorescence microscopy (magnification


200·).


Figure 2. HL-60 cells (4 · 104) were treated with 2, 18, and 13 in


combination with or without 5 nM ATRA for 72 h. After treatment,


cells were harvested and examined the cell differentiation by NBT-


reduction assay. Values are expressed as means ± SD of four


independent experiments. *p < 0.001 compared with the corresponding


control values (1st column group).
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interestingly, at a lower concentration of 0.025 lM, it
also significantly enhanced ATRA-induced cell differen-
tiation. Its maximal enhancement (ca. 54%) of ATRA-
induced cell differentiation occurred at around
0.15 lM. Increasing the concentration of 2 to 0.2 lM
resulted in higher percentage of total cell differentiation
(ca. 73%) but lower percentage of enhancement (ca.
44%) for ATRA-induced cell differentiation. In here,
the percentage of enhancement, resulted from synergism
of tested compound and ATRA, is calculated by deduct-
ing the contribution to cell differentiation by tested com-
pound alone, and by ATRA alone, from the total
percentage of cell differentiation.

Table 2. Cytotoxicity of 2, 18, and 13 against human normal leukocytes (PB


Compound R


2 –CH2OH


18
CHOH


CH3


13


O


N
N H3PO4


.


a PBMC cells (5 · 105) were treated with 2, 18, and 13 for 72 h. After treatm
b IC50 value means the concentration causing 50% growth-inhibitory effect.

Similarly, compound 18 both induced cell differentiation
and enhanced ATRA-induced cell differentiation, but to
a greater extent than 2. As shown in Figure 2B, com-
pound 18 promoted higher percentages of total cell
differentiation (ca. 90%) and maximal enhancement
(ca. 62%) for ATRA-induced cell differentiation.

MC)a


R 0 IC50
b (lM)


H 1


H 0.82


H 0.29


ent, cells were harvested and evaluated using MTT assay.
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Furthermore, the data in Figure 2C indicate that com-
pound 13 enhanced ATRA-induced cell differentiation
at a concentration of 0.01 lM and provided maximal
enhancement (ca. 83%) at about 0.015 lM. Raising the
concentration of 13 further to 0.02 lM pushed the per-
centage of total cell differentiation up to about 95%,
approaching complete differentiation. Such potent
induction of cell differentiation is seldom reported in
the literature.


The excellent differentiation-inducing ability of 2, 18,
and 13 in HL-60 cells prompted us to determine their
cytotoxicity toward human normal leukocytes
(PBMC) in order to assess selectivity to cancer cells.
The data shown in Table 2 indicate that 2 and 18 pos-
sess similar cytotoxicity against PBMC cells. Their
IC50 values were nearly 1 lM, which is about 20 times
higher than the concentration (50.05 lM) at which
they induced 50% differentiation of HL-60 cells. At
the same time, the IC50 value of 13 was 0.29 lM
which is about 30 times higher than the concentration
(50.01 lM) at which it induced 50% differentiation of
HL-60 cells. The relatively low cytotoxicity data
against normal cells suggested that 2, 18, and 13 are
good candidates for drug development.


The pharmacokinetic profile of 13 was determined in male
Sprague–Dawley rats following single dose administra-
tion via intravenous (IV) and oral routes (Supplemental
data). When given IV, compound 13 showed high sys-
temic clearance and high volume of distribution at steady
state with a short terminal half-life of 0.3–1.0 h. Follow-
ing oral dosing, compound 13 showed good drug expo-
sure, high oral bioavailability (92.3%), and long
terminal half-life (6.9 h). The Cmax values were 349 and
376 ng/ml, and the AUCs were 1004 and 2988 ng h/ml,
for oral dosing at 7.7 and 15.4 mg/kg, respectively. The
single dose pharmacokinetics of 13 appeared to be dose-
dependent for both administration routes, thus, indicat-
ing that both routes are suitable for administration.


Because both of compounds 2 and 18 have poor water
solubility (7.8 and 9.6 lg/ml, respectively), a pharmaco-
kinetics study is not feasible until a better dosage form is
developed.


In conclusion, starting from lead compound 1, vari-
ous carboxamide derivatives (8–17) were synthesized

and evaluated for anti-leukemic activity and pharma-
cokinetic properties. Among them, compound 13 was
identified as an excellent inducer for cell differentia-
tion. It has an excellent pharmacokinetics profile,
and is a promising anti-leukemic drug candidate wor-
thy of further development. At the same time, we
also identified 18 and 2 as excellent and equally po-
tent differentiation inducers for HL-60 cells. These
compounds were converted to corresponding ester-
type hydrophilic prodrugs (23–26), which were also
identified in this work as new potential anti-leukemic
clinical trial candidates that deserve further
exploration.
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Abstract—We have discovered selective and potent inhibitors of TACE that replace the common hydroxamate zinc binding group
with a hydantoin, triazolone, and imidazolone heterocycle. These novel heterocyclic inhibitors of a zinc metalloprotease were
designed using a pharmacophore model that we previously described while developing hydantoin and pyrimidinetrione (barbiturate)
inhibitors of TACE. The potency and binding orientation of these inhibitors is discussed and they are modeled into the X-ray crystal
structure of TACE and compared to hydroxamate and earlier hydantoin TACE inhibitors which share the same 4-[(2-methyl-4-
quinolinyl)methoxy]benzoyl P1 0 group.
� 2007 Elsevier Ltd. All rights reserved.

Tumor necrosis factor-a (TNF-a) is a cytokine that is
produced by activated monocytes and macrophages,
and plays a central role in immunity and inflammation.1


Binding proteins or antibodies that intercept TNF-a
(infliximab, adalimumab, etanercept) block its ability
to activate the TNF-a receptor and have become highly
effective treatments for rheumatoid arthritis, Crohn’s
disease, and psoriasis.2 One of the many strategies to
downregulate the activity of TNF-a is the use of small
molecules to inhibit its convertase, TNF-a converting
enzyme (TACE, ADAM-17). TACE is a membrane
bound zinc metalloprotease that is primarily responsible
for proteolytically processing the 26 kDa membrane-
bound form of pro-TNF-a to its 17 kDa soluble form
that is secreted from cells.3


Because TACE inhibitors logically started from the bet-
ter studied matrix metalloprotease (MMP) inhibitors,
virtually all of them contain the ubiquitous hydrox-
amate and more recently, the reverse hydroxamate zinc
binding groups (ZBGs; Fig. 1).4 Inhibitors containing
these bidentate ligands generally have excellent potency

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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but often suffer from intrinsically poor pharmacokinet-
ics or metabolic liabilities.5 Over the past several dec-
ades, numerous zinc-ligating, non-hydroxamate
chemotypes have been incorporated into small mole-
cules with the goal of finding potent and druglike inhib-
itors of zinc metalloproteases (Fig. 1).6

Figure 1. Precedented ZBGs found in zinc metalloprotease inhibitors.
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Scheme 2. Reagents and conditions: (a) HCl, EtOH (84%); (b)


semicarbazideÆHCl, N-methylmorpholine, DMF, 120 �C, 12 h (54%);


(c) 5% Pd/C, H2, MeOH, THF, water (100%); (d) 4-[(2-methyl-4-


quinolinyl)methoxy]-benzoic acid, POCl3, pyridine (76%).


Scheme 1. Reagents and conditions: (a) 4-[(2-methyl-4-quinoli-


nyl)methoxy]benzoyl chloride, DCM; 10% NaHCO3 (88%); (b)


Dess–Martin periodinane, 1:1 DCM/DMF (100%); (c) (NH4)2CO3,


KCN, EtOH/H2O, 80 �C sealed tube (10%).
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In our quest to find more ‘druglike’ inhibitors of TACE
and other zinc metalloproteases, we discovered that hyd-
antoins and barbiturates make for excellent replace-
ments of hydroxamates.7 Extensive SAR and modeling
of the hydantoins elucidated a pharmacophore that con-
sists of:


(1) A cyclic urea that coordinates the active site zinc,
putatively in monodentate fashion via its carbonyl.
One of the urea N–H groups must have a low pKa


for hydrogen bonding to (or deprotonation by) a
conserved active site glutamate general base and
the other N–H is required for a H-bond to a prox-
imal Gly amide carbonyl.


(2) A linker that conformationally induces a U-turn
between the ZBG and the P1 0 group.


(3) An H-bond acceptor in the linker capable of inter-
acting with mainchain Gly and Leu amide N–H.


(4) An appropriately functionalized P1 0 group that
complements the metalloprotease S1 0 subsite.


Having validated this model with highly constrained
hydantoins and barbiturates, we sought to prospectively
identify new non-hydroxamate ZBGs using the above
criteria as structural prerequisites. With these design
constraints in place, both triazolones and imidazolones
(Fig. 2) can achieve the same hydrogen bonding compli-
mentarity as do the hydantoins and barbiturates in the
active site of TACE as their enol tautomers.


The immediate problem of transposing a hydantoin
TACE inhibitor into a triazolone or imidazolone was
the trajectory of the P1 0 side chain. Since one of the pre-
requisites for activity in the hydantoins is a U-shaped
turn to engage main chain Leu348 and Gly349 in
H-bonds and angle the P1 0 appropriately, an even
greater turn would be required for the sp2 triazolones/
imidazolones to compensate for the absent hydantoin
5-position chiral center. Since we had reliable models
of both hydroxamates in TACE (later confirmed by an
X-ray co-crystal structure8) and hydantoins in TACE,7b


all that remained to do was search for optimal bridging
groups between the triazolone/imidazolone ZBG and
the 4-[(2-methyl-4-quinolinyl)methoxy]phenyl P1 0 side
chain. Molecular modeling was used to prioritize the
extensive number of potential linkers based on confor-

Figure 2. Pharmacophore elements of heterocyclic ZBGs.

mational analysis and their adherence to the hydantoin
model.


Hydantoin 3 (Scheme 1) was synthesized starting from
2-hydroxymethylaniline by coupling it to our preferred
P1 0 group to form an amide. Dess–Martin periodinane
oxidation of the alcohol to the aldehyde followed by

Scheme 3. Reagents and conditions: (a) 2-nitrobenzoyl chloride,


AlCl3, nitrobenzene (45%); (b) 5% Pd/C, H2, MeOH (98%); (c) 4-[(2-


methyl-4-quinolinyl)methoxy]-benzoic acid, POCl3, pyridine (6%).
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the Bucherer-Bergs reaction provided compound 3 in
low yield due to significant competing benzoin conden-
sation. Scheme 2 illustrates how triazolone 6 was
prepared. Pinner reaction with nitrile 4 gave an imidate
that condensed with semicarbazide to form triazolone 5.
Palladium-catalyzed hydrogenation of the nitro substi-
tuent followed by coupling to the P1 0 acid using the
method of Alves et al.9 gave product 6. Imidazolone 9
was prepared by treatment of commercially available
imidazol-2-one hydrogen sulfate with 2-nitrobenzoyl
chloride under Friedel–Crafts acylation conditions
(Scheme 3). Reduction of the nitro group by catalytic
hydrogenation and coupling to the P1 0 as before pro-

Table 1. In vitro potency of selected hydantoins, triazolones, and imidazolo
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a pTACE IC50s are an average of two determinations; MMP Ki data are from


of 7.
b The P1 0 group in all cases is 4-[(2-methyl-4-quinolinyl)methoxy]phenyl.
c These compounds were also >4946 nM for MMP-1 and >2128 nM for MM

vided compound 9 albeit in very low yield due to the
unreactivity of the aniline. The synthesis of the remain-
ing compounds in Table 1 is straightforward.10


The pharmacophore model described in Figure 2 above
was built upon an extensive hydantoin SAR7a which
provided a logical starting point for triazolone and imi-
dazolone design. Hydantoins 10 and 11, containing ami-
do or sulfonamide side chains, showed good TACE
activity at 29 and 37 nM, respectively. Another active
compound was hydantoin 3 that contains a phenyl lin-
ker which makes a longer turn to the P1 0 group to give
a potent inhibitor at 14 nM.

nes in pTACE, MMP-2, �3, �7, �12, and �13a


MMP-3


Ki, nM


MMP-7


Ki, nM


MMP-12


Ki, nM


MMP-13


Ki, nM


141 259 — 1417


— — >5025 —


— — >5025 —


>4501 >6368 782 >5025


— — >5025 —


567 1000 4120 >5025


— — >5025 —


>4501 >6368 3611 4314


>4501 >6368 >6023 >5025


>4501 >6368 >6023 4314


a single determination. All compounds are racemic with the exception


P-9.
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Simply substituting a hydantoin ZBG such as 10 for a
triazolone 13 proved ineffective for the amide side chain
and models of the latter suggest that 13 is unable to
make an acute enough angle to access the S1 0 site. How-
ever, the same change in ZBG when the side chain incor-
porates a sulfonamide (14) can better achieve the
requisite turn and is 439 nM in pTACE albeit not as
active as the hydantoin analog 11 at 37 nM. A more
acute turn is achieved by the pyrrolidinyl linker rac-
cis-7 which is 3-fold more potent at 162 nM against
TACE. Lastly, a benzyl linker was appended to a triazo-
lone ZBG to make an even sharper albeit longer turn to
provide compound 6 with an IC50 of 34 nM. As previ-
ously observed with hydantoin and barbiturate ZBGs,
the 4-[(2-methyl-4-quinolinyl)methoxy]phenyl P1 0 group
confers excellent selectivity against other MMPs. It is
interesting to compare triazolone 6 with hydantoin 3
because the added methylene in 6 appears to compen-
sate for the chiral center in 3 to achieve a similar
presentation of the ZBG and P1 0 group (see Fig. 3b).
Based on the pharmacophore model in Figure 2, we also
wanted to explore an imidazolone. Transposition of the
triazolone 6 into the corresponding imidazolone 15 sur-
prisingly yielded an inactive compound.


Closer analysis reveals that the pKa of an imidazolone is
approximately 12, far less acidic than any of the other
ZBGs and unlikely to be deprotonated, even with the
assistance of the active site Lewis acidic zinc ion. We
reasoned that replacement of the imidazolone benzyl
linker with a benzoyl linker should have the effect of
lowering the imidazolone pKa by several log units and
further preorganizing the P1 0 side chain into the optimal
U-shape conformation to access S1 0. Indeed, compound
9 proved to be the most potent TACE compound in the
series at 9 nM and retained its excellent selectivity.11

Figure 3. (a) Overlay of the modeled binding mode of compound 9, blue, a


interactions between 9 and TACE are denoted by the dashed blue lines. (b) M


Representative hydrogen bonds between 3 and TACE are indicated with da

Figure 3a shows a model of compound 9 superimposed
with the IK682-TACE crystal structure.12 The carbonyl
of the imidazolone is in close contact with zinc via a
monodentate interaction and strongly hydrogen bonded
to E406 while its N–H forms another hydrogen bond to
mainchain Gly349. The ketone-containing linker may
increase the potency of compound 9 by making an addi-
tional interaction to Leu348 in addition to the pKa


enhancement it confers. The amide side chain forms a
hydrogen bond with Leu348 analogous to the side
chains of the hydantoins such as 10, 11, and 3. Shown
in Figure 3b is an overlay of hydantoin 3, triazolone 6,
and imidazolone 9, and their shared interactions to zinc
and residues in the vicinity of the active site. Clearly vis-
ible is how each unique linking group bridges the ZBG
to the P1 0 in a low energy conformation. Each molecule
is able to engage Glu406 in a strong H-bond (or be
deprotonated by it) which serves to enhance its interac-
tion to the Zn, especially as an anion. Density functional
computational methods of TACE by Cross et al.13 cal-
culate the theoretical pKa of the active site Glu406 at
5.9. Furthermore, the pKa of a hydroxamic acid (8.9)
upon coordination to the active site Lewis acidic Zn is
reduced to 5.3.


Table 2 shows the aqueous pKa’s of ZBGs that we have
successfully incorporated into TACE inhibitors. If the
magnitude of the pKa reduction from the above analysis
holds for the non-hydroxamate ZBGs in Table 2, their
pKa would likewise decrease to approximately the pre-
dicted value of Glu406 and in some cases, below. Gener-
ally, our data suggest that the potency of the
heterocyclic ZBGs roughly correlates with their pKa.


The quest for inhibitors of zinc-dependent metallo-pro-
teases has been a fertile area of research for over 20

nd the crystal structure of IK682, yellow. Hydrogen bonds and metal


odeled binding modes of compounds 3, cyan, 6, orange, and 9, blue.


shed lines.







Table 2. Aqueous pKa’s of ZBGsa


ZBG pKa (aq)


Hydroxamic acid 8.9


Barbiturate 7.0


Hydantoin 9.0


1,3,4-Triazol-2-one 8


Imidazol-2-one �12


4-Benzoyl-imidazol-2-one —


1,3,4-Triazole-2-thioneb 7.0


a pKa’s were experimentally measured with the exception of triazolone


and imidazolone which were taken from comparably substituted


examples reported in Beilstein.
b An account of our triazolethione-based TACE inhibitors is forth-


coming in this journal.
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years. Despite this massive effort however, there are no
marketed inhibitors of zinc-dependent metalloproteases
due to poor PK, lack of efficacy, and toxicity. Many
have attempted to develop druglike, non-hydroxamate
zinc metalloprotease inhibitors using ZBGs that have
a strong intrinsic Kd for zinc.14 Such an approach
may be handicapped by promiscuous chelation to met-
als other than zinc (e.g., hydroxamates bind Fe(III)
106- to 1011-fold stronger than Zn(II)).15 The heterocy-
cles described herein have compensated for the re-
duced, intrinsic Kd’s for Zn exhibited by the
bidentate hydroxamates using a functional group with
putatively weaker monodentate metal interactions sup-
plemented by additional hydrogen bonds in the vicinity
of the active site. The 4-[(2-methyl-4-quinolinyl)meth-
oxy]phenyl P1 0 group maintains good TACE selectivity
across series. Use of these more druglike ZBGs16 with
other P1 0 groups should find broad applicability to the
inhibition of zinc metalloproteases in the future.
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Abstract—Compounds containing amide bond play a pivotal role in various pharmaceutical applications. 2-(2-(2-Ethoxybenzoyl-
amino)-4-chlorophenoxy)-N-(2-ethoxybenzoyl)benzamine 4 is shown to be a potent antiangiogenic agent. In this study, we report
the microwave-assisted synthesis, single crystal X-ray structure, and antiangiogenic effect of compound 4 in EAT cell induced
angiogenesis. Treatment with compound 4 in vivo demonstrated down regulation of the secretion of VEGF in EAT cells and
inhibition of blood vessel formation indicating the potential angioinhibitory effect of the compound in EAT cells.
� 2007 Elsevier Ltd. All rights reserved.

Angiogenesis, the formation of new blood vessels from
preexisting vessels, is a complex process that normally
occurs in adults only under specific conditions such as
wound healing, inflammation, and in menstrual cycle.1,2


Under normal conditions such as wound healing, the
angiogenic process switches on and then off at the appro-
priate times indicating tight regulation of stimulatory
and inhibitory factors.3 Under certain pathological con-
ditions, such as the growth of solid tumors, rheumatoid
arthritis, psoriasis, and diabetic retinopathy, angiogene-
sis occurs in a less controlled manner.2,4 Understanding
angiogenesis and its unique characteristics in tumor
growth has provided insights into a number of ways to
interrupt the process. In the last decade research on anti-
angiogenic agents has exploded along with public inter-
est in its potential.5 Most studies have addressed the
prognostic significance of VEGF (Vascular endothelial
growth factor) expression.6,7 VEGF expression is upreg-
ulated in a majority of human tumors including lung,
breast, GI, kidney, bladder, ovary and endometrial car-
cinomas as well as in hematologic malignancies. Tumor-
al expression of VEGF leads to the formation of new
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blood vessels which are often tortous and leaky, unlike
normal blood vessels, they stimulate the endothelial cells
to secrete proteases, resulting in the degradation of vessel
basement membrane, which in turn allows cells to invade
the surrounding matrix.8


Amides are ubiquitous in life, as proteins play a crucial
role in virtually all biological processes such as enzy-
matic catalysis, transport or storage, immune protec-
tion, and mechanical support. Amides also play a key
role for medicinal chemists. An in-depth analysis of
the comprehensive medicinal chemistry database re-
vealed that the carboxamide group appears in more than
25% of known drugs.9 Dipyridyl amides have been re-
ported as a potent metabotropic glutamate subtype
5(mGlu5) receptor antagonist.10 2-Aryl-4-oxo-thiazoli-
din-3-yl-amides have been used to check the anti-prolif-
erative activity for prostate cancer11 as well as pyrazolo
[1,5-a] pyrimidin-7-yl-phenyl amides as novel anti-pro-
liferative agents.12 Various amides are used as anti-
depressants, anti-inflammatory, anti-malarial drugs,
anti-viral agents, steroids, anti-microbials13 and general
anesthetics.14


In general, amides are formed from activated carboxylic
acids and amines. Carboxylic acids can either be
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Table 1. The different conditions and reagents used for the conden-


sation reaction


Methods Condition Yield%


Conventional, EDC/Et3N Room temperature 75


MW irradiation 80–90 s, 60 W 85
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activated separately prior to the amide formation or
they can be activated in situ using coupling reagents.15


Although good results are obtained by conventional
method, they are time consuming. To improve efficiency
and reduce waste production to prepare amides directly
from non-activated carboxylic acids and amines in the
absence of coupling reagents and solvent are highly de-
sired.16 Microwaves (MWs) have been used to simplify
and improve reaction conditions for many classic organ-
ic reactions. Reactions performed under MW-conditions
proceed faster more cleanly and in much better yields
than similar reactions under conventional condi-
tions.17,18 The MW assisted synthesis of amides has al-
ready been investigated.19,20 However, the enormous
growth in the use of microwave irradiation in the last
decade in synthetic organic chemistry21 inspired us to
study this reaction. The synthesis of amides from car-
boxylic esters and amines under microwave irradiation
is reported22 in presence of solid potassium tertiary butox-
ide under solvent-free conditions that proceeds in a much
shorter time. We have synthesized the compound 2
using the reported procedure13 from our laboratory. In
continuation of our work, herein, we report an efficient
method for the synthesis of 2-(2-(2-ethoxybenzoylami-
no)-4-chlorophenoxy)-N-(2-ethoxybenzoyl)benzamine 4
in which 2-ethoxy benzoic acid undergoes condensation
reaction with 2-(2-amino-4-chlorophenoxy)benzeneamine
3 in solvent-free medium under microwave irradiation at
60 W for 90 s.


We have reported earlier the synthesis of compound 4
by conventional method23 using 2-ethoxy benzoylchlo-
ride 2 and triethylamine with 2-(2-amino-4-chlorophen-
oxy)benzeneamine 3. Compound 4 was achieved in good

COOH


OC2H5


COCl


SOCl2,DMF


EDC


1 2


MW 
irr


3


Cl


O


O


Method-2


Scheme 1.

yield by microwave irradiation method24 compared to
the product obtained by conventional method as shown
in Table 1 and Scheme 1. IR, 1H NMR, and CHN data
provide the proof for condensed structure. For instance,
in the IR spectra, compound 4 showed the bands in the
region of 1675 cm�1 for C@O amide bond and N–H is
observed in the region of 3340 cm�1 indicating the for-
mation of substituted amide bond in 4.


Crystal structure of the compound 2-(2-(2-ethoxybenzoyl-
amino)-4-chlorophenoxy)-N-(2-ethoxybenzoyl)benzamine
4 was determined by X-ray diffraction method. The OR-
TEP25 of the compound 4 at 50% probability is given in
Figure 1. The parent phenyl rings of the molecule are
planar. The dihedral angle between the planes [C4–C9]
and [C13–C18] is 71.2 (3)�, while those of the planes
[C13-C18] and [C20–C25] and [C20–C25] and [C29–
C34] are 82.9(3)� and 83.2(3)�, respectively. The torsion
angles about C9–C10–N12–C20 and C13–C18–O19–
C20 are 171.9(5)� and �84.5(7)� implying that they
exhibit antiperiplanar and synclinal conformations,
respectively. The molecules are stacked in pairs
when viewed along the a axis. The structure exhibits
intramolecular hydrogen bonds of the type N–H. . .. . .O
and C–H. . .. . .. . .O.


Compound 4 inhibits tumor induced angiogenesis.33 Ehr-
lich ascites tumor (EAT) cells. These are mouse mam-
mary carcinoma cells. In vivo experimental studies
have demonstrated that tumor growth is dependent on
angiogenesis. Increased vascularity may allow not only
an increase in tumor growth but also a greater enhance-
ment of hematogenous tumor embolization. Thus,
inhibiting tumor angiogenesis may halt the tumor
growth and decrease metastatic potential of tumors.
The in vivo treatment of compound 4 on EAT bearing
mice resulted in the decrease in body weight of the mice
up to 65% when compared to the untreated control ani-
mals (Fig. 2). This effect is clearly evident in the reduc-
tion of EAT cell number (Fig. 3) as well as in the
ascites volume (Fig. 4) of the compound 4 treated mice.
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Figure 2. Effect of compound 4 against tumor growth.


Figure 1. ORTEP diagram of the molecule 4 at 50% probability with some selected bond lengths and bond angles. Bond lengths. C2–C1:1.501(1) Å,


N12–C10:1.351(6) Å, O3–C2:1.420(7) Å, N12–C13:1.387(6) Å, O3–C4:1.352(7) Å, C29–C27:1.500(7) Å, O11–C10:1.191(6) Å, Cl38–C23 1.749(5) Å.


Bond angles. O3–C2–C1:105.4(6)�, C22–C23–Cl38:117.2(4)�, O11–C10–N12:122.5(6)�, C27–N26–C25:128.7(4)�, N12–C10–C9:112.4(5)�, C34–O35–


C36:118.3(4)�, C18–O19–C20:117.9(4)�, O35–C36–C37:106.8(4)�.
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0


1


2


3


4


5


6


7


8


9


10


Control Compound 4


Treatment


V
ol


um
e 


of
 a


sc
it


ie
s 


(m
l)


Figure 4. Effect of compound 4 on ascites volume.
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Quantification of VEGF (Fig. 5) shows that compound
4 has dose dependent effect on secretion of VEGF under
in vivo conditions compared to the untreated EAT bear-
ing mice. The amount of VEGF increased in untreated
EAT cells over the growth period, whereas the amount
of VEGF in ascites of compound 4 treated EAT cells
did not show any significant increase in the same growth
period, suggesting a dose dependent inhibition of VEGF
secretion upon compound 4 treatment in EAT cells.
Angiogenesis is clearly evident in the inner peritoneal
lining of EAT bearing mice and it is a reliable model
for in vivo angiogenesis. Hence the peritoneal lining of
compound 4 treated mice verified for its effect on micro-
vasculature when compared to untreated EAT bearing
mice (Fig. 6). Mice treated with compound 4 showed de-
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Figure 5. Effect of compound 4 on in vivo production of VEGF.
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creased peritoneal angiogenesis when compared to un-
treated EAT bearing mice. In the CAM assay model
compound 4 induced vasculature zone formation in
the developing embryos. Notably, a newly formed

Figure 6. Peritoneal angiogenesis.


Figure 7. Chorioallantoic membrane assay.

microvessel was regressed around the compound 4 im-
planted disc (Fig. 7).


Currently, a large variety of chemotherapeutic drugs
are being used to treat cancer. Unfortunately, many
compounds hold limited efficacy, due to problems of
delivery and penetration, and a moderate degree of
selectivity for the tumor cells, thereby causing severe
damage to healthy tissues. From our studies, it is clear
that compound 4 has antiangiogenic effect as shown by
peritoneal angiogenesis assay, chorioallantoic mem-
brane (CAM) assay, and also from the reduction in
the EAT cell number, ascites volume, and body weight
of the animals in vivo. It is found to be a consequence
of an anti-angiogenic effect, and it would provide ma-
jor impetus to a large segment of the medical oncology
community to become much more actively engaged in
angiogenesis research and antiangiogenic therapies to
treat these types of cancer. The above study shed light
toward the identification of new antiangiogenic mole-
cules to the cancer therapy. Further research to know
the mechanism of inhibition and the modifications of
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the compound 4 to improve the potency is currently
under progress in our laboratory.

Supplementary data


The full crystallographic details have been deposited at
Cambridge Crystallography Data Center (CCDC No.
283578).
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development of the embryo. The window was resealed and
allowed to develop further. On the 12th day, saline,
compound 4 (10 lg per egg) were air-dried on sterile glass
coverslips. The window was reopened and the coverslip
was inverted over the CAM. The window was closed
again, and the eggs were returned to incubator for another
2 days. The windows were opened on the 14th day and
inspected for changes in the microvessel density in the area
below the coverslip and photographed using in Nikon
digital camera.32
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Abstract—A series of 2-alkylbenzimidazoles bearing a N-phenylpyrrole moiety were synthesized and evaluated as a novel class of
AT1 receptor antagonists. Among them, compounds 10a and 10g inhibited [125I] AngII-binding affinity to AT1 receptor at nanomolar
level and potently inhibited the Ang II-induced pressor response by oral administration. Moreover, evaluation in spontaneously
hypertensive rats showed that 10a is an orally active AT1 receptor antagonist.
� 2007 Elsevier Ltd. All rights reserved.

The renin–angiotensin system (RAS) is known to play a
pivotal role in the regulation of fluid, electrolyte bal-
ance, and blood pressure, and is a modulator of cellular
growth and proliferation.1 Inhibitors of the RAS would
be effective for the treatment of hypertension and con-
gestive heart failure.2 Among them, angiotensin-con-
verting enzyme (ACE) inhibitors have been very
successful in the treatment of hypertension and conges-
tive heart failure during the last few decades. However,
these inhibitors suffer from some side effects such as dry
cough and angioedema caused by their nonspecific
actions.3 On the other hand, angiotensin II (AngII)
receptor antagonists block the RAS at the AngII receptor
level. This provides a more specific attempt to inhibit the
activity of the RAS and has become the main pharmaco-
logical approach.4


The first non-peptide AngII receptor antagonists,
N-benzylimidazole-5-acetic acid derivatives, were
originally reported from Takeda laboratories.5 Since
then, this imidazole lead has been developed into a series
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of potent, selective, and orally active AT1 receptor
antagonists exemplified by losartan (DuP 753, 1).6


The available data from the literature7 indicated four
key structural requirements for good binding affinity
in the imidazole derivatives: a biphenyl tetrazole moiety
linked to the imidazole nucleus; a short lipophilic alkyl
chain at the 2-position of the heterocycle; a basic
nitrogen acting as a hydrogen-bond acceptor in the
3-position of the heterocycle; polar substituents in the
5-position of imidazoles. These pharmacophore features
can be best exemplified by the extremely potent benz-
imidazole antagonist CV-11194 (2)8 and imidazo[4,5-
b]pyridine antagonist L-158,809 (3).9


A large body of existing literature has described the
extensive SAR work focusing on either the replacement
of the imidazole with other heterocyclic and non-hetero-
cyclic groups (e.g., valsartan10) or the modification of
the acid functional group. We became interested in
exploring new surrogates for the biphenyl tetrazole
group because (1) there is a paucity of work studying
the modification of biphenyl ring bearing an acid group,
(2) it is extremely intriguing to us that compounds lost
the AT1 receptor affinity when a nitrogen atom was
introduced in the distal phenyl ring, while little effects
were observed if a nitrogen was placed in the proximal
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phenyl group.11 Recently we have noticed a report of
novel AT1 receptor antagonists based on the 4-phenyl-
quinoline such as compound 4 with moderate to good
activity.12
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In order to search for a novel class of AT1 receptor
antagonists, our efforts were focused on the replace-
ments of the biphenyl tetrazole moiety. Computer-
assisted modeling techniques were used to evaluate
structural parameters in comparison to the related
biphenyl system of some potent compounds. Our previ-
ous QSAR analysis13 of 42 AT1 receptor antagonists
suggested that the distance between the center of two
phenyl rings of biphenyl fragment is optimal at about
0.40–0.65 nm, while the distance between the center of
proximal ring and acidic group is at about 0.35–
0.60 nm. According to our computational calculations,
we found N-phenylpyrrole bearing an acidic group sat-
isfies the above conditions, and could compare to the
biphenyl bearing an acidic group spacers in terms of dis-
tances between comparable atoms. These results led us
to propose novel 2-alkylbenzimidazole-based AT1


receptor antagonists bearing a N-phenylpyrrole moiety.
We wish to report herein our synthesis, and in vitro and
in vivo biological evaluation of the designed
compounds.
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As shown in Schemes 1 and 2, 2-acylamino-3-nitro-
benzoate 5 was reacted with 1-[4-(bromomethyl)-phe-
nyl]-1H-pyrrole-2-carbonitrile 6 and methyl 1-[4-(bro-
momethyl)-phenyl] 1H-pyrrole-2-carboxylate 11 (6 and
11 were prepared based on a described procedure in
the literature14) using NaH in DMF to give the corre-
sponding alkylated products 7 and 12, respectively.
Reductive cyclization of 7 and 12 was accomplished in
good yields with iron powder and concentrated hydro-
chloric acid in boiling MeOH to provide 8 and 13.
The tetrazole derivatives 9 were obtained by reaction

of 8 with tributyltin chloride and sodium azide through
a 1.3-dipolar cycloaddition.6 The N-(tributylstannyl) tet-
razoles were converted to the free tetrazole by treatment
with anhydrous hydrogen chloride in MeOH to give

10a–f in 38–55% yields. Then saponification of 10a–b
with aqueous LiOH in THF produced 10g–h in 40–
42% yields. Saponification of 13 with NaOH in MeOH
gave the products 14a–d in 59–71% yields.


Angiotensin II receptor (AT1)-binding assay. The pre-
pared compounds were evaluated for their activity to
competitively inhibit [125I] AngII binding to the AT1


receptor by a conventional ligand-binding assay using
a bovine adrenal cortex as described previously.15 The
binding affinity is expressed as IC50 value (shown in
Table 1), which is the concentration of compound which
inhibits [125I] AngII (0.1 nM) binding to AT1 receptor by
50%. Initial analysis on the SAR demonstrated that
benzimidazole, in agreement with the results of
CV-11194 series described in the literature,8,16 was an
excellent replacement for the imidazole ring in our
series. More interestingly, replacement of the biphenyl
tetrazole by N-phenyl-1H-pyrrole-2-tetrazole appeared
to improve in vitro potency by more than one order of
magnitude, comparing 10g to the parent structure

CV-11149. The compound 10g showed single-digit
nanomole potency, with an increase of 17- and 79-fold
over losartan and CV-11194, respectively. While the
replacement of the tetrazole group with a carboxylic
acid moiety produced a decrease in the binding affinity
of these compounds (comparing 10g with 14a; 10h with
14b), this is similar to the results described for the
biphenyl system (e.g., losartan).6


Angiotensin II receptor functional antagonism in rabbit
aorta. The synthesized compounds were also evaluated
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Scheme 1. Reagents and conditions: (i) NaH, DMF, rt (69–78%); (ii) Fe/HCl, MeOH, reflux (75–84%); (iii) n-Bu3SnCl, NaN3, toluene, reflux; (iv)


HCl, MeOH, rt (38–55%); (v) LiOH, THF/H2O, 80 �C, then HCl, rt (40–42%).
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Scheme 2. Reagents and conditions: (i) NaH, DMF, rt (65–76%); (ii) Fe/HCl, MeOH, reflux (80–88%); (iii) NaOH, MeOH/H2O, reflux; then HCl, rt


(59–71%).


Table 1. Angiotensin II antagonistic activity of the target compounds10a–h and 14a–d


R


N
COOR


N


N


R


1


2
3


  10a-h, 14a-d


Compound R1 R2 R3 Binding IC50(nM) ± SEM pA2
a


10a Me Bu CN4H 9.8 ± 0.2 8.4


10b Me Pr CN4H 32 ± 1.5 7.9


10c Me Et CN4H 140 ± 8.6 7.5


10d Me Me CN4H 200 ± 14 7.0


10e Et Bu CN4H 19 ± 3.1 7.8


10f Et Pr CN4H 41 ± 5.2 7.1


10g H Bu CN4H 6.9 ± 0.1 8.5


10h H Pr CN4H 16 ± 1.8 8.2


14a H Bu CO2H 33 ± 2.4 8.0


14b H Pr CO2H 92 ± 4.6 7.0


14c H Et CO2H 160 ± 38 6.5


14d H Me CO2H 250 ± 47 5.9


1 (losartan) 120 ± 16 (150b) 7.9


2 (CV-11194) 550b


a Antagonism of AngII-induced contraction is expressed as pA2, which was obtained as described in the Experimental Section (Supporting


Information).
b Data taken from the literature (Ref. 19).
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Figure 2. Inhibitory effects of 10a,10g, and losartan (1 mg/kg po) on


AngII (100 ng/kg iv)-induced pressor response in conscious normo-


tensive rats.


Figure 3. Effects of 10a and 10g at 1 mg/kg po on mean arterial


pressure in conscious SHR. Values represent means ± SEM.
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in a functional assay for their antagonism of AngII-
induced contractions in the rabbit thoracic aortic
rings.17,18 Losartan was taken as a positive control drug
in the assays. These compounds and losartan inhibited
AngII (10 nM)-induced contraction in a concentration-
related manner, as exemplified by compounds 10a and
10g in Figure 1. The antagonistic activity of the com-
pounds was expressed as pA2 and are listed in Table 1.
The assay results showed that some of our compounds
exhibited potent antagonistic activity of AT1receptor
in a functional assay, which correlated highly with our
binding affinity results. Among them, compounds 10a
and 10g had a pA2 value of 8.4 and 8.5, respectively,
and showed more potent activity than the positive drug
losartan (pA2 = 7.9) in the assay. Compounds 10a and
10g selectively inhibited AngII-induced contractions of
rabbit aortic strips in a competitive manner and had
no effect on the contraction induced by norepinephrine
(10 nM), KCl (10 nM), and histamine (10 nM).


Antagonism of AngII-induced pressor response by oral
administration and oral activity in the spontaneously
hypertensive rats (SHR). Based on the results of
in vitro AngII-binding assay and functional antagonism,
10a and 10g were selected for further evaluation in
in vivo models. In assessing the inhibition of pressor
response induced by AngII (100 ng/kg iv) in conscious
normotensive rats, 10a and 10g were given by oral
administration.8,15 As shown in Figure 2, the inhibitory
activity of 10a was more potent and longer-acting than
that of 10g and losartan at a dose of 1 mg/kg po.


When evaluated orally in conscious SHR, compounds
10a and 10g at doses of 1–3 mg/kg significantly
decreased blood pressure in a dose-dependent manner
and were more efficacious than losartan. Compound
10a at 1 mg/kg po reduced the mean arterial blood pres-
sure by more than 40 mmHg with a duration of action
exceeding 24 h (Figs. 3 and 4). Furthermore, it produced
no observable alteration in the basal heart rate at these
doses.


It should be pointed out here that compound 10g
showed less efficacy in vivo with respect to 10a, although
it had the higher binding affinity in vitro than 10a. We

Figure 1. Concentration–inhibition curves of 10a, 10g, and losartan on


the AngII (10 nM)-induced contraction in isolated rabbit aorta


(n = 5–6).


Figure 4. Effects of 10a and losartan (3 mg/kg po) on mean arterial


pressure in conscious SHR after oral administration. Values represent


means ± SEM.

believe that this might be attributed to its lower oral bio-
availability due to the highly polar character of molecule
with one tetrazole and one carboxylic acid group.


For the purpose of understanding the SAR of synthe-
sized compounds from standpoint of computational
chemistry, the MM2 program calculation of these com-







Table 2. The minimal energy conformational parameters for 10a and losartan


Bond angle (deg) Distance (nm) Dihedral angle (deg)


Losartan


C27–C22–N19 127.080 N19–N16 0.7599 174.895a


C22–N19–C18 130.202 N19–C2 0.5276 58.017b


N19–C18–C5 122.488 N17–C8 0.7416 45.340c


C8–C7–C2 122.100


C7–C8–C13 121.547


C8–C13–N14 126.504


10a


C27–C21–N18 127.125 N18–N15 0.7589 178.110a


C21–N18–C17 129.528 N18–C2 0.5173 57.786b


N18–C17–C5 118.787 0.7320 38.746c


C8–N7–C2 124.197


N7–C8–C12 124.963


C8–C12–N13 125.851


a Expressed as the dihedral angle between imidazole (or benzimidazole) ring and the proximal phenyl ring.
b Expressed as the dihedral angle between the proximal phenyl ring and the distal phenyl (or pyrrole) ring.
c Expressed as the dihedral angle between the distal phenyl (or pyrrole) ring and tetrazole ring.


Figure 5. The dominant conformations of 10a and losartan.
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pounds was investigated on SGI Indigo R 40000 work-
station as described previously.13 In the computational
studies on structural parameters, we found that the min-
imal energy conformations of the most active com-
pound10a and losartan are similar and their structure
parameters are relatively close, indicating that the two
molecules have similar stereo electronic characteristics
(Table 2). The dominant conformations of 10a and
losartan are shown as Figure 5. A more detailed study
of the mode of action and their QSAR of this series of
2-alkylbenzimidazole derivatives is underway.


In conclusion, a series of 2-alkylbenzimidazole derivatives
bearing a N-phenylpyrrole moiety were designed and syn-
thesized as a novel class of non-peptide AT1 receptor
antagonists, and their biological activities were evaluated.
The study results revealed that the bioisosteric replacement
of biphenyl tetrazole with N-phenylpyrrole-2-tetrazole,
and N-phenylpyrrole-2-carboxylic acid in this series, pro-
duced extremely potent novel analogues. As demon-
strated with in vitro and in vivo results, compound 10a
is an orally active AT1 receptor antagonist that is more
potent and efficacious than losartan. We believe that

10a has interesting pharmacological properties and this
compound is currently under further investigation.
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Abstract—Cell penetrating peptides (CPP) displaying a type II polyproline helix backbone of different length and amphiphilic char-
acter were synthesized and their cellular uptake was compared. The longer CPP sequence, P14LRR, displayed a 7- to 12-fold higher
uptake in MCF-7 cells as compared to its shorter counterpart, P11LRR, and a 35-fold higher uptake as compared to Tatp. These
results demonstrate that an increased number of cationic and hydrophobic residues can strongly influence the extent of cellular inter-
nalization. Mechanistic investigations suggest internalization via a receptor independent endocytotic pathway with these agents.
� 2007 Elsevier Ltd. All rights reserved.

A number of different approaches have been taken to
accomplish the delivery of therapeutic agents into cells.
One recent approach is the use of cell penetrating pep-
tides (CPP) that are rich in basic amino acids.1 CPPs
have many advantageous features: generally low toxic-
ity, high efficiency toward a variety of different cell lines,
as well as the delivery of diverse cargo to intracellular
targets ranging from proteins and oligonucleotides to
magnetic nanoparticles.2 Two of the most well-studied
CPPs, derived from transcription factors, include the
cationic domain of HIV-Tat (49–57)3 and the penetratin
peptide from the Antennapedia homodomain.4 Other
short peptides previously used for membrane transloca-
tion include: cationic nuclear localization signal
sequences5, polylysine or polyarginine peptides,6 cationic
moieties linked to scaffolds, such as peptoids,7 b-amino
acid peptides,8 oligocarbamates,9 and loligomers.10


To date the mechanism of uptake of CPPs remains
debatable and a common consensus has not yet been
reached. However, for the Tat peptide (Tatp) early stud-
ies using fixed cells showed that the peptide could
directly cross the plasma membrane in an energy-inde-
pendent manner.11 These initial results have been
challenged; live cell imaging studies have shown that
internalization of TAT could be inhibited at low temper-
ature or after depletion of ATP using sodium azide and
deoxyglucose, indicating an energy-dependent endocytic
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pathway for TAT uptake.12 Currently it is generally
accepted that endocytosis is the major uptake route
for TAT or TAT conjugates.2a,13 Different endocytotic
mechanisms for TAT cellular uptake have been
reported, including clathrin-mediated endocytosis,14


caveolae-mediated endocytosis,15 and macropinocyto-
sis.16 Several studies have also attributed TAT-mediated
cellular uptake as a consequence of the negatively
charged heparan sulfate proteoglycans on the cell sur-
face.17 However, enzymatic removal of heparan sulfate
only partially inhibited the internalization of TAT,14b


implying the existence of a heparan sulfate independent
mechanism for TAT uptake.18 It has also been proposed
that the attached cargo may play a significant role on
the actual mechanism for CPP cellular uptake.19


In an effort to probe the role of hydrophobic residues
and amphiphilicity in cell penetration of CPPs, research
has focused on the use of scaffolds with a preorganized
structure to position cationic and hydrophobic moie-
ties.20 One such agent, P11LRR (Fig. 1), used a rigid
backbone containing polyproline residues that allow
for the formation of a polyproline type II helix (PPII).20c


This type of helix contains three residues per turn with a
pitch of 10 Å, thereby aligning every third ring on the
same face of the helix. This scaffold was chosen to allow
for the controlled orientation of cationic (blue) and
hydrophobic (purple) moieties (Fig. 1).


Previous investigations undertaken in our laboratory
with these types of CPPs found significant cellular inter-
nalization with MCF-7 breast cancer cells when six
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Figure 2. (A) Flow cytometry data for the cellular internalization of


P11LRR and P14LRR at 1, 5, and 10 lM. (B) Cellular internalization


at 15 lM with comparison to Tatp. MCF-7 cells were incubated with


the compounds for 6 h at 37 �C.


Figure 1. (A) Model of a polyproline helix containing cationic (blue)


and hydrophobic residues (purple), fluorescein moiety omitted for


clarity. (B) General structure of the modified polyproline oligomers


used in this study.
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guanidinium groups were positioned along the polypro-
line backbone as in P11LRR (Fig. 1)20c. In comparison,
only mediocre cellular internalization was observed with
the amine-containing polyproline compounds. Also,
scrambled versions of these CPPs, featuring hydropho-
bic and cationic groups on all faces of the helix, were
only as potent as their flexible Argn counterparts.20c


These findings clearly indicate that the ordered phasing
of hydrophilic and hydrophobic units, or amphiphilici-
ty, plays a crucial role in the efficiency of cellular
internalization.


Herein, we further investigate the effect of increased heli-
cal length and cationic charge on cellular internaliza-
tion. The type of mechanism of cellular uptake was
also probed to gain a better understanding of the fea-
tures influencing the extent of internalization. The repre-
sentative peptides utilized in this investigation are
P11LRR and P14LRR (Fig. 1).


Specific functionalization of the PPII helix was accom-
plished by O-alkylation of the hydroxyproline mono-
mers, as previously described, with either an isobutyl
group or a guanidinium moiety.20c After successful syn-
thesis of the desired monomers, P11LRR and P14LRR
were synthesized on the Rink solid support using an
Fmoc-based strategy with HATU as the coupling

reagent. Successful coupling was monitored using the
chloranil test.21 The synthesis of the helical domain
was followed by addition of a glycine spacer, followed
by fluorescein labeling in order to track cellular uptake
by flow cytometry and confocal microscopy. The
peptides were deprotected and cleaved from the resin
simultaneously. The compounds were purified to homo-
geneity by reverse phase HPLC and characterized by
matrix assisted laser desorption ionization mass spec-
trometry (MALDI). Each peptide was found to adopt
a PPII helical conformation as confirmed by circular
dichroism at pH 7.4, and analytical ultracentrifugation
confirmed the monomeric nature of each agent
(100 lM) at neutral pH (data not shown).


Flow cytometry was used to elucidate the efficiency of
P11LRR and P14LRR for cellular internalization in
adherent MCF-7 breast cancer cells. Cellular uptake of
both peptides was investigated using a range of concen-
trations (Fig. 2). Cellular fluorescence was found to
increase with increasing concentration of the agents.
Interestingly, the cell uptake data were found to be
non-linear with increasing CPP concentration, indicat-
ing that a certain concentration threshold was needed
for activity, possibly due to cell membrane binding.
The optimum concentration of P14LRR was determined
to be 15 lM, as higher concentrations led to precipita-
tion of the peptide. P14LRR was found to be 12- and
7-fold more efficient than P11LRR at concentrations
of 10 and 15 lM, respectively. Notably, at a concentra-
tion of 15 lM, P14LRR was 35-fold more efficient as
compared to Tatp.


Following flow cytometry, confocal microscopy experi-
ments were performed to determine the exact cellular
localization of P11LRR and P14LRR within live
MCF-7 cells. Confocal microscopy indicated that each
compound was internalized within the cells with no
evidence of membrane binding (Figs. 3A and D). Confo-
cal microscopy images obtained at identical settings







Figure 3. Confocal images of live MCF-7 cells incubated with


P11LRR (A) and P14LRR (D) (15 lM) for 6 h. LysoTracker Red


images of P11LRR (B) and P14LRR (E). Overlay of images of


P11LRR A and B (C) and P14LRR D and E (F).
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displayed a higher degree of fluorescence for P14LRR as
compared to P11LRR (Figs. 3A and D). This is in com-
pliance with results obtained by flow cytometry. Punc-
tate cytoplasmic staining was observed for each of the
compounds. Notably, P14LRR also displayed diffuse
cytoplasmic and nuclear localization (Figs. 3A and D).


Punctate fluorescence can be an indication of endosomal
localization. In order to determine if the CPPs were
located within endosomes, an endosomal co-staining
experiment was preformed with LysoTracker Red and
the CPPs. Figures 3A and D represent the images of
MCF-7 cells incubated with the fluorescein labeled
CPPs. Figures 3B and E are images of the same cells
treated with LysoTracker Red to visualize endosomes
found within the cells. The two images were digitally
overlaid in Figures 3C and F. The overlaid image for
P11LRR indicates a good correlation between the
location of fluorescence associated with the CPP and
with the LysoTracker dye, indicating endosomal locali-
zation of the CPP. The punctate cellular fluorescence
of P14LRR was found to also colocalize with the
endosomal dye, however, there was extensive nuclear
staining and cytosolic fluorescence that was not
endosomal, indicating either release from endosomes or
an alternative non-endosomal pathway for cell entry.

To further investigate the possibility of an endocytosis-
mediated pathway of entry, temperature-dependent, as
well as energy-dependent, studies were performed. The
effects of temperature were studied by incubating
MCF-7 cells with P11LRR and P14LRR (15 lM) for
6 h at 4 and 37 �C. The data obtained clearly indicated
that cellular uptake was temperature-dependent and
decreased with lower temperature by 82% and 89%,
respectively. A decrease in cell uptake at low tempera-
ture has also been observed with Tat22 and is indicative
of a possible endocytotic entry mechanism.


Next, the effect on uptake due to depletion of ATP in
MCF-7 cells was examined by incubating cells with
P11LRR and P14LRR (15 lM) for 6 h at 37 �C in the
presence of 2 mM sodium azide (NaN3) with analysis
by flow cytometry. NaN3 is an oxidative phosphoryla-
tion inhibitor commonly used to abolish ATP produc-
tion within the cell membrane. In this study, a small
decrease in uptake (19%) was evident for P14LRR,
whereas for P11LRR essentially no change was ob-
served. A decrease in cellular uptake in these types of
studies suggests a receptor-mediated pathway of inter-
nalization.23 In the case of P14LRR the observed small
decrease in uptake implies that uptake occurs, in part,
by an energy-dependent mechanism. However, the data
primarily indicates that uptake occurs via an energy-
independent process, since internalization is only dimin-
ished but not abolished.


In a final experiment, the potential cytotoxicity of both
peptides was determined by flow cytometry using propi-
dium iodide.24 The data indicated approximately 80%
cell viability for both CPPs (15 lM) and approximately
95% for Tatp (15 lM) after a 24 h incubation period.


In conclusion, these data demonstrate that increased
CPP length and cationic/hydrophobic character serve
to promote cellular penetration. The longer CPP,
P14LRR (approximately 45 Å in length), demonstrated
a significantly higher internalization efficiency as com-
pared to P11LRR and Tatp. Further studies probing
the importance of the hydrophobic moiety within the
peptide for optimum internalization are currently under-
way. Overall, these data show promise toward the
employment of a polyproline scaffold in the delivery of
therapeutic agents into cells, an endeavor under current
examination.
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Abstract—Bacterial primase is essential for DNA replication in Gram-positive and Gram-negative bacteria. It is also structurally
distinct from eukaryotic primases, and therefore an attractive, but under-explored, target for therapeutic intervention. We applied
virtual screening to discover primase inhibitors, and subsequently several commercially available analogs of these initial hits showed
potent primase inhibition and in vitro antibacterial activity. This work provides a 3D pharmacophore for primase ligands, SAR
trends, and leads that can be further optimized.
� 2007 Elsevier Ltd. All rights reserved.

Recent efforts in antibacterial research involve identifi-
cation of new targets in order to address the challenge
of antibiotic resistance. Bacterial primase is one such no-
vel and under-explored bacterial target that is essential
for DNA replication in Gram-positive and Gram-nega-
tive bacteria.


DNA polymerases are incapable of de novo DNA syn-
thesis and require primers. These short RNA primers
are synthesized by RNA polymerases called ‘primases’
on single-stranded DNA (ssDNA) that are then ex-
tended by the replicative DNA polymerase(s). Polymer-
ases synthesize nucleic acids in a 5 0–3 0 direction that
requires asymmetrical synthesis of antiparallel DNA
strands. The ‘leading’ strand of DNA is made continu-
ously and needs to be primed only once. However, the
‘lagging’ strand is formed discontinuously and this syn-
thesis needs to be initiated multiple times during the
course of replication. During lagging-strand synthesis
of the Escherichia coli genome, primase (DnaG) proteins
need to transcribe �2000–3000 RNA primers at a rate of
about one primer per second.1 Sequence analysis indi-
cates that bacterial primases are structurally distinct
from known DnaG homologs identified in prokaryotes,
eukaryotes, and bacteriophage.
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The primase enzyme is comprised of three structural
domains: a 12-kDa N-terminal Zn2+ binding domain,
a 36-kDa catalytic domain, and a 15-kDa C-terminal
domain. A 3D structure of the entire enzyme from path-
ogenic bacterium is currently unavailable. Therefore, we
analyzed the 3D structure2,3 of the catalytic domain to
predict ‘druggable’ sites and then virtually screened
commercially available drug-like compounds in order
to identify ligands for these sites. Analogs of validated
leads were identified using data-mining techniques, ac-
quired, and evaluated in vitro to build a SAR dataset.


We applied Tripos4 sln filters to the databases of 20 ven-
dors and derived a library of drug-like compounds that
is comprised of molecules with non-reactive functional-
ities, at least one ring and up to eight rotatable bonds
with a calculated logP of 65 and MW, 275–500 amu.
Three-dimensional coordinates for the resultant 500K
compounds were generated using CONCORD, and fi-
nally, Schrodinger utilities were used to add hydrogens,
representing ionization states at the physiological pH,
and to energy minimize compounds.5


Commercial software, GRID,6 was used to calculate
interaction energies between the 3D structure of E. coli
DNA primase, 1DDE (pdb code),2 and a set of probes:
chlorine, sp3 Carbon, sp2 Oxygen, and sp3 Nitrogen.
Since most drug-like compounds include Carbon, Nitro-
gen, Oxygen and halogens, the proximity of preferred
interaction sites of these atoms in an accessible region
of the protein would indicate the presence of a putative
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‘druggable’ binding site. We identified three such puta-
tive binding sites, A, B, and C, in 1DDE (Fig. 1). Since
currently available computational methods cannot dis-
tinguish productive from non-productive small molecule
binding sites,7 we carried out in silico screening in all the
three predicted small molecule binding sites.


1DDE was prepared for docking computations by delet-
ing the water molecules and then energy minimizing the
protein 3D structure to a gradient of 0.3 Å using the im-
pref utility of the Schrodinger suite of software. Subse-
quently, grids were calculated around amino acids,
Tyr267 (site A), Arg201 (site B), and Arg155 (site C),
using Glide5 for the three druggable sites predicted. A
‘bounding box’ of 16 Å and ‘enclosing box’ that would
fit ligands up to the length of 20 Å defined the space
to explore at each site for ligand docking. Next, the for-
matted library of compounds was flexibly docked into
the predicted ‘druggable’ sites. The docked compounds
were rank ordered by the ‘glide score’, and the top
2500 ligands of each binding site were visually inspected
to select structurally diverse, putative ligands that com-
plemented the polar and non-polar residues of the bind-
ing sites in the appropriate ionization states.

Figure 1. Ribbon representation of 1DDE. a-Helices of the ‘toprim’


domain are shown as pink cylinders and b-strands as yellow arrows.


Preferred binding sites for chlorine, sp3 Carbon, sp2 Oxygen, and sp3


Nitrogen are indicated with magenta, green, red, and blue contours,


respectively. A, B, and C are the three putative ‘druggable’ binding


sites.
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Figure 2. Inhibitors of E. coli primase enzyme.

Compounds selected from in silico screening were pur-
chased and their activities were determined in an
E. coli primase scintillation proximity assay (SPA).8


Using a single-stranded DNA template, the double-
stranded product of the primase reaction is preferen-
tially captured on coated SPA beads and quantified by
b-scintillography. The in vitro antibacterial activity
was determined by MIC as described by the CLSI9 for
efflux pump-deficient E. coli (ACH 0002).


The ‘glide score’ ranked ligands were visually inspected
to select 79 compounds for purchase; 33 for site A, 7 for
site B, and 39 for site C. The 68 of 79 compounds avail-
able were evaluated in the enzyme inhibition assay to
discover four primase inhibitors (Fig. 2). All four pri-
mase inhibitors discovered belonged to the compound
set selected from in silico screening of site C, and there-
fore, indicate that site C is a potentially ‘druggable’ site.
Despite reasonable potency, the initial four primase
inhibitors and their analogs purchased did not inhibit
the bacterial growth in vitro.


The initial four hits were modeled and overlaid to de-
duce a 3D pharmacophore (Fig. 3) which was then used
to further explore additional compounds for primase
and bacterial growth inhibition.


A set of 2846 putative primase ligands was identified by
data-mining the in-house database of commercially
available compounds with our 3D pharmacophore.
Clustering techniques and manual filtering for desirable
analogs led to purchase of 34 structurally diverse com-
pounds. Another eight primase inhibitors (IC50 <
100 lM) were discovered from the purchased set, three
of which inhibited the bacterial growth in vitro as well
(Fig. 4).


Analogs of compounds 5–7 were purchased to build a
SAR dataset. The available analogs of 5 had a pipera-
zine moiety instead of an acyclic amine and had signifi-
cantly reduced primase inhibition activity. This decrease
of activity could be due to sub-optimal location of the
basic amine or absence of the ring attached oxygen
(Table 1). The decrease in activity of 8 by substituting
R1: phenyl as in compound 9 or removing R1: phenyl
as in compound 12 suggests a well-defined binding
region around R1.
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Table 2. Chemical structures of benzo[d]imidazo[2,1-b]imidazoles as


primase inhibitors


N


N
N


R1


N


Compound R1 IC50
a (lM) MIC (Ec)b (lg/mL)


6 –Ph 26 (8.7) 64


14 –Ph-4-Me 99.5 (32.1) 64


15 –Ph-4-OMe 162.1 (49.9) >64


16 –2-Thiophene 32.3 (9.0) 64


a Values are means of multiple experiments, standard deviation is given


in parentheses.
b Values are means of two independent experiments.


Figure 3. 3D query built using 4 as template. Carbon and nitrogen


atoms of 4 are colored green and blue, respectively. The query consists


of five features, two hydrophobes (H), two hydrogen bond acceptors


(A), and a donor (D). All the features include a spatial tolerance


defined by a sphere of 1 Å.
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Figure 4. Primase inhibitors identified using 3D pharmacophore


shown in Fig. 3.
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The available imidazole analogs included aromatic ring
variations of R1. An overlay of the furan and imidazole
skeletons superimposes R1 substituents of the two series.
As seen with furans, the para-substitution on R1: phenyl
decreases the activity of the imidazole analogs and sup-
ports the idea of limited amount of space available for
R1 (Table 2).


Analogs of 7 have a thiomethyl group instead of an aro-
matic ring at the equivalent position of imidazole, furan,

Table 1. Chemical structures of benzo[d]pyrimido[5,4-b]furans as primase in


N


N


O
R2


R1
P


Compound R1 R2


5 –Ph –O(CH2)2NMe2


8 –Ph –Pip-4-Me


9 –4-Cl-Ph –Pip-4-Me


10 –Et –Pip-4-Et


11 –H –Pip-4-(CH2)2OH


12 –H –Pip-4-Me


13 –H –Pip-4-cPentyl


a Values are means of multiple experiments, standard deviation is given in p
b Values are means of two independent experiments.

and quinazoline analogs. The following two variations in
compound 7, a C8–C9 fused cyclohexyl ring and removal
of the thiomethyl group (compound 17, Table 3), resulted
in a 2· drop in potency. Activity of compound 7 also
drops with larger substitutions on the aliphatic amines,
18 and 19. Compound 20 with a morpholine at C7 is about
3· less potent as compared to 21 that has a methyl at C7.
The primase inhibition activity of 22 is increased about 3·
when a smaller ring is fused through C8–C9, as seen in
compound 23. A comparison of 23 and 24 demonstrates
that the activity decreases with a larger, un-branched, ali-
phatic group at C7. This limited SAR suggests inter-
dependence of the substitutions at C7, C8, C9, and the ali-
phatic amine. As observed in the analogs of 5, fixing the
position of basic amine in a piperazine detracts from pri-
mase inhibition activity of thiophenes as well (25). The
low MIC of compound 24 seems to be anomalous given
the weak primase activity.


A primase inhibition IC50 of about 100 lM translated
into weak but measurable in vitro antibacterial activity
in all the three chemical series. Similar in vitro antibac-
terial activity trend was seen for Staphylococcus aureus
as well (data not shown). Our data indicated the follow-
ing SAR trends, increase in primase inhibition with a

hibitors


N Nip


IC50
a (lM) MIC (Ec)b (lg/mL)


3.4 (1.6) 4


42.5 (0.8) >64


>200 >64


170.5 (14.8) >64


138 (4.2) 64


85.1 (28.8) 64


122.4 (20.6) >64


arentheses.







Table 3. Chemical structures of pyrido[3 0, 2 0:4,5]thieno[3,2-d]pyrimidines as primase inhibitors


N


N


SN
R2


R1


R3


R4


R5


N NPip


N OMorp


Compound R1 R2 R3 R4–R5 IC50
a (lM) MIC (Ec)b (lg/mL)


7 SMe –NH(CH2)2NMe2 -iPr –(CH2)3– 26.6 (2.8) 8


17 H –NH(CH2)2NMe2 -iPr –(CH2)4– 61.0 (5.7) 16


18 SMe –NH(CH2)2NEt2 -iPr –(CH2)3– 36.0 (19.2) >64


19 SMe –NH(CH2)2-1-Morp -iPr –(CH2)3– >200 >64


20 SMe –NH(CH2)2NEt2 -1-Morp –CH2OC(Me)2CH2– 45.0 (13.8) 64


21 SMe –NH(CH2)2NEt2 Me –CH2OC(Me)2CH2– 16.9 (3.5) 32


22 SMe –NH(CH2)2NMe2 -iBu –CH2OC(Me)2CH2– 79.2 (5.6) >64


23 SMe –NH(CH2)2NMe2 -iBu –(CH2)3– 22.0 (6.9) 4


24 SMe –NH(CH2)2NMe2 -nBu –(CH2)3– 103.2 (31.5) 8


25 SMe –Pip-4-Et -iPr –(CH2)3– >200 >64


a Values are means of multiple experiments, standard deviation is given in parentheses.
b Values are means of two independent experiments (ND, not determined).
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non-polar R1 and decrease with a piperazine ring in fur-
an (5) and thiophene (7) analogs.


We have successfully applied virtual screening methods
to discover bacterial primase inhibitors that exhibit both
in vitro enzyme inhibition and antibacterial activity.
Further optimization of these compounds is underway
to ascertain that the observed antimicrobial activity is
due to the inhibition of primase. This work provides
lead primase inhibitors and SAR guidelines for further
drug discovery effort and a 3D pharmacophore for the
primase inhibition activity.
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Abstract—A series of bridged androstenediol derivatives was prepared. The bridged compounds exhibited reduced ER-b selectivity
relative to uncyclized analogs.
� 2006 Elsevier Ltd. All rights reserved.

The clinical significance1a of selective estrogen receptor
modulators (SERMs) and the search for novel SER-
Ms1,2 are well documented. Reports of a second ER
receptor subtype3 prompted interest in both ER-a4


and ER-b5 subtype-selective SERMs. Non-steroids pre-
dominate but several steroidal SERMs have also been
reported.6 We have described non-selective spiroind-
enes,2a ER-a-selective dihydro-benzoxathiins,4a,b,c and
ER-b-selective androstenediols5a as SERMs.


1


HO


OH


2


HO


OH


1


3 5


17
19


20


HO


OH


3


Molecular modeling of the substituted androstenediol 1


bound in ER-b indicated that it adopts a conformation
in which the C-19 substituent is located above the ste-
roid A–B ring junction (the proposed binding conforma-
tion of 1 was confirmed by X-ray analysis).5a We
speculated that locking the molecule in this conforma-
tion by bridging the C-19 substituent to C-4, as in ana-
log 8, for example, might result in compounds with
improved ER-b binding affinity and selectivity.

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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The 20-cis-methyl analog 3 retains binding affinity and
selectivity comparable to that of 1 and 2, and is superior
to the corresponding propyl analog,5a suggesting that
the additional carbon atom present in 8 and 9 would
be tolerated. We anticipated that 8 and 9 would be
accessible by applying olefin metathesis technology to
a C-4 allylated precursor such as 6.


Silylation of 1 followed by selective deprotection and
oxidation of the C-3 hydroxyl group afforded enone
5,7 which could be deprotected to afford the testosterone
analog 4 (Scheme 1).5a Alkylation of enone 5 followed
by reduction of the enone to the D-5 alcohol8 afforded
the key intermediate 6. Because the use of the patented
Grubbs ruthenium-based olefin metathesis catalysts9


required a license for use in drug discovery, we turned
our attention to an alternative molybdenum-based cata-
lyst reported earlier by Schrock and co-workers.10a


Although the air sensitivity and lower functional group
tolerance of the Schrock catalyst render it inferior to the
newer Grubbs catalyst for some applications, the
Schrock catalyst proved to be adequate for our purpose.
Protection of the 3-OH of 6 as the TBDMS ether, fol-
lowed by olefin metathesis using the Schrock catalyst,10b


and deprotection with HF/pyridine afforded the desired
cyclic analog 8 in reasonable overall yield. The structure
of 8 was confirmed by NMR analysis. HMBC was
especially useful in confirming the carbon skeleton of 8
and the other bridged analogs described herein. Key
HMBC correlations observed for 8 were H-3! C-21,
H-20! C-10 and C-4, H-21! C-4 and C-3, and
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Scheme 1. Reagents and condition: (i) TBDMS–Cl, imidazole, DMF,


77%; (ii) n-Bu4NF, THF, 69%; (iii) Al(OiPr)3, N-Me-piperidin-4-one,


toluene, 75%; (iv) HF, pyridine; (v) KO–tBu, t-BuOH, allyl bromide,


reflux, 53%; (vi) Ac2O, NaI, TMS–Cl, 53%; (vii) NaBH4, EtOH, 74%;


(viii) TBDMS–Cl, imidazole, DMF, 93%; (ix) Schrock catalyst,10


benzene, 90%; (x) HF, pyridine, 89%; (xi) H2, Pd/C, EtOAc, 53%.


T. A. Blizzard et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2944–2948 2945

H-4! C-10 and C-21. In addition, COSY and NOE
correlations were observed for H-4! H-21. We had
hoped that we could selectively hydrogenate the disub-
stituted C-19,20 olefin in the presence of the trisubstitut-
ed C-5,6 olefin to prepare the direct cyclic analog of 2
(with the C-5,6 olefin intact). Unfortunately, hydrogena-
tion of 8 afforded only the fully saturated analog 9.


OH


HO
10 11


OH


HO


In addition to the three-carbon bridged analogs 8 and 9,

OR


+


O


OR


O


HO (R)


OR


O


OH(S)


OR


17 R =TBS
21 R = H (16%)


iii
18 R = TBS
22 R = H (16%)


iii

we also targeted the two-carbon bridged compounds 10
and 11, in which the C-20 carbon is directly linked to
C-4. The C-19,20 saturated analog 11 proved to be
the more synthetically accessible of the two and was
readily prepared from the bis-protected aldehyde 145a


(Scheme 2). Reduction of the aldehyde followed by
iodination and deprotection afforded intermediate
iodide 15 in 47% overall yield. Oppenauer oxidation of
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Scheme 2. Reagents: (i) NaBH4, EtOH, 97%; (ii) I2, PPh3, imidazole,


toluene, 90%; (iii) Bu4NF, THF, 60% (+13% diol); (iv) Al(OiPr)3,


N-Me-piperidin-4-one, toluene; (v) pyrÆHF, THF; (vi) NaBH4, MeOH.

15 resulted in oxidation to the 3-ketone which cyclized
in situ to afford the bridged ketone. Subsequent reduc-
tion with NaBH4 afforded a mixture of bridged alcohols
11 and 12. Cyclic ether 13, formed as a by-product dur-
ing the Oppenauer oxidation, was also isolated. The
structures of 11–13 were confirmed by NMR analysis.
The carbon skeletons of 11 and 12 were established by
observation of an H-3! C-4! C-20! C-19 correla-
tion in an HMQC-TOCSY experiment. Stereochemistry
at C-3 was established by coupling constants and by
observation of an NOE from H-3! H-20 in 12. Key
HMBC correlations observed for 13 were H-3! C-20
and H-20! C-3.


Aldehyde 14 was also an intermediate in our attempt to
synthesize the unsaturated 2-carbon bridged analog 10.
Selective desilylation of the 3-hydroxyl afforded 16
(Scheme 3). Oxidation to the 3-ketone proceeded with
concomitant cyclization to afford three aldol products
17–19. Interestingly, cyclization occurred at both C-4
and C-6, in contrast to the iodide cyclization (Scheme
2) which resulted in cyclization at C-3 only, possibly
due to the irreversible nature of the iodide cyclization.
Lactone 20, formed by oxidation of the cyclic hemiace-
tal, was also isolated. Unfortunately, all attempts to
dehydrate 17–19 failed and we were unable to obtain
10. Deprotection of 17–20 afforded the corresponding
alcohols 21–24 for testing.
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Scheme 3. Reagents: (i) n-Bu4NF, THF, 69%; (ii) Dess–Martin


periodinane, CH2Cl2; (iii) HF, pyridine.


OH


25
HO


OTBS


15


I


i - iii


O


Scheme 4. Reagents: (i) Dess–Martin periodinane, solvent, 66%;


(ii) Rieke Mg, THF, 60 �C, 77%; (iii) n-Bu4NF, THF, 75%.







Figure 1. Superposition of 3-carbon unsaturated bridged analog 8


(yellow) and 19-cis methyl compound 3 (white) analogs in the context


of hER-a (green) and hER-b (purple) complexed with compound 1.


Residue numbering is that of hER-b. The yellow arcs represent the


steric clash with Leu339.


2946 T. A. Blizzard et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2944–2948

Compound 25, the C-20 deoxygenated analog of 21 and
22, was prepared from iodide 15 (Scheme 4). Oxidation
of 15 followed by treatment of the resulting ketone with
Rieke magnesium11 afforded a bridged analog with a
2-carbon bridge to C-4 (instead of the anticipated Grig-
nard formation followed by addition to the C-3 ketone)
which was deprotected to afford 25.


The novel steroids were evaluated in an estrogen recep-
tor–ligand binding assay (Table 1).12 Although all of the
new compounds are weaker ER ligands than 1–3, the ac-
tive bridged analogs are all ER-b selective albeit less so
than 1–3. The most interesting bridged analogs are 8,
with a 3-carbon unsaturated bridge, and 11, with a
2-carbon saturated bridge. The ER-a binding affinity
of 8 is unchanged relative to 1 but ER-b binding affinity
is reduced by an order of magnitude relative to the open-
chain compound 1. Similarly, compared to the cis-meth-
yl analog 3, the bridged analog 8 has about the same
affinity for ER-a but much reduced affinity for ER-b
results in a large reduction in selectivity. Hydrogenation
of the olefins present in 8 to afford the fully saturated
analog 9 results in another 2-fold reduction in binding
affinity for both receptors, resulting in a weaker ligand
with unchanged selectivity. By contrast, the saturated
2-carbon analog 11 exhibits substantially increased
ER-a binding affinity relative to the open-chain analog
2 which combines with a smaller reduction in ER-b
affinity to give a much reduced ER-b selectivity (146X
observed with 2 to only 6X for 11). As expected, the
3-epimer 12 is a weaker ligand than 11 for both
receptors. Interestingly, the hydroxylated bridged
analogs 21–23 were completely inactive in the binding
assay. Of course, these compounds also lack the
important C-3 hydroxyl group which probably accounts
for most of the reduction in binding affinity. However,
the corresponding de-oxy analog 25 retained significant
ER-b activity, suggesting that at least some of the
reduction in binding is due to the C-20 hydroxyl.


New compounds were also evaluated in a cell-based
transactivation assay to measure estrogen agonism in

Table 1. Biodata


Compound ER binding (IC50, nM)12 E


hER-a hER-b a/b a


1 2240 11 204 980


2 2330 16 146 —


3 1956 16 126 344


4 >10,000 782 >12 >10


7 >10,000 3020 >3 >10


8 2240 157 14 489


9 4990 322 15 130


11 317 50 6 44


12 8135 854 10 435


13 >10,000 >10,000 1 >10


21 >10,000 >10,000 1 >10


22 >10,000 >10,000 1 >10


23 >10,000 >10,000 1 >10


24 >10000 >10,000 1 >10


25 >10,000 1460 >7 407


Estradiol 1.4 1.2 1.2 0.7


Testosterone >10,000 >10,000 1 —

HEK293 cells.13 Once again, 8 and 11 were the most
noteworthy analogs. Interestingly, 8 is slightly more
ER-b selective in the transactivation assay than in the
ligand binding assay, while 11 is less selective in the
transactivation assay than in the binding assay although
the changes are relatively small. Once again, analogs
21–23 were devoid of activity.


The bridged analogs were further evaluated for binding
to the androgen receptor (AR).14 Compared to the lead
compound 1, which was a 33 nM ligand for AR, the
novel bridged analogs were generally weaker ligands
for AR. Interestingly, the bridged analog 11 had the best
AR/ER-b ratio since its ER-b affinity decreased to a
much lesser extent than its AR affinity. Surprisingly,
the allylated analog 7 actually exhibited an increase in

R transactivation (EC50, nM)13 AR (IC50, nM)14


b a/b AR AR/ER-b


4 245 33 3


— — 88 5.5


21 16 718 45


00 379 >2.6 7.9 0.01


00 >1000 1 15 0.005


3 132 37 85 0.5


0 219 6 68 0.2


28 2 1375 28


198 2 1120 1.3


00 440 >2 710 <1


00 >1000 1 >1000 1


00 >1000 1 >1000 1


00 >1000 1 >1000 1


00 >1000 1 >1000 1


86 5 — —


5 2.1 2.8 19.1 16


— — 2.7 <0.0002







Figure 2. Superposition of 2-carbon saturated bridge compound 11


(cyan) and 10-ethyl compound 2 (orange) analogs in the context of


hER-a (green) and hER-b (purple) complexed with compound 1.


Residue numbering is that of hER-b. The yellow arcs represent the


steric clash with Leu339.
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AR binding affinity which, coupled with a substantial
decrease in ER-b affinity, makes 7 a very AR-selective
compound, comparable to the testosterone analog 4.


Molecular modeling of compounds 8 and 11 provides a
rationale for their reduced ER-b selectivity relative to
the open-chain analogs 3 and 2 (Figs. 1 and 2).15 The
bridging atoms of compounds 8 (Fig. 1) and 11
(Fig. 2) have a negative steric interaction with the side
chain of Leu339 that pushes the molecules lower in the
binding pocket, and reduces their ER-b binding affinity
relative to their non-bridged analogs 3 and 2.


Due to its increased steric bulk the three-carbon bridge
of 8 has a more unfavorable interaction with Leu339
than the two-carbon bridge of 11, resulting in a slightly
larger decrease in ER-b affinity for 8. At the same time,
tying the C-10 substituent of 11 back with the bridge
results in a diminished interaction with the side chain
of Leu384 of ER-a, which results in a smaller decrease
in ER-a affinity for 11 versus 2. Since the high ER-b
selectivity of 2 is largely due to the negative steric
interaction of the 10-ethyl group with this ER-a side
chain,16 the bridged analog 11 has substantially reduced
selectivity for ER-b.


In conclusion, the bridged androstenediol analogs
described herein are generally weaker ligands than the
open-chain analogs and are less selective for ER-b as well.
Additional studies on the SAR of steroidal SERMs will be
reported in future communications from this laboratory.
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Abstract—A series of aryl sulfonamides of 5,6-disubstituted anthranilic acids were identified as potent inhibitors of methionine ami-
nopeptidase-2 (MetAP2). Small alkyl groups and 3-furyl were tolerated at the 5-position of anthranilic acid, while –OCH3, CH3, and
Cl were found optimal for the 6-position. Placement of 2-aminoethoxy group at the 6-position enabled interaction with the second
Mn2+ but did not result in enhancement in potency. Introduction of a tertiary amino moiety at the ortho-position of the sulfonyl
phenyl ring gave reduced protein binding and improved cellular activity, but led to lower oral bioavailability.
� 2007 Elsevier Ltd. All rights reserved.
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The intracellular enzyme methionine aminopeptidase-2
(MetAP2) came into the focus as a potential anti-tumor
therapeutic target when it was identified as the molecu-
lar target of the anti-cancer natural product fumagilin
and its synthetic analog TNP-470.1–3 TNP-470 has
exhibited potent anti-tumor efficacy in a variety of ani-
mal xenograft models as well as in transgenic tumor
models and has shown varying degrees of efficacy
against several human cancers in clinical trials.4 Both
fumagilin and TNP-470 exert their anti-tumor effect pri-
marily through inhibition of endothelial cell prolifera-
tion, even though these molecules also inhibit the
proliferation of a subset of tumor cells.5,6 This anti-
angiogenic activity of fumagilin and TNP-470 has been
attributed to the irreversible inhibition of MetAP2.1–3


More recently, a rationally designed reversible inhibitor
of MetAP2 based on bestatin has also been reported to
have potent anti-angiogenic activity both in vitro and
in vivo, and potent anti-tumor efficacy in several animal
models, further supporting the validity of MetAP2 as an
anti-cancer target.7–9 Several other series of reversible
inhibitors of MetAP2 have also been reported.10,11 Bio-
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chemically, MetAP2 is a metalloproteinase responsible
for the removal of the N-terminal initiator methionine
residue of nascent proteins. It is required for protein
co- and/or post-translational modifications, such as
NH2-terminal myristoylation, and for protein stabil-
ity.12–14 The active site of MetAP2 is believed to contain
two metal cations, either Co2+ or Mn2+, with Mn2+


being characterized as the physiologically relevant
cofactor.14


Recently, we have described a series of sulfonamides of
anthranilic acid as MetAP2 inhibitors.15–17 Starting
from a screening lead 1 (Fig. 1), initial lead optimization
led to the tetrahydronaphthyl sulfonamide 2 (Fig. 1),
which is a potent MetAP2 inhibitor but lacks cellular
activity and is highly protein bound. The X-ray crystal-
lographic structure of compound 2 complexed to

OHO
H


Cl


1 (IC50=11,000 nM)


OHO
H


2 (IC50=9 nM)


Figure 1.
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MetAP2 revealed that the carboxylate chelates one of
the two manganese ions and the rigid tetrahydronaph-
thyl moiety fits rather tightly into a hydrophobic pocket
of the active site.16 Consistent with this observation, in a
few limited examples with substitution on the cyclohexyl
ring of the tetrahydronaphthyl moiety, reduction in en-
zyme inhibition IC50 was observed.15 We reasoned that
breaking open the cyclohexyl ring to form 5,6-disubsti-
tuted anthranilic acid derivatives would offer more flex-
ibility and allow for fully optimized interaction with the
key hydrophobic binding pocket of the enzyme. This
added flexibility might also offer the potential to form
an interaction with the second manganese in the active
site. In this paper, we describe the results of this effort.


Synthesis of the required 5,6-disubstituted anthranilic
acid sulfonamides followed one of the general routes
shown in Scheme 1.17 Isatoic anhydrides 4 were prepared
from 6-substituted anthranilic acids 3 in high yield. Bro-
mination of 4 with NBS gave modest yields of compounds
5, which were converted to the anthranilic acid methyl
esters 6 by refluxing in MeOH. Suzuki coupling of 6 with
vinyl boronic acids or boronates, followed by Pd-catalyzed
hydrogenation, sulfonylation, and saponification, gave
the 5-alkyl compounds 9c–e, 9h, and 9n. Suzuki coupling
of 6 with heteroaryl boronic acids gave 11, which led to
compounds 9i–m upon sulfonylation and saponification.
The 5-hydroxymethyl compound 9f and 5-(1-hydroxyeth-
yl) compound 9g were obtained from the 5-vinyl com-
pound 10 using standard chemistry (Fig. 2).


The compounds were tested in MetAP2 inhibition
assays and cellular proliferation assays described
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Scheme 1. Reagents and conditions: (a) phosgene, NaOH, H2O, 90%; (b) NB


Pd(PPh3)4, CsF, DME, MeOH, 150 �C (lwave), 5 min, �80%; (e) H2, Pd/C,


90–95%; ii—LiOH (10·), dioxane, H2O, 160 �C (lwave), 15 min, 40–70%; (g


NaIO4, dioxane, H2O; ii—NaBH4, EtOH; iii—LiOH (10·), dioxane, H


ii—CH3MgBr, THF; iii—LiOH (10·), dioxane, H2O, 160 �C (lwave), 15 min


�80%.

previously.14 We have reported previously that, for sul-
fonamides of 5-alkyl mono-substituted anthranilic acids,
an ethyl group at the 5-position such as in the reference
compound 9o is optimal.15 As shown in Table 1, this
trend holds for the current 5,6-disubstituted anthranilic
acid series: 5-alkyl lower (9a) or higher (9d, 9e) than
5-ethyl (9c) gave less potent MetAP2 inhibitors. In com-
parison with the reference compound 9o, adding a C6


methyl (9c), methoxy (9h) or chloro- (9n) results in
3- to 4-fold increase in MetAP2 inhibitory potency. Several
five-membered ring heteroaryls were also examined as
the C5-substituents (9i–m). Interestingly, 3-furyl was
found to give compounds equi-potent to the 5-ethyl
counterpart (9i vs 9h), whereas 2-furyl, 4-imidazolyl,
and 4-pyrazolyl all gave much less active compounds
(9k–m).


X-ray crystallographic structures of 4-fluorophenyl sul-
fonamide of 5-ethyl-6-methyl-anthranilic acid 9c and
tetrahydronaphthyl sulfonamide 2 complexed with
MetAP2 (Fig. 1) indicated essentially identical binding
interactions between these two molecules. The X-ray
structure of 9c also revealed the possibility of reaching
to the second Mn2+ atom by extending the 6-methyl
group of 9c. We choose to explore this possibility by
extending the 6-methoxy group of 9h with the chemistry
shown in Scheme 2, with the results summarized in
Table 2.


Extending the 6-methoxy group of 9h to 6-ethoxy group
of 16a resulted in a modest loss of potency (from 10 to
40 nM), whereas further extending to 6-propoxy (as
2-fluorophenyl-sulfonamide) abolished the activity
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Figure 2. X-ray crystallographic structure of MetAP2 complexed with compound 2 (green), 9c (purple), and 17a (brown). The atomic coordinates


have been deposited with the Protein Data Bank (1YW8, 2EA2, 2EA4).


Table 1. Initial optimization of 5,6-disubstituted anthranilic acid sulfonamides


OHO


R2


N
H


S
O O


R1


F


X


12


3
4


5


6


Compound ID X R1 R2 Enzyme IC50 (lM) Enzyme IC50 w/HSAa(lM) HT-1080 prol. EC50 (lM)


9a H CH3– CH3– 0.078 4.2


9b H CH3– CH2@CH2– 0.060 4.0


9c H CH3– CH3CH2– 0.016 0.76 4.9


9d H CH3– 0.15 12


9e H CH3– 1.3


9f H CH3–
OH


8.0 >100


9g H CH3–
OH


2.5 >100


9h H CH3O– CH3CH2– 0.011 1.7 1.4


9i H CH3O–
O


0.008 1.1 3.8


9j Br CH3O–
O


0.02 20 11


9k Br CH3O–
O


1.0 >100


9l Br CH3O–


N


H
N 36 >100


9m H CH3O– NH
N


0.28 14


9n H Cl– CH3CH2– 0.015 1.8


9o H H CH3CH2– 0.055 4.2


a MetAP2 inhibition activity in the presence of 40 mg/mL of human serum albumin (HSA).
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tBu, Cs2CO3, DMF, 0 �C, �90%; (d) 4-fluorophenylsulfonyl chloride, pyridine, DCM, 90–95%; (e) i—CH2@CHB(OBu)2, Pd(PPh3)4,


CsF, DME, MeOH, 150 �C (lwave), 5 min,�80%; ii—H2, Pd/C, MeOH, �90%; iii—LiOH (10·), dioxane, H2O, 160 �C (lwave), 15 min, 40–70%; (f)


80% TFA in DCM, rt, 3 h, �90%.


Table 2. Efforts to reach the second manganese ion via C6 substitution


OHO


N
H


S
O O


R


F


Compound


ID


R Enzyme


IC50 (lM)


Enzyme


IC50 w/HSAa (lM)


9c –CH3 0.016 0.76


9h –OCH3 0.011 1.7


16a O 0.038 40


17a O
NH2


0.046 0.12


17b O CO2H 5.8 >100


a MetAP2 inhibition activity in the presence of 40 mg/mL of HSA.
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ii—LiOH (10·), dioxane, H2O, 160 �C (lwave), 15 min, 40–70%.


2820 G. T. Wang et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2817–2822

completely (IC50 > 10 lM, data not shown in Table 2).
However, the 6-(2-aminoethoxy) compound 17a turned
out to be a MetAP2 inhibitor about equi-potent to
the 6-ethoxy compound 16a. The X-ray structure of
MetAP2 complexed to 17a revealed that the side-chain ami-
no group of 17a displaced a water molecule and indeed
was oriented to interact with the second Mn2+ (Fig. 1),
with the distance from the aminoethoxy nitrogen of
17a to the second Mn2+ being 2.5 Å. In comparison,
the distances from the two oxygen atoms of the carbox-
ylate to the first Mn2+ were 2.2 and 3.5 Å, respectively,
for all three compounds in Figure 1. Thus, we were dis-
appointed to find that there was no gain in potency from
16a to 17a. One possible explanation for this result is
that the NH2–Mn2+ interaction is weak relative to the
interaction between this Mn2+ and the displaced water.
Another plausible explanation resides in the very recent
report of catalytically active monometalated bacterial
MetAP1,18 which suggests that the dimetalated MetAP2
observed in X-ray crystallographic structures might be a
crystallization artifact, while the relevant form of intra-

cellular MetAP2, as well as the active MetAP2 present in
our assays, may lack a second active site metal.18


The MetAP2 inhibitory potency of most compounds in
Tables 1 and 2 showed a large reduction when 40 mg/mL
of human serum albumin (HSA) was included in the
enzyme assay (e.g., 48-fold, 154-fold, and 177-fold for
compounds 9c, 9h, and 9i, respectively). Additionally,
most of these compounds had poor cellular activity in
the HT-1080 proliferation assay. We have reported pre-
viously that introduction of tertiary amino functional-
ities at the ortho-position of the sulfonyl phenyl ring
significantly reduced protein binding and improved cel-
lular activity in related compounds.16 Thus, similar
structural modifications were made to the current series.
The requisite compounds were prepared following the
general procedure depicted in Scheme 3,16,17 and the
biological results are summarized in Table 3. These com-
pounds showed only 4- to 10-fold reduction in the IC50


in the enzymatic assay when 40 mg/mL of HSA was
present. In terms of cellular anti-proliferation activity,
compounds with the aminoalkyl moieties attached to







Table 3. Sulfonamides containing amino groups


OHO


R2


N
H


S
Ar


O O


R1


19


Compound ID Ar R1 R2 Enzyme IC50 (lM) HT-1080 prol.


EC50 (lM)


No HSA w/HSAa No HSA w/HSAb


19a O
NH2


CH3CH2– 0.016 0.23 83


19b
N


CH3– CH3CH2– 0.067 0.555 12


19c


N


F


O
NH2


CH3CH2– 0.024 0.085 30


19d
NHN


CH3O– CH3CH2– 0.010 0.097 0.25 0.37


19e
NHN


CH3O– CH3CH2– 0.018 0.175 0.37 1.2


19f
NHN


CH3O– CH3CH2– 0.015 0.085 0.48 1.9


19g


N


F


CH3O– CH3CH2– 0.026 0.080 0.07 0.15


19h


NHN


F


CH3O–
O


0.017 0.096 0.32 2.9


19i


N


F


CH3O–
O


0.015 0.087 0.06 0.20


a Enzyme inhibition activity in the presence of 40 mg/mL of HSA.
b Anti-proliferative activity in the presence of 40 mg/mL of HSA.


G. T. Wang et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2817–2822 2821

the ortho-position of the sulfonyl phenyl ring via a nitro-
gen atom (19d–f, 19h) all showed EC50 < 0.5 lM. In par-
ticular, compounds with an amino-Z-alkenyl moiety
attached to the ortho-position of the sulfonyl phenyl ring
(19g and 19i) showed potent anti-proliferation activity
(0.07 and 0.06 lM, respectively), consistent with the ear-
lier report.16


The mouse pharmacokinetic data for selected com-
pounds are summarized in Table 4. The pyridyl sul-
fonamide 19b has a relatively large volume of
distribution and low clearance and consequently good
oral bioavailability (86%). Installation of an amino

group as in 19d, 19f, and 17a resulted in lower volume
of distribution, increased clearance, and much lower
oral bioavailability. The Z-alkenyl substituted 19g
had a larger volume of distribution relative to 19b
but very high clearance. As a result, its oral bioavail-
ability was also very low (16%).


In summary, we have identified a series of sulfonamides
of 5,6-disubstituted anthranilic acids as potent inhibitors
of MetAP2. The most potent compounds, 19g and 19i,
display potent MetAP2 inhibition (IC50 � 20 nM) and
anti-proliferation activity against HT-1080 cells
(EC50 � 60 nM).







Table 4. Mouse pharmacokinetics of selected compounds


Compound IV (10 mg/kg) PO (30 mg/kg)


ID Structure t1/2 (h) Vd (L/kg) CL (L/h kg) AUC (mg h/mL) Cmax (lM) AUC (mg h/mL) F (%)


19b N S N
H


O O


CO2H
2.4 5.5 1.6 19.8 34 60.9 86


19d S N
H CO2H


O
O ONHN


0.3 0.8 2.1 10.8 5.9 9.9 31


19f S N
H CO2H


O
O ONHN


0.3 2.0 5.0 4.3 0.9 1.7 13


19g S N
H CO2H


O
O O


N


F


0.2 13.8 40.5 0.5 0.1 0.26 16


17a
S N


H CO2H
O


O O


F


NH2 0.3 1.1 3.0 8.6 2.4 9.8 38


Abbreviations: Vd, volume of distribution; CL, clearance; AUC, area under the curve; Cmax, maximum concentration; F, oral bioavailability.
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Abstract—The synthesis and biological activity of a series of hybrids 1–5 prepared combining a benzo[4,5]imidazo[1,2-d][1,2,4]thia-
diazole and different benzoheterocyclic a-bromoacryloyl amides have been described and their structure–activity relationships dis-
cussed. All these hetero-bifunctional compounds were highly cytotoxic against the human myeloid leukaemia cell lines HL-60 and
U937 (IC50 0.24–1.72 lM), significantly superior to that of both alkylating units alone. In human myeloid leukaemia HL-60 cells we
observed that these compounds suppress survival and proliferation by triggering morphological changes and internucleosomal DNA
fragmentation characteristic of apoptotic cell death. The apoptosis induced by these compounds is mediated by caspase-3 activation
and is also associated to an early release of cytochrome c from the mitochondria.
� 2007 Elsevier Ltd. All rights reserved.
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Chart 1.

Cancer treatment by chemotherapy kills target cells pri-
marily by inducing apoptosis.1 As known, apoptosis or
programmed cell death is an intrinsic mechanism of self
destruction that is inherent in every cell of the body,
occurring under a wide range of physiological and patho-
logical conditions.2 It plays an essential and protective
mechanism against neoplastic development in the organ-
ism by eliminating genetically damaged excess cells that
have been improperly induced to divide by mitotic stim-
ulus.3 There are two alternative pathways that initiate
apoptosis: one is mediated by death receptors on the cell
surface, referred to as the ‘extrinsic pathway’. The other
is mediated by mitochondria, referred to as the ‘intrinsic
pathway’.4 In both pathways, intracellular cysteinyl
aspartate-specific proteases (caspases) are activated
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and subsequently cleave proteins that will ultimately
lead to the morphological manifestation of apoptosis.5


Apoptotic cells are characterized by specific morpholog-
ical and biochemical changes, including DNA condensa-
tion and fragmentation, skeletal disruption, decrease in
adhesion and intracellular contacts, blebbing of the plas-
ma membrane, cell shrinkage and apoptotic body
formation.6


In recent years, several research groups have disclosed
the use of benzo[4,5]imidazo[1,2-d][1,2,4]thiadiazoles
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([1,2,4]BTHDs) as inhibitors targeting cysteine residue
of biomolecules.7 As shown in Chart 1, the proposed
enzymatic mechanism involves the nucleophilic attack
of the active site cysteine thiol at the sulfur atom, lead-
ing to the formation of a S–S bond with concomitant
N–S ring opening.8


It is worthy to note that the [1,2,4]BTHD system dis-
played a lack of reactivity towards other nucleophiles
such as amines and alcohols.9 An appropriate C-3 sub-
stituent (R) in the tricyclic [1,2,4]BTHD can enhance
both enzyme affinity and reactivity.10


The pyrroloiminoquinone cytotoxic alkaloids Discor-
habdin A11 and Discorhabdin G12 are characterized by
the presence of a a-bromoacryloyl alkylating moiety of
low chemical reactivity, unusually for cytotoxic com-
pounds. In fact a-bromoacrylic acid is not per se cyto-
toxic (IC50 on L1210 cells being greater than 120 lM).
The reactivity of the a-bromoacryloyl moiety has been
hypothesized to be based on a first-step Michael-type
nucleophilic attack, followed by a further reaction of
the no longer vinylic bromo substituent a to the car-
bonyl, leading successively to a second nucleophilic sub-
stitution or to beta elimination.13 The same moiety is

NH


HN
H
N


O
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Br O
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N


O


Br O
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Scheme 1. Reagents and conditions: (a) 5 equiv of 1,3-diaminopropane or 1


DMF, rt, 24 h.

present in a series of potent anticancer distamycin-like
minor groove binders, for example, PNU-166196 (bros-
tallicin), an a-bromoacrylamido derivative of four-pyr-
role distamycin homologue ending with a guanidino
moiety, which is presently undergoing Phase II clinical
trials (Chart 2).14


Following the finding that both benzo[4,5]imidazo[1,2-
d][1,2,4]thiadiazole and a-bromoacryloyl moieties may
act as thiol trapping agents, in this article we report
the preparation and biological evaluation of a novel ser-
ies of conjugates 1–5 incorporating these two moieties in
their structures. One is an a-bromoacrylic derivative of
benzoheterocyclic rings (compounds 6–9), such as in-
dole, N-methyl indole, benzofuran and benzothiophene,
tethered via a flexible propyl/hexyldiamino spacer, to the
C-3 position of tricyclic [1,2,4]BTHD system.


The convergent synthetic strategy followed by the
synthesis of hybrid compounds 1–5 is outlined in
Scheme 1, in which the two parts of each conjugate,
6–915 and 11–12, were prepared separately before
coupling, according to previously described methods.
The substituted diamines 11 and 12 were prepared,
according to the procedure previously described by

H
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,6-diaminohexane, 2 equiv of TEA, 2 h, DMF; (b) 6–9, EDCI, HOBt,
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Leung-Toung,16 submitting to nucleophilic displace-
ment via an SNAr mechanism the tricyclic 3-p-tosyl-
benzo[4,5]imidazo[1,2-d][1,2,4]thiadiazole 10 with
1,3-diaminopropane and 1,6-diaminohexane, respec-
tively. The hybrid compounds 1–5 were achieved, in
acceptable yields, by the selective condensation of
diamines 11 and 12 with the a-bromoacryloyl benzo-
heterocyclic carboxylic acid derivatives 6–9. This con-
densation was performed using an excess (2
equivalents) of 1-ethyl-3-[3-(dimethylamino)pro-
pyl]carbodiimide hydrochloride (EDCl) as coupling
agent, in dry DMF as solvent at room temperature
and with identical reaction times (24 h).


In Table 1, we have reported the in vitro antiprolifera-
tive activity of hybrid compounds 1–5 against the
human myeloid leukaemia HL-60 and U937 cell lines
and human melanoma SK-MEL-1 cells.


a-Bromoacrylamido benzoheterocycles 6–9 and benzo
[4,5]imidazo[1,2-d] [1,2,4]thiadiazol-3-ylalkyldiamine
derivatives 11–12 resulted inactive against these three
cell lines (IC50 > 20 lM). Both Discorhabdin A
(IC50 = 70 nM in the HCT-116 assay)11 and brostalli-
cin (IC50 = 1.9 nM against L1210 cells)14 appeared
more potent than 1–5. These latter hybrids were found
to inhibit the growth and cell viability of human
HL-60 and U937 cells in a dose-dependent manner as
determined by the 3-[4,5-dimethylthiazol-2-yl-]-2,5-di-

Table 1. Effects of compounds 1–5 on the growth of HL-60, U937 and


SK-MEL-1 cells cultured


Compound IC50 (lM)


HL-60 U937 SK-MEL-1


1 0.29 ± 0.03 0.24 ± 0.03 2.09 ± 0.39


2 0.55 ± 0.18 0.40 ± 0.11 3.02 ± 0.62


3 0.84 ± 0.06 0.89 ± 0.06 4.50 ± 0.49


4 1.72 ± 0.65 0.74 ± 0.12 8.95 ± 0.45


5 1.24 ± 0.12 0.91 ± 0.05 8.04 ± 0.78


The data shown represent means(±S.E.M.) of three independent


experiments with three determinations in each.


Figure 1. Morphological changes and Apoptosis induction by compounds 1,


with medium alone (C, control), or compounds 1, 2, 3, 4 and 5 (3 lM). Ima


microscope. Lower panel: photomicrographs of representative fields of HL


indicated compounds for 4 h and then stained with Hoechst 33258.

phenyl tetrazolium bromide (MTT) dye-reduction
assay (Table 1).17 Similar results were obtained with
the human melanoma cell line SK-MEL-1, however
the IC50 values were higher than on human myeloid
cells. The relationship between the heteroatom in
the benzoheterocycle and antiproliferative activity
revealed that compounds 1 and 2, with N-unsubstituted
indole, were the most active. Comparing these two
derivatives the antiproliferative activity decreased on
increasing the length of the chain from three (1) to six
(2) methylenic units. In the series of derivatives 2–5
characterized by the same alkyl chain (n = 6), the great-
est potency was exhibited by compound 2, constituted
by 12 and the a-bromoacrylamidoindole derivative 6,
with IC50 values of 0.55, 0.40 and 3.02 lM against
HL-60, U937 and SK-MEL-1 cells, respectively. The
least potent compounds of this series were the conju-
gates 4 and 5, which included the benzofuran and benzo-
thiophene residues 8 and 9, respectively. This hybrid
molecule was found to be more than 2-fold less active
with respect to 2. A progressive decrease in antiprolifer-
ative activity was observed replacing indole 2 with N-
methyl indole 3 to end with benzofuran 4 and benzothi-
ophene 5.


These data do not allow the identification of the molec-
ular target(s) of these novel antiproliferative com-
pounds. Preliminary DNase I footprinting experiments
sustain the concept that these molecules retain low abil-
ity to alkylate DNA also at high concentration
(10 lM).18 This is expected, since brostallicin exhibits
low DNA alkylating activity,14 on the other hand,
benzo[4,5]imidazo[1,2-d] [1,2,4]thiadiazoles are known
to exert their main action through chemical reactions
with cysteine residues of proteins.


To elucidate the possible mechanism(s) of action medi-
ating cell growth inhibition, we have tested the effects
of hybrids 1–5 to induce apoptosis, using HL-60 cells
as experimental system.19 As shown in Figure 1 (upper
panel), compounds 1–5 (3 lM, 4 h) induced morpholo-
gical changes, as visualized by phase contrast microscopy.

2, 3, 4 and 5 on HL-60 cells. Upper panel: HL-60 cells were incubated


ges of cells in culture were obtained using an inverted phase contrast


-60 cells cultured in absence (C, control) or presence of 3 lM of the
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Figure 4. (a) Western blot analysis of cytochrome c release. HL-60


cells were treated with 3 lM of compounds and harvested at 4 h.


Cytosolic lysates were analyzed by immunoblotting with an anti-


cytochrome c antibody. b-Actin was used as loading control. (b)
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Figure 3. HL-60 and U937 cells were treated with 3 lM of compounds


for 4 h and total cellular DNA was isolated and stained with ethidium


bromide after electrophoresis on a 2% agarose gel. Internucleosomal


DNA fragmentation was visualized under UV light.
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As shown in lower panel, cells exposed to 3 lM of com-
pounds for 4 h displayed condensation of chromatin20


and the appearance of apoptotic bodies by fluorescence
microscopy after DNA staining with Hoechst 33258,
meanwhile control HL-60 cells exhibited normal fea-
tures, with the nuclei round and homogeneous.


Using QFM (quantitative fluorescence microscopy) the
least potent compound was 1, meanwhile compounds
2–5 displayed similar values in the percentage of apopto-
tic cells (Fig. 2) at times and doses assayed. We also
examined whether these compounds induced chromo-
somal DNA fragmentation, which is considered the
end point of the apoptotic pathway and results from
activation of caspase-activated endonuclease.21


A biochemical hallmark of apoptosis is the fragmenta-
tion of genomic DNA into integer multiples of 180-bp
units, resulting in a characteristic ladder on agarose gel
electrophoresis. As expected, the results demonstrate
that exposure to 3 lM of compounds 1–5 results in endo-
nucleolytic DNA cleavage, which then led to the forma-
tion of DNA ladder in HL-60 and U937 cells (Fig. 3).


During apoptosis, mitochondria suffer specific damage
that results in loss of their function. Release of cyto-
chrome c, the sole water-soluble component of the elec-
tron transfer chain, can potentially halt the electron
transfer, leading to failure in maintaining membrane po-
tential. For this reason, we also examined the effect of
compounds on cytochrome c translocation from the
mitochondria into the cytosol.


The representative Western blot analysis showed that
the monoclonal antibody for cytochrome c detected a
single band at the expected size of 15 kDa (Fig. 4a).
Cytochrome c release was observed in the presence of
doses as low as 3 lM of compounds 1–5.


A central role for caspase-3 in cell death is supported by
involvement of this executioner caspase in the apoptotic
response to diverse stimuli.22

Representative Western blot showing the processing of the Mr 32,000


caspase-3 precursor to the p20 and p18 cleavage products after


treatment with 3 lM of compounds. (c) Cleavage of poly(ADP-ribose)


polymerase (PARP). The cells were treated as above and equal


amounts of proteins from cell lysates were loaded in each lane and


subjected to sodium dodecyl sulfate–polyacrylamide gel electrophore-


sis (SDS–PAGE) followed by blotting with an anti-PARP monoclonal


antibody.
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Figure 2. Quantitative analysis of apoptotic cells by fluorescence


microscopy. HL-60 cells were treated with no drug (C, control) or


3 lM of the indicated compounds for 4 h. Cells were stained with


bisbenzimide trihydrochloride to evaluate nuclear chromatin conden-


sation and quantitated by fluorescence microscopy. The results of a


representative experiment are shown, and each point represents the


average (±SE) of triplicate determinations.

Caspase-3 is responsible either partially or totally for the
proteolytic cleavage of many key proteins, such as the
nuclear enzyme poly(ADP-ribose) polymerase (PARP).
This protein plays an important role in chromatin archi-
tecture and DNA metabolism.23 PARP that is a
116 kDa DNA repair enzyme is cleaved to produce an
85 kDa fragment during apoptosis.


To assess whether these compounds activate caspase-3,
lysates were subjected to immunoblotting with anti-cas-
pase-3. Treatment of HL-60 cells with these compounds
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resulted in cleavage of caspase-3 (Fig. 4b). Similar
results were obtained in U937 cells (results not shown).
In addition, these compounds also induced PARP cleav-
age. As expected, the typical apoptotic 85 kDa fragment
was visualized upon treatment of the cells with 3 lM of
compounds 1–5 (Fig. 4c).


When considered together, the results shown in Figures
1–4 consistently indicate that compounds 1–5 are able to
induce apoptosis as demonstrated by fulfilling two crite-
ria: (i) identification of nuclear changes associated to
apoptosis using fluorescence microscopy, and (ii) DNA
laddering on agarose gel electrophoresis. All these deriv-
atives induced extensive PARP hydrolysis, considered to
be one of the major hallmarks of apoptosis.


In conclusion, a new class of apoptosis inducer, as hybrid
derivatives based on 3-substituted benzo[4,5]imidazo[1,2-
d] [1,2,4]thiadiazole linked with a polymethylene spacer
to a-bromoacryloyl amido benzoheterocycles was
described. Relatively highest sensitivity to the compounds
here described was found for human myeloid leukaemia
HL-60 and U937 cell lines, while the human melanoma
SK-MEL-1 cell line was less sensitive.


Further, our results point to the fact that the com-
pounds investigated induce apoptosis in HL-60 cells
through activation of caspase-3. We have observed that
these hybrid molecules suppress proliferation of HL-60
cells by triggering morphological changes and internu-
cleosomal DNA fragmentation. Further investigations
are necessary to determine the detailed pathway of pro-
grammed cell death by these compounds.


Based on the structure–activity relationships of this limited
series of derivatives, this preliminary study would encour-
age us to synthesize more advanced lead compounds by
chemical modifications (i.e., optimal length of the linker,
effects of the presence of both electron-releasing and elec-
tron-withdrawing substituents on the [1,2,4]BTHD).
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Abstract—Analogs of immunomodulatory glycolipid OCH (2) were prepared and minimum structure requirement to exhibit equiv-
alent profiles was disclosed. Analogs bearing non-linear hydrocarbon chain in the phytosphingosine moiety (18, 19) were shown for
the first time to possess comparable cytokine inducing profile to 2. Molecular modeling of 2/hCD1d complex based on the crystal
structure of a-GalCer (1)/hCD1d complex is also described.
� 2007 Elsevier Ltd. All rights reserved.

Figure 1. Known glycocylceramides as ligands of CD1d.

Natural killer T (NKT) cells are potent producers of
immunoregulatory cytokines, and are restricted to gly-
colipid antigens presented by CD1d, a glycoprotein
strucurally and functionally related to non-classical
major histocompatibility complex (MHC) class I.1 The
glycolipids, an a-galactosylceramide named KRN7000
12 and an altered analog termed OCH 2 possessing a
shorter phytosphingosine side chain,3 have been identi-
fied as NKT cell ligands (Fig. 1). It was recently shown
that a isoglobotrihexosylceramide (iGb3 3), though not
yet purified and characterized in all mammalian species,
may be an endogenous ligand of CD1d.4 The X-ray
crystallographic structures of mouse (m) CD1d5 and hu-
man (h) CD1d in complex with 16 indicated that the
complete occupation of the binding groove of CD1d
by 1 contributes to the sustained stimulation of NKT
cells to induce robust immunological response, while
altered analogs such as 2 with short phytosphingosine
chain may result in short duration of stimulation and
cause differential polarization of NKT cells.7 Compound
2 was shown to induce a predominant production of a
key immunomodulatory Th2 cytokine interleukin-4
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(IL-4) over proinflammatory Th1 cytokine interferon-c
(IFN-c), while 1 induced both Th1/Th2 cytokines. Only
compound 2 but not 1 is significantly effective in animal
models of Th1-mediated autoimmune diseases such as
experimental autoimmune encephalomyelitis (EAE)
and collagen induced arthritis (CIA).3,8
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Table 1. Dependency of cytokine production on fatty acyl chain


lengtha


Compound R1 n IL-4 (%)b IFN-c (%)b


9 –(CH2)18CH3 3 6 9


10 –(CH ) CH 3 51 46
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Savage et al. have reported the influence of the chain
lengths on the cytokine releasing profile in the context
of IL-4/IFN-c ratio, which presented three compounds
of short phytosphingosine chain including 2.9 Quite
recently, Wong et al. have reported a structure–activity
relationship (SAR) of fatty acyl chain analogs of 1 in
which some showed more potent Th1 cytokine response
than 1.10 As part of our efforts to obtain more potent
ligand for the enhancement of Th2 response, a series
of analogs based on 2 with altered ceramide moiety
was prepared and assayed in vitro for cytokine
production.11 In this letter, the SAR of derivatives of
2 including non-linear hydrocarbon chain analogs is
disclosed and minimum structure requirement to exhibit
equivalent profiles is discussed.


The analogs were prepared by the versatile method
developed by our group12 (Scheme 1). The moieties of
sphingosine base substituents were introduced to the
known epoxide 4 by means of nucleophilic addition of
alkyl or aryl lithium reagents or corresponding magne-
sium bromides. After regioselective mesylation of the
axial hydroxyl group, compound 5 was subjected to ben-
zylidene cleavage and azidation, after which secondary
hydroxyl groups were protected to provide isopropylid-
ene acetal 6. Glycosidation with tetra-O-benzyl-a-DD-
galactosyl bromide in the presence of tetrabutylammonium
bromide gave 7, whose azido group was reduced to an
amine and acylated with suitable carboxylic acids.
Finally, all the protective groups were removed to give
the desired analogs.


The analogs were evaluated for their ability to induce
IL-4 and IFN-c relative to 2. IL-4 and IFN-c secretion
were assessed with spleen cells prepared from C57BL/6

Scheme 1. Reagents and conditions: (a) R2Li or R2MgBr, CuI, THF,


�40 �C, 93–98%; (b) MsCl, pyridine, �40 �C, 34–93%; (c) H2, cat.


Pd(OH)2, EtOH, rt, or 6 N HCl, MeOH, rt, 69–100%; (d) NaN3,


DMF, 95 �C, 27–66%; (e) cat. p-TsOH, 2,2-dimethoxypropane, rt, 65–


75%; (f) tetra-O-benzyl-a-DD-galactosyl bromide, n-Bu4NBr, MS4A,


DMF–toluene (1:2.5), rt, 21–68%; (g) H2, Lindlar catalyst, EtOH, rt;


(h) R1CO2H, EDCIÆHCl, HOBt, i-Pr2NEt, DMF–CH2Cl2 (1:3.5),


40 �C, 51–100% (2 steps); (i) HCl–dioxane, rt, or 80% AcOH, 80 �C; (j)


H2, cat. Pd(OH)2, MeOH–CHCl3 (3:1), rt, 40 �C, 52–91% (2 steps).

mice, which were incubated with 100 ng/ml of glycolipids
for 72 h and the cytokines in the culture supernatant were
measured by ELISA.13


Influence of the chain length of the fatty acid was exam-
ined first (R1, Table 1). The chain length of the phyto-
sphingosine moiety was fixed to that of 2. For
unambiguous understanding, the length of the alkyl
chain will be given as the number of carbon atoms
(Cn) in the R moiety. Acyl chains shorter than C19 (9)
showed only a weak cytokine production. As the chain
became longer the cytokine release increased and for
chains longer than C25 there was a marked increase in
IFN-c prduction that predominated IL-4 (13, 14). For
reference, 1 showed 128% release of IL-4 and 569% of
IFN-c relative to 2 in this assay.


Our interest was next focused on the phytosphingosine
moiety. This is where it makes 2, a mere truncated ana-
log of 1, a completely different switch of the NKT cell
signal. We have prepared analogs altered in the phyto-
sphingosine chain (R2, Table 2). In our hands chain
length of C1–C4 (15–17 and 2) showed similar profiles.

2 20 3


11 –(CH2)21CH3 3 103 93


2 –(CH2)22CH3 3 100 100


12 –(CH2)23CH3 3 154 103


13 –(CH2)24CH3 3 129 504


14 –(CH2)26CH3 3 178 761


1 –(CH2)24CH3 12 128 569


a At 100 ng/ml.
b Compared to 2 at 100 ng/ml.


Table 2. Dependency of cytokine production on phytosphingosine


chain modificationa


Compound R2 IL-4 (%)b IFN-c (%)b


15 –CH3 102 81


16 –CH2CH3 105 96


17 –(CH2)2CH3 115 112


2 –(CH2)3CH3 100 100


18 98 74


19 211 284


a At 100 ng/ml.
b Compared to 2 at 100 ng/ml.







Figure 2. Optimized result of 2 (green)/hCD1d complex (stereo view).


X-ray structure of 1 (gray) is superimposed.


Figure 3. Side view of the optimized structure of 2 (green)/hCD1d


complex. X-ray structure of 1 (red) is superimposed.
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Although the mechanism of action at the molecular level
is unclear,14 this result is inconsistent with Savage’s
report in which compound 15 showed about twofold
increase in IL-4 production without a change in
IFN-c.9 Analogs bearing cyclic chain (18) or aromatic
ring (19) were also prepared. To our knowledge, these
are the first examples of non-linear hydrocarbon chain
analogs of the phytosphingosine moiety that show
similar cytokine inducing profile to 2. As can be seen
from the side view of the X-ray structure of 1/hCD1d
complex6, the phytosphingosine chain of 1 is bent and
enters the C 0 pocket beyond �C6. There is a wide space
before entering the C 0 pocket, and we assume analogs
15–19, which in length do not reach the C 0 pocket,
showed similar profiles to 2.15 Compound 19 with an
aromatic ring appears to show slight increase in both
cytokines compared to aliphatic analogs 2 and 15–18.
This is suggestive of aromatic interaction(s) with
residues such as Phe77 and Trp131 in juxtaposition,
although the possible interaction of the phenyl ring with
the T cell receptor of NKT cells should not be omitted in
this three-component interaction.


In order to explain the above results of short phyto-
sphingosine analogs, we performed a molecular model-
ing of 2/hCD1d complex based on the crystal structure
of 1/hCD1d complex6 utilizing Maestro16 program.
Both acyl and phytosphingosine chains of 1 bound to
hCD1d in the crystal structure were truncated in silico
to correspond to 2, and the complex thus obtained
was further optimized17. Contrary to our expectation,
the optimized structure of 2 in the complex had only a
subtle, insignificant difference from 1 (Fig. 2).


As can be seen from Figure 3, the phytosphingosine
chain of 2 has the precise length to reach the entrance
of the C 0 pocket. It can well be assumed from the model
that C1–C5 segment of the phytosphingosine chain con-
tributes little to the interaction with CD1d, and this
might result in the short duration of 2 in complex with
CD1d.7 We have calculated the binding energy of
CD1d and the ligands, whose acyl chain length was fixed
to that of 2 and phytosphingosine chain altered incre-
mentally from C2 to C9.19 The binding energy increased
linearly as the number of the methylene unit increased
(data not shown), and no clear changing point was
observed. It may be assumed that ‘‘static’’ energy
calculation does not reflect the dynamics and the
probability of the phytosphingosine chain to reside
outside of the pocket. Dynamic simulation regarding
the movement of the short chain is now in progress.


Several analogs related to 1 have been prepared to
date, and many of them are equipotent to or even more
potent than 1 in the aspect of IFN-c secretion. In this
study, the minimum structure requirement to exhibit
equivalent profiles to 2 was disclosed, and also first
examples of non-linear hydrocarbon chain phytosphin-
gosine analogs that show similar cytokine inducing
profile to 2 were discovered. The possibility of this
alteration allows for synthetic access to the future ana-
logs improved in their pharmacological and physico-
chemical properties.
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Abstract—Sixteen different taxoid conjugates were prepared by linking various anticancer compounds, including camptothecin
(CPT), epipodophyllotoxin (EP), colchicine (COL), and glycyrrhetinic acid (GA), at the 2 0- or 7-position on paclitaxel (TXL, 1)
through an ester, imine, amine, or amide bond. Newly synthesized conjugates were evaluated for cytotoxic activity against replica-
tion of several human tumor cell lines. Among them, TXL–CPT conjugates, 8–10, were more potent than TXL itself against the
human prostate carcinoma cell line PC-3 (ED50 = 14.8, 3.1, 19.4 nM compared with 55.5 nM), and conjugate 10 was also 8-fold
more active than TXL against the LN-CAP prostate cancer cell line. These compounds also possessed anti-angiogenesis ability
as well as lower inhibitory effects against a normal cell line (MRC-5). Thus, conjugates 8–10 are possible antitumor drug candidates,
particularly for prostate cancer.
� 2007 Elsevier Ltd. All rights reserved.

Paclitaxel (TXL, 1, Fig. 1), a plant derived antimitotic
agent,1,2 is currently in clinical use against ovarian and
breast cancer. It promotes the irreversible assembly of
tubulin into microtubules by binding to and stabilizing
microtubules. This mechanism of action is unique
among the established antitumor drugs, including the
vinca alkaloids, vincristine and vinblastine, which pre-
vent microtubule assembly by microtubule binding.3


Other natural products, including camptothecin
(CPT),4 which is approved for clinical use in the United
State, epipodophyllotoxin (EP),5 and colchicine (COL),6


also possess potent antitumor activities with different
mechanisms of action3 from TXL. Some EP derivatives,
such as etoposide (2d), topotecan, and irinotecan, are
approved by the FDA for cancer treatment, although
their therapeutic use is often limited by undesired side
effects, such as myelosuppression, multi-drug resistance,
and poor water solubility. In addition, glycyrrhetinic
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acid (GA),7 which is a well-known natural compound
isolated from plants, shows antitumor-promoter
activity, as well as anti-allergic, anti-inflammatory, and
anti-ulcer effects.


Conjugation of two antitumor agents with different
mechanisms of action can possibly augment the potency
of both compounds or reduce the side effects and drug-
resistance development. We have already reported the
unique antitumor activities of such conjugates, including
TXL–CPT,8 TXL–EP,9 and CPT–EP.10 In our continu-
ous effort to develop new classes of antitumor agents
based on TXL, we investigated the syntheses and evalu-
ation of TXL conjugates with the above-mentioned anti-
tumor or antitumor-promoter compounds through
various linkages at the TXL C-2 0 and C-7 positions as
reported herein.


Newly synthesized conjugates are shown in Figure 2. In
conjugates 6–15, EP, CPT, COL, and GA are connected
to the TXL C-2 0 position through various linkages,
while conjugates 16–21 contain EP, COL, and GA
connected to the C-7 position of TXL. As shown in
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Figure 1. Structures of paclitaxel (1) and other antitumor agents used for conjugation.
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Scheme 1, a linking group was introduced directly at the
TXL C-2 0 position using the appropriate anhydride or
carboxylic acid to provide 22–25.11 For the C-7 linked
conjugates, the TXL C-2 0 hydroxyl group was first pro-
tected with a Cbz or TBS group, the linking carboxylic
acid was added at C-7, and the protecting group was then
removed to afford 26–28. Compounds 22–24, 26, and 27
were conjugated with EP derivative 2c,12 COL deriva-
tives 4b–d,13 and GA (5), respectively, by using EDCI
in the presence of DMAP to provide 6, 7, 11–13,
15–17, and 21. Heating intermediates 22 and 23 with
7-formyl-CPT (3b)14 in benzene produced the corre-
sponding imines 8 and 10, respectively. In the same
way, imines 14, 18, and 20 were prepared from 25 with
4d and 28 with 2b or 4d, respectively. Hydrogenation
of 8 and 18 produced the corresponding amines 9 and 19.


All synthesized compounds were evaluated for cytotoxic
activity against replication of several human tumor cell
lines, human ovarian carcinoma (1A9), human lung car-
cinoma (A549), breast cancer (MCF-7), human prostate
carcinoma (LN-CAP, PC-3, DU-145), human epider-
moid of the nasopharynx (KB), and multi-drug resistant

expressing P-glycoprotein (KB-VIN) and against the
normal cell line, human embryonic fibroblast (MRC-5).
The results are shown in Table 1 with the values for
TXL (1), EP derivatives 2b–c, etoposide (2d), CPT (3a),
7-formyl-CPT (3b), 2-demethyl-COL (4b), 2-demethyl-
thio-COL (4c), and GA (5) for comparison. All conju-
gated compounds showed better activity than the
partner compounds, although most of them were less
potent than TXL itself. However, TXL–CPT conjugates
8–10 displayed different patterns of inhibition against the
LN-CAP and PC-3 prostate cancer cell lines, with less
effect on the normal cell line, MRC-5. Imine 10 had an
ED50 value of 0.34 nM and was 7.7-fold more potent
than TXL against LN-CAP cells, while compound 9
had an ED50 value of 3.1 nM and was 18-fold more
potent than TXL against PC-3 cells.


Cytotoxic activity was somewhat dependent on the con-
jugated position on TXL as well as the type of linkage.
From comparison of the TXL–EP conjugates 6, 7, 16,
and 17, the conjugates linked at the C-2 0 position (6,
7) showed better activity than conjugates linked at the
C-7 position (16, 17) against all cell lines. Moreover,







Figure 2. Structures of conjugates.
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the linkage with two methylenes (6, 16) gave better
results than the one with three methylenes (7, 17). How-
ever, TXL–COL conjugates 14 (2 0-linkage) and 20(7-
linkage) showed similar potency against most cell lines.
A phenyl imino linkage was better than the linear amido
linkage, as TXL–COL conjugate 14 was 4- to 9-fold
more potent than 13 against 1A9, A549, and KB cells.

The results of selected compounds in an anti-angiogenesis
assay are shown in Table 2. Compared with the other con-
jugates, imines 8 and 10 possessed significant activity with
ED50 values of 0.73 and 0.98 lg/mL, respectively.


In conclusion, we have synthesized 16 different
conjugates between paclitaxel (TXL) and other







Table 1. Cytotoxic activity data of taxol conjugates


Compound ED50
a (nM) ED50 (lM)


1A9 A549 MCF-7 LN-CAP PC-3 DU-145 KB KB-VIN MRC-5


1 1.0 2.3 1.1 2.6 55.5 1.3 1.8 311 NTa


2b 739 1074 686 680 1234 3107 111.2 2050 NT


2d 284.9 1609 11659 530.1 9452 1600 1365 14447 >30


3a 3.2 6.9 3.2 2.0 16.7 10.9 20.9 15 NT


3b 4.3 12.8 4.3 4.3 18.4 7.7 80.6 25 NT


4b 183.7 950.6 361.0 324.7 475.3 611.9 146.1 28977 NT


4c 43.6 99.8 59.9 59.9 112.2 113.5 47.9 7426 NT


5 >20b >20b >20b >20b >20b >20b >20b >20b NT


6 2.9 10.1 6.4 4.2 12.1 8.6 8.4 9964 >10b


7 8.1 23.7 22.1 10.2 42.8 32.5 13.9 6231 6174


8 1.6 2.6 26.7 3.0 14.8 3.7 1.3 62.4 177.7


9 1.5 2.6 2.7 1.2 3.1 2.3 1.9 2050 6133


10 1.0 1.9 34.1 0.34 19.4 1.9 1.5 56.3 243.6


11 10.6 27.3 26.5 12.9 50.7 31.9 19.0 >20b NT


12 10.3 23.2 24.7 19.5 71.8 29.8 17.0 >20b NT


13 14.0 28.5 29.2 23.7 70.4 34.4 21.57 >20b NT


14 2.3 3.8 NT NT NT NT 5.4 308 NT


15 45.3 77.4 38.7 46.2 103.6 68.3 53.6 >20b NT


16 20.7 45.6 43.9 22.1 86.3 83.4 31.6 >20b 3279


17 104 1319 125.0 NT NT NT 347.2 NA NT


18 60.1 111.0 48.6 90.1 145.3 139.1 53.8 6220 NT


19 75.7 123.5 68.2 128.5 191.5 167.5 87.4 5200 NT


20 2.3 3.8 NT NT NT NT 2.3 308 NT


21 154.3 224.8 129.8 192.7 652.1 311.0 147.3 >20b NT


Human ovarian carcinoma (1A9), human lung carcinoma (A549), breast cancer (MCF-7), human prostate carcinoma (LN-CAP, PC-3, DU-145),


human umbilical vein endothelial cell (HUVEC), human epidermoid carcinoma of the nasopharynx (KB), multi-drug resistant expressing


P-glycoprotein (KB-VIN), and human embryonic fibroblast (MRC-5).
a Cytotoxicity as ED50 values for each cell line, the concentration of compound that caused 50% reduction in absorbance at 562 nm relative to


untreated cells using the sulforhodamine B assay.
b Test compound (20 lg/mL or 10 lg/mL) did not reach 50% inhibition.


Scheme 1. Synthesis of conjugates.


K. Nakagawa-Goto et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2894–2898 2897







Table 2. Anti-angiogenesis assay data of selected compounds in


HUVECs


Compound ED50 (nM)


6 4.93


8 0.73


9 2.09


10 0.98


11 13.84


12 9.33


13 15.8


14 43.0


18 230


20 293


21 150
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antitumor agents, including camptothecin (CPT),
epipodophyllotoxin (EP), colchicine (COL), and glyc-
yrrhetinic acid (GA). The two components were
joined by an ester, imine, amine or amide linkage
at the 2 0- or 7-position of TXL. Among them,
TXL–CPT conjugates, 8–10, showed different
in vitro cytotoxic activity profiles against human
prostate carcinoma, LN-CAP and PC-3, with less
effect against normal cells. These compounds also
possessed anti-angiogenesis ability; therefore, conju-
gates 8–10 are possible antitumor drug candidates,
particularly for prostate cancer.
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Abstract—Geldanamycin (1), an antifungal and anticancer ansamycin, was reported as a neurotrophic and neuroprotective sub-
stance against antineoplastic drugs, paclitaxel, vincristine, and cisplatin, on cultured dorsal root ganglion neurons from chick
embryos. In this study, 1 in a large quantity, together with a known 17-O-demethylgeldanamycin (2), and a new 17-O-demethylgel-
danamycin hydroquinone (3) were obtained from a mangrove Streptomyces sp. A series of O-alkyl and N-alkyl derivatives of 1 were
prepared by modification of C-17 and/or C-19 on the quinone ring and were evaluated for in vitro activity against P19-derived neu-
rons. Compound 1 and 19-O-methylgeldanamycin (7) at a very low dose (1 nM) enhanced survival and neurite outgrowth of P19-
derived neurons and prevented neurotoxicity of paclitaxel and vinblastine. Compound 7, possessing the lowest cytotoxicity and
neurotoxicity, is serving as the most promising candidate in neurodegenerative therapy against neurotoxic anticancer drugs.
� 2006 Elsevier Ltd. All rights reserved.

Geldanamycin (1), a 17-substituted benzoquinoid ansa-
mycin possessing antifungal and anticancer activities,
was previously reported as the secondary metabolite pro-
duced by the terrestrial Streptomyces hygroscopicus var.
geldanus.1 Initially, 1 was thought to be a nonspecific
kinase inhibitor, however, was later found to bind to
the ATP binding site of the chaperone heat shock protein
90 (Hsp90), resulting in prevention of several signaling
proteins from reaching their mature form, inhibiting
their activity, and affecting their stability.2 The semi-syn-
thetic 17-allylamino-17-demethoxygeldanamycin has
been currently studied in phase II clinical trial for treat-
ment of solid tumors.3 Interestingly, 1 prevented neuro-
toxic effects of anticancer drugs on cultured dorsal root
ganglion neurons from chick embryo at low doses4 and
protected rat brain from focal ischemia.5 Moreover, 1
exhibited neuroprotective ability on a variety of in vivo
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neurodegeneration models.6 In order to further investi-
gate the neuronal effect of other geldanamycin deriva-
tives, P19-derived neurons were used as a neuronal
model in our study. P19 embryonal carcinoma cell is a
pluripotent stem cell line which is differentiated into neu-
rons by retinoic acid.7 P19-derived neurons are irrevers-
ibly postmitotic and exhibit many characteristics of
mature CNS neurons containing particular neurotrans-
mitters such as c-aminobutyric acid8 and acetylcholine.9


The differentiated P19 neuroglial cultures have been used
for neurotoxicity evaluation of cysteinylcatechols.10 In
this study, we succeeded in isolating 1 in a large quantity
from a mangrove Streptomyces sp. The availability of 1
enabled us to prepare a number of geldanamycin analogs
for evaluating biological effects on P19 cells and P19-de-
rived neurons. In addition, paclitaxel and vinblastine, the
anticancer agents causing irreversibly peripheral neurop-
athy side effect, were used as neurotoxic substances for
evaluation of neuroprotective property.


The antifungal-guided fractionation of the EtOAc
extract obtained from the fermentation broth of the
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Table 2. Percentages of cell viability of P19-derived neurons treated


with 1 and its derivatives at a concentration of 1 nM


Compound % Cell viabilitya


1 121


2 50


3 43


4 113


5 121


6 111


7 108


8 0


9 91


10 85


11 49


12 0


13 66


14 44


15 46


16 0


17 0


a % Cell viability for tested compounds versus control cells was cal-


culated by the absorbance at 450 nm from three independent


experiments and each experiment was run in triplicate.
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mangrove Streptomyces sp. TRA98752 led to the isola-
tion of 1 in 1.2% yield, based on the EtOAc extract, to-
gether with a known 17-O-demethylgeldanamycin (2),11


and a new 17-O-demethylgeldanamycin hydroquinone
(3) in 0.04% yield, each. Their chemical structures were
determined by extensive analyses of UV, IR, 1H
NMR, 13C NMR, 2D NMR, and MS spectra, and com-
parison with those reported in the literatures.12–14 The
1H and 13C NMR spectra of all compounds showed al-
most identical characters of the macrolactam ring and
the carbamate moiety. Based on the exact mass of 3
from ESI-TOFMS which showed a pseudomolecular
ion peak at m/z 571.2649 [M+Na]+, its molecular for-
mula was determined as C28H40N2O9, which was
2 amu greater than that of 2. The 13C NMR spectrum
of 3 was different from that of 2 by the absence of two
equivalent quinone carbonyl carbons (d 183.16) and
the presence of two oxygenated aromatic carbons at d
156.18 (C-18) and d 143.82 (C-21). Therefore, 3 was de-
duced as 17-O-demethylgeldanamycin hydroquinone
which might be oxidized to 2 during the isolation pro-
cess. The 1H and 13C NMR spectral data of 3 are shown
in Table 1.


All isolated geldanamycins (1–3) were primarily
screened for biological effects on P19-derived neurons15


at a very low dose of 1 nM by XTT reduction assay16 as
shown in Table 2. Only 1 promoted high cell viability of
the cultured neurons (% cell viability = 121), while 2 and
3 were toxic. The results suggested that the O-alkyl sub-
stituent at C-17 might play important roles for this
remarkable effect.

Table 1. NMR data of 3 in CDCl3:DMSO-d6 (1:1)


Position dC dH, mult., (J in Hz)


1 167.81 —


2 134.00 —


3 126.82 6.98, d (11)


4 125.98 6.51, t (11, 11)


5 136.05 5.77, t (11, 10)


6 81.38 4.25, d (10)


7 80.51 4.93, br s


8 132.84 —


9 132.47 5.73, d (9)


10 31.91 2.59, m


11 71.76 3.41, m


12 81.38 3.23, m


13 29.30 0.99, 2H, br s


14 27.73 1.70, m


15 33.22 2.24, 2H, m


16 113.57 —


17 143.82 —


18 156.18 —


19 106.36 6.89, s


20 132.84 —


21 143.82 —


1-NH — 9.58, br s


2-CH3 12.43 1.92, 3H, s


6-OCH3 56.39 3.14, 3H, s


7-OCONH2 156.18 6.09, NH2, br s


8-CH3 12.84 1.66, 3H, s


10-CH3 12.43 0.81, 3H, d (7)


12-OCH3 56.21 3.22, 3H, s


14-CH3 23.68 0.83, 3H, d (7)


mult. = multiplicity.

Therefore, we prepared O-alkyl and N-alkyl derivatives
(4–17) by modifications of the C-17 and/or C-19 on the
quinone moiety of 1 (Figure 1). Three 17-O-alkyl-17-O-
demethyl-geldanamycins (4–6) were obtained in approx-
imately 70% yields from treatment of 1 with 1.4 equiv of
the alkoxides generated from NaH or Na metal and the
corresponding alcohols. The reaction between 1 and 3
equiv of the corresponding alkoxides gave the 17,19-di-
O-alkyl-17-O-demethylgeldanamycins (7–8) in 73 and
15% yields, respectively. Addition of ammonia to the
methanolic solution of 1 gave 19-aminogeldanamycin
(9) in 73% yield. Treatment of 1 with ammonia or primary
alkylamines17 in DMF at room temperature provided the
17-alkylamino (10–14) and 17,19-di-alkylamino-17-
demethoxygeldanamycins (15–17) in 43–99% yields. All
compounds were characterized by UV, 1H NMR, 13C
NMR, 2D NMR, and ESI-Q-TOFMS measurements.


All synthesized geldanamycin derivatives at 1 nM were
evaluated for their effects on P19-derived neurons by
XTT reduction assay to compare with 1 as shown in Ta-
ble 2. All of the alkylamino derivatives (9–17) exhibited
less % cell viability, indicating their neurotoxicity, while
the O-alkyl derivatives (4–7), except the di-O-ethyl 8,
promoted viability of the neurons at more than 100%
cell viability comparable to 1. Therefore, the morphol-
ogy of P19-derived neurons in the presence of 1 and
4–7 was further observed under a phase-contrast micro-
scope. Interestingly, the neurites of these neurons pos-
sessed more branching than those in the absence of the
compounds (data not shown).


As a result, 1 along with 4–7 were further comparatively
evaluated for their neurotoxicity against P19-derived
neurons and cytotoxicity against P19 cells as shown in
Figures 2 and 3, respectively. Compounds 1, 4, 5, 6,
and 7 exhibited neurotoxicity at IC50 of 1.8, 1.6, 6.7,
>10, and >10 lM, and showed cytotoxicity at IC50 of
0.1, 0.1, 0.2, 0.5, and >10 lM, respectively. To examine







Figure 1. Structures of 1 and its derivatives.


Figure 2. Neurotoxicity of 1 and 4–7 on cultured P19-derived neurons


incubated for 18 h. % Cell viability for tested compounds versus


control cells was calculated by the absorbance at 450 nm. Each point


represents the average of three independent experiments ± SEM (bar)


and each experiment was run in triplicate.


Figure 3. Cytotoxicity of 1 and 4–7 on cultured P19 cells incubated for


18 h. % Cell viability for tested compounds versus control cells was


calculated by the absorbance at 450 nm. Each point represents the


average of three independent experiments ± SEM (bar) and each


experiment was run in triplicate.
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the neuroprotective activities of 1 and 4–7 at the concen-
tration of 1 nM on cultured P19-derived neurons, the
compounds were co-treated with paclitaxel at its toxic
dose (IC50 0.65 lM). In the presence of only paclitaxel,
the neurons were remarkably degenerated and possessed
shrinking neurites when observed under a phase-con-
trast microscope. All of the paclitaxel-treated neurons
in the presence of the compounds showed 100% cell via-
bility except that of 7, which showed better cell viability
at 120%. When observed under a phase-contrast micro-
scope, these neurons were found survived and exhibited
long-branched neurites.


Compound 7, the 19-O-methylgeldanamycin which
showed the highest cell viability and possessed very wide
therapeutic index (TI) between neuroprotective and neu-
rotoxic activities (TI > 10,000), was further evaluated
for its neuroprotective ability by pre- and post-adminis-
tration with paclitaxel (0.65 lM) and vinblastine

(0.39 lM) compared to that of 1 (TI 1800). Both com-
pounds showed similar effects and only the data of 7
are shown in Figure 4. Under the pre-treatment with 7
(1 nM) for 18 h and then with paclitaxel or vinblastine
for further 18 h, the neurons showed impressive survival
and the neurite outgrowth was found to be similar to
both the co-treatment experiment as described above
and the post-treatment experiment.


The above results led us to define the structure–activity
relationships for neuroactivity and cytotoxicity. Four
important points have been made: (i) substitutions on
the quinone ring with O-alkyl groups at C-17 provided
neuroprotective activity; (ii) the decreases in neurotox-
icity and cytotoxicity were realized in substitution at
C-17 with larger O-alkyl groups (1 and 4–6); (iii) di-
O-alkyl substituents larger than the methyl on the
quinone ring (7–8) increased neurotoxicity; and (iv)
substitutions on the quinone ring with N-alkyl groups
at C-17 and/or C-19 (9–17) resulted in potent
neurotoxicity.


The mechanism(s) of action in neuroprotective activity
of these compounds is not easily explained. Recently,
neuroprotective activity of 1 was proposed as a conse-
quence of the heat–shock response protecting against
neurotoxic substances6 and the suppression of the sig-
nal transduction pathway(s) involving Hsp90 that led
to apoptosis.4 The other study reported that the cancer
cells maintaining Hsp90 in an activated conformation
were different from the normal cells.18 The activated
Hsp90 might possibly occur in neuronal cells. There-
fore, neuroprotective effects of 1 and derivatives at a
low dose on neuronal cells might be a consequence of
inhibition of this activated Hsp90. However, interac-
tions of the geldanamycins at a limited dose with other
specific target molecule(s) to enhance neurons’ survival
cannot be omitted. The mechanism(s) of the geldanam-
ycins for neuroprotective activity need further
investigation.







Figure 4. Neuroprotective effect of 7 on cultured P19-derived neurons. Phase-contrast micrographs of cultured P19-derived neurons incubated for


18 h and treated with: (a) no compounds, (b) 0.65 lM paclitaxel, (c) 1 nM 7, (d) 1 nM 7 in the presence of 0.65 lM paclitaxel, (e) 1 nM 7 for 18 h and


then 0.65 lM paclitaxel, and (f) 0.65 lM paclitaxel for 18 h and then 1 nM 7. Bar = 5 lm at 100·.
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In summary, 1 and its 17-O-alkyl derivatives at a very
low dose (1 nM) enhanced the survival and neurite out-
growth of P19-derived neurons, similar to the effect of 1
on cultured dorsal root ganglion sensory neurons from
chick embryos.4 In contrast, the 17-alkylamino and
17,19-dialkylamino derivatives at the same dose caused
neurotoxicity on the P19-derived neurons. The present
results strongly suggest that 19-O-methylgeldanamycin
(7), which has dramatically wide therapeutic index be-
tween neuroprotective and neurotoxic activities, remains
the most promising for further development into neuro-
degenerative therapy against neurotoxic anticancer
agents.
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Abstract—The following account describes our systematic effort to replace one of the carboxylate groups of our diacid thiophene
PTP1B inhibitors. Active hits were validated using enzymatic assays before pursuing efforts to improve the potency. Only when the
C2 carboxylic acid was replaced with another ionizable functional group was reversible and competitive inhibition retained. Use of a
tetrazole ring or 1,2,5-thiadiazolidine-3-one-1,1-dioxide as a carboxylate mimetic led to the discovery of two unique starting series
that showed improved permeability (PAMPA) and potency of the order of 300 nM. The SAR from these efforts underscores some of
the major challenges in developing small molecule inhibitors for PTP1B.
� 2007 Elsevier Ltd. All rights reserved.

Protein tyrosine phosphatase 1B (PTP1B) plays a criti-
cal role in the signal transduction of both insulin and
leptin pathways.1–4 As a therapeutic target, PTP1B has
received considerable attention from the drug industry
as a potential treatment for diabetes mellitus.5 Two-
independent studies demonstrated that PTP1B deficient
mice show greater insulin sensitivity, prolonged insulin
receptor autophosphorylation, and maintained lower
glucose and insulin levels.6,7 More recently, anti-sense
oligonucleotides (ASOs) have been shown to effectively
block PTP1B activity in vivo to control glucose levels
and promote insulin sensitivity in ob/ob mice.8 ASOs
were also found to prolong the lives of Zucker rats with
diabetes further validating PTP1B as a potential thera-
peutic target.9


Designing phosphate mimetics with desirable drug-like
properties has been a significant challenge. Most of the
reported competitive, reversible PTP1B inhibitors have
polar, charged phosphate mimetics such as O-carb-
oxymethyl salicylic acids,10 2-(oxalylamino)-benzoic
acids,11 diaryloxamic acids,12 difluoro-b-ketophospho-
nates,13 fluoro O-malonyltyrosines,14 cinnamic acids,15


oxa-acetic acids,16 difluoromethylphosphonates,17–19
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and sulfotyrosines.20 While potency has been achieved
for many of these phosphate bioisosteres, the cell perme-
ability has been compromised significantly in most
cases. Several groups have reported the acid replacement
and acid mimetics approaches in an effort to improve
the PK of their lead series. Replacing the carboxylate
group of O-carboxymethyl salicylic acid with a tetra-
zole21 led to improvements in membrane permeability.
Burke and coworkers investigated the use of monocarb-
oxy-phosphotyrosine mimetics leading to a series with
poor to moderate potency.22 Abbott has reported a
(2-hydroxyphenoxy) acetic acid based phosphotyrosyl
mimetic linked with a previously optimized ligand which
resulted in a Caco-2 cell permeable albeit less potent
PTP1B inhibitor.23 An extension of this work involved
the design of an isoxazole carboxylic acid with a single
negative charge. While this monoacid showed only mod-
erate potency (double digit micromolar), cell based
activity was detected as changes in the phosphorylation
levels in COS 7 cells.24 These examples illustrate the
challenges in developing a potent, drug-like PTP1B
inhibitor.


Our initial efforts combined high-throughput screening
(HTS) and structure based drug design to discover the
pyridylthiophene and benzothiophene series of PTP1B
inhibitors.25 Further medicinal chemistry effort on these
scaffolds culminated in the discovery of a thiophene



mailto:bfollows@wyeth.com





X S


O
OH


O


HO
O


1, X = C
2, X = N


S


O
OH


O


HO
O


Br


R1


N
S


O


O


R2 =3 4 5
H NHR2 OR2


3.2 0.005 0.024
R1


Ki (μM)


Scheme 1. Pyridylthiophene, benzothiophene, and thiophene series.


S


Br O


OH


O


H
N


NS
O


O


S


Br O


OH


O


H
N


NS
O


O


O
OH


4, Ki = 5 nM


6, Ki = > 2500 μM


C3


C2


Scheme 2. Potency loss from cleaving C3 carboxylate group.


SBr


Br OH


O
a


SBr


Br O


O


OMe


R1


i. c,
ii. b


7
OMe


f, g


SBr


Br O


O


OMe


O
OR2


h, b


SBr


Br O


OH


O
17, R2 = NHR3


18, R2 = NHOH
19, R2 = OH


15, R2 = tBu
16, R2 = H


O
R2


8


Scheme 3. Reagents and condition: (a) RCH2Br, K2CO3, DMF, 85–95%; (b)


45%; (e) OsO4, NMO, THF–H2O, 15%; (f) tert-butylbromoacetate, K2CO3, D


90–99%.


2914 Z.-K. Wan et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2913–2920

series as potent PTP1B inhibitors.26 While our goal of
achieving high potency had been met, we anticipated
compromised permeability associated with the polar
head group and therefore embarked on a study to
replace one of the acid groups with an appropriate acid
mimetic Scheme 1.


Several key binding interactions between the diacid (3)
and PTP1B are evident from the co-crystal structure.26


The two acidic side chains, C2 and C3, extend into the
phosphate oxygen binding region of the catalytic site;
the C3 carboxylate oxygen and Arg221 form a critical
electrostatic interaction which is further strengthened
by several putative hydrogen bonds between the oxygen
atom of the carboxylate and the peptide backbone while
the C2 acid contacts Lys120 through a water mediated
electrostatic interaction.


The benzylsulfonamide side chain, appended to C5, im-
proved the potency of our PTP1B inhibitors by roughly
650-fold. We hoped that this improved affinity would
compensate for the removal of an acid group. However,
in a preliminary experiment, removing the C3 carboxylate
group (4–6, Scheme 2) led to a complete loss in activity.
This finding exemplified the significance of the interac-
tion between the C3 carboxylate group of our scaffold
and the catalytic site of PTP1B.


We began our synthetic efforts by exploring a mimetic
for the C3 carboxylate group. In the second phase, we
focused on probing acid replacement groups for the
C2 carboxylate group.


The C3 analogs were prepared from alkylation of
the hydroxyl group of methyl 4,5-dibromo-3-hydroxy-
thiophene-2-carboxylate 7 (Scheme 3). The strategy
of incorporating 1,2,5-thiadiazolidine-3-one-1,1-dioxide
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heterocycle into our scaffold was inspired by previously
reported work (Scheme 4).27 The acetate protecting
group was introduced in the first step. The tailpiece
was introduced through a cross coupling step with
3-aminophenyl boronic acid followed by a reductive
amination with a ketone (22–23). Under basic condi-
tions, the methyl ester was hydrolyzed, the resulting acid
was lost as carbon dioxide, and the acetate group was
cleaved to give amino thiophene 24. Interestingly, the
de-carboxylation step could not be performed on sub-
strate 20, presumably due to the donating effect of the
3-amino group. Amine 24 was alkylated with methyl-
bromoacetate and then treated with chlorosulfonyl iso-
cyanate in the presence of tert-butanol to afford 25a–i.
Subsequent treatment of 25a–i with TFA to cleave the
Boc group followed by treatment with NaH to induce
cyclization of the ring provided the desired analogs
26a–i.


The preparation of the C2 analogs is shown in Schemes
5 and 6. The analogs in Scheme 5 were synthesized from
either the de-carboxylated intermediate 34 or from the
C3 methyl ester 27, an intermediate prepared by treat-
ment of the diacid 11 with dilute sulfuric acid in metha-
nol. Acidic esterification of the C3 acid 19 enabled
selective activation of the C2 acid in the preparation
of these C2 analogs. Scheme 6 shows the preparation
of heterocycles at C2.


A variety of C3 and C2 analogs were tested as potential
inhibitors of the PTP1B enzyme (Tables 1 and 2). The
C3 position, corresponding to the phosphate-binding re-
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gion of the enzyme active site, proved most sensitive, as
most of the C3 analogs had no activity (>2500 lM).
Efforts to modify the C2 position led, in many instances,
to complete losses in activity with the exception of three
analogs: allylthiophene 40, morpholine amide 30c, and
tetrazole 47 (165, 210, and 430 lM, respectively).28


Replacement of both acids with a thiazolidine heterocycle,
26a, revealed a more promising result with Ki =
18 lM. With the active C2 and C3 analogs in hand,
we directed our next effort toward validating these
inhibitors.


The active compounds were tested for enzyme reversibil-
ity (Rev) and enzyme concentration dependence ([E]).
In the first validation assay, PTP1B and the inhibitor
were incubated, diluted 10-fold, and then the enzymatic
activity was assessed. Typically, inhibition due to an
irreversible process displayed partial or reduced recov-
ery of enzymatic activity. In the second assay, the IC50


was measured at two separate concentrations of PTP1B,
10 and 100 nM. As expected, well-behaved inhibitors
showed virtually no change in activity at the two enzyme
concentrations, while inhibitors that operate through
aggregation, non-specific binding or through an impu-
rity,32 show enzyme concentration dependence. Use of
these assays provided a means of validating the hits
and eliminating undesired inhibitors. Analogs 47 and
26a showed reversible inhibition as well as no enzyme
concentration dependence. The morpholine analog 30c
and allyl thiophene 40 were irreversible and displayed
enzyme concentration dependence. Hydroxy ketone 33
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Table 2. C2 acid-mimetic analogs37
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from this core were also irreversible and enzyme concen-
tration dependent.


With compounds 47 and 26a validated, we set out to im-
prove their potencies using some of the side chains dis-
covered in a previous effort.25,33 The results are shown
in Table 3. Substitution on the thiadiazolidine scaffold
resulted in modest improvements in potency where the
most active analog had a Ki = 1.7 lM (26f). Substitution
on the tetrazole scaffold had a greater impact on the po-
tency where meta-substituted cyclic compounds such as
49d and 49e showed 15- and 160-fold improvements,
respectively. The benzylsulfonyl amide 49g was the most
potent inhibitor with a Ki = 300 nM.


Both tetrazole 49g and thiadiazolidine 26c have been
crystallized with PTP1B (Figs. 1 and 2). The WPD
loop is in the closed conformation similar to the mode
shared by many other PTP1B inhibitors reported in the
literature.10 The key interactions highlighted by the co-
crystal structure of the tetrazole acid with PTP1B are
maintained: the thiophene core is anchored to the A
site via electrostatic interactions between the C3 acid
and the Arg residue and the tetrazole ring interacts
with the Lys120. The key interactions of 26c indicate
that the sulfonyl oxygen atoms interact with Arg221
and Lys 120.







Table 4. PAMPA values for selected tetrazoles and TDDs; PAMPA = Pe · 10–6 s/cm; R1 = cyclic benzylsulfonamide shown in Table 3
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Table 4 shows the PAMPA34,35 permeability data for
some of the best compounds selected from each series.
A direct comparison of these compounds has some lim-
itations, as other structural changes are present. Note
that 5 and 49h have oxygen atoms connecting the piper-
idine sulfonamide group to the phenyl ring groups and
the C4 position varies from methyl, to chloro to bromo.
Despite these differences, some interesting observations
between the series can be made. None of the diacids
had PAMPA values above 0.0, whereas a number of
tetrazoles showed moderate permeability and the thi-
adiazolidines, in general, showed improvements over

the tetrazoles. Thus, an overall permeability of the series
based on PAMPA data gives the following trend:
thiadiazolidine > tetrazole > diacid.


The SAR in this study underscores the challenge in
designing ligands for phophatase targets. The polar rec-
ognition elements required for the ligand to bind with
high affinity for the active site often have poor perme-
ability and consequently limited bioavailability. As
shown in the SAR tables of the C2 and C3 analogs,
replacement of either acid with a neutral functional
group or even groups designed to replace the electro-







Figure 1. Tetrazole 49g in the PTP1B active site (PDB code: 2NT736).


Figure 2. X-ray co-crystal structure of sulfonyl urea 26c with PTP1B


(PDB code: 2NTA36).
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static interactions of the acid functional group led to
dramatic losses in potency (Ki > 2500 lM). Several com-
pounds including the morpholine amide 30c and allyl
thiophene 40 initially looked promising, however,
detailed enzymology studies of each analog revealed
distinct characteristics consistent with non-classical
inhibition. Ultimately, potency was maintained when
the C2 or C3 groups in our scaffold were replaced with
an ionizable group, the tetrazole ring or the thiadiazoli-
dine ring. Both templates were shown to give improve-
ments in permeability based on PAMPA. Further
experiments with these two series will be reported in
due course.
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Abstract—The synthetic entry to new classes of dual fXa/thrombin and selective thrombin inhibitors with significant oral bioavail-
ability is described. This was achieved through minor modifications to the sulfonamide group in our potent and selective fXa
inhibitor (E)-2-(5-chlorothien-2-yl)-N-{(3S)-1-[(1S)-1-methyl-2-(morpholin-4-yl)-2-oxoethyl]-2-oxopyrrolidin-3-yl}ethenesulfonamide
and these observed activity changes have been rationalised using structural studies.
� 2007 Elsevier Ltd. All rights reserved.

Factor Xa (fXa) and thrombin are key enzymes in the
coagulation cascade, and, in the search for orally active
anticoagulants with improved efficacy/safety profiles,
selective inhibitors of these enzymes are being exten-
sively investigated.1 As trypsin-like serine proteases,
these enzymes exhibit a preference for basic groups to
bind in their primary specificity (S1) pockets. First gen-
eration inhibitors incorporated a highly basic P1 group
(e.g., benzamidine) to facilitate binding to Asp189 at
the base of the pocket and whilst such compounds can
possess high affinity, they generally suffer from poor oral
pharmacokinetic profiles.


We recently reported a novel non-basic series of
N-{(3S)-1-[(1S)-1-methyl-2-morpholin-4-yl-2-oxoethyl]-2-
oxopyrrolidin-3-yl}sulfonamides with different P1
groups as orally active fXa inhibitors.2 This series ex-
ploits an alternative interaction in S1, specifically that
between an aryl chloride and Tyr228,3 and the (E)-2-
(5-chlorothien-2-yl)ethenyl analogue 1 was identified as
a candidate for further evaluation.2b


Compound 1 is a potent fXa inhibitor with good selec-
tivity (90-fold) against thrombin, and shows both good

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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anticoagulant activity and promising oral pharmacoki-
netic profiles in both the rat and the dog.2b Interestingly
and unexpectedly, while investigating close structural P1
analogues of 1, we have now found that the correspond-
ing saturated analogue 2 is a potent, selective thrombin
inhibitor, whereas the corresponding 5-(chlorothien-2-
yl)prop-1-enyl analogue 3 is a potent dual inhibitor of
fXa and thrombin.4 We report here the initial biological
profiles of these novel compounds. Furthermore, from
X-ray structural information on their binding modes
in fXa and thrombin we discuss insights gained of the
factors governing their different enzyme inhibitory
profiles.


Compounds 2 and 3 were synthesized as shown in
Scheme 1. The key intermediate amine 4, prepared from
N-CBZ-LL-methionine by the previously described five-
step procedure,2b was readily converted into the second-
ary sulfonamides 1–3 by sulfonylation with appropriate
sulfonyl chlorides, RSO2Cl. Alternatively, 2 could be de-
rived from 1 by catalytic hydrogenation.


(E)-2-(5-Chlorothien-2-yl)ethenesulfonyl chloride was
prepared by the literature route,3a whilst sulfonyl chlo-
rides 5 and 6 were generated as shown in Scheme 2.5a


2-(5-Chlorothien-2-yl)ethanesulfonyl chloride 5 was
readily derived from 2-(5-chlorothienyl)ethanol5b by con-
version into the corresponding bromide and sequential
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Table 2. Selectivity profiles of compounds 1–3 expressed as IC50 values


(nM) against other trypsin-like serine proteasesa


Compound aPC Plas Tryp Kall tPA


1 >20,000 >158,000 >158,000 15,800 >25,100


2 >25,100 >25,100 >25,100 >25,100 >25,100


3 >25,100 20,000 >25,100 5010 5010


a IC50 values (nM) from fluorogenic assays for all compounds. aPC,


activated protein C; Plas, Plasmin; Tryp, Trypsin; Kall, Kallikrein;


tPA, tissue plasminogen activator.


Table 3. Pharmacokinetic parameters of 1–3 in male Sprague–Dawley


rats following intravenous and oral administration9


Compound t1/2
a


(h)


Clpb


(ml/min/kg)


Vss
c


(L/kg)


Fd


(%)


1 0.7 8 0.3 75


2 0.3 28 0.8 31


3 0.3 21 0.4 32


a t1/2, half-life of the test compound expressed in hours.
b Clp, plasma clearance of the test compound expressed as mL/min/kg.
c Vss, steady state volume of distribution of test compound expressed as


L/kg.
d F, oral bioavailability of test compound expressed as percentage.


Table 4. Pharmacokinetic parameters of 1–3 in femalee Beagle dogs


following intravenous and oral administration9


Compound t1/2
a Clpb Vss


c Fd
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reaction with sodium sulfite and phosphorus oxychloride.
(1E)-2-(5-Chlorothien-2-yl)prop-1-ene-1-sulfonyl chlo-
ride 6 was prepared from 2-acetyl-5-chlorothiophene by
reaction with the lithiated anion of ethyl methanesulfo-
nate followed by acid-catalysed dehydration of the
derived alcohol and conversion of the resultant prop-1-
ene-1-sulfonate ester into 6 via an adaptation of literature
methods.6


In contrast to the potent, selective fXa inhibitor 1, the
saturated analogue 2 is a selective thrombin inhibitor
whereas the related (E)-2-(5-chlorothien-2-yl)prop-1-
enyl derivative 3 is a potent dual inhibitor of these en-
zymes. All three compounds possess good plasma-based
activities in both the PT and aPTT assays (Table 1) and
excellent selectivities against other trypsin-like serine
proteases tested (Table 2).


We have reported previously that 1 showed encouraging
pharmacokinetic profiles in rat and dog with high oral
bioavailabilities in both species.2b Pharmacokinetic
studies with 2 and 3 also revealed encouraging profiles

Table 1. fXa and thrombin inhibitory activities7 and anticoagulant


potency8 for compounds 1–3


Compound fXa


Ki (nM)


Thr


Ki (nM)


1.5· PT


(lM)


1.5· aPTT


(lM)


1 4 367 1.2 1.3


2 154 17 2.6 1.6


3 2 2 0.54 0.32

for these analogues with good oral bioavailabilities in
these species (Tables 3 and 4).


These profiles made 2 and 3 attractive starting points for
programmes of work directed towards novel series of
orally active thrombin or dual thrombin/fXa inhibitors,
respectively. Indeed, whilst other series of dual throm-
bin/fXa inhibitors have recently been described,4 the
profile of the novel, non-basic, inhibitor 3 is the first
example of a potent dual inhibitor exhibiting similar
potencies against each enzyme coupled with promising
oral pharmacokinetic profiles in preclinical species.


Structural studies were undertaken with these com-
pounds to provide insight into the basis of the highly
interesting differences in enzyme activities and to facili-
tate a rational programme of structure-based design to
exploit these fascinating results.


An X-ray crystal structure of 1 bound into fXa confirmed
the expected binding mode for this class of inhibitors2b


with the molecule unambiguously fitted to the Fo � Fc


electron density map.10 Thus, the chlorothienyl group is

(h) (ml/min/kg) (L/kg) (%)


1 1.2 4.6 0.4 53


2 0.5 13 0.5 38


3 0.6 5.7 0.3 48


a t1/2, half-life of the test compound expressed in hours.
b Clp, plasma clearance of the test compound expressed as mL/min/kg.
c Vss, steady state volume of distribution of test compound expressed as


L/kg.
d F, oral bioavailability of test compound expressed as percentage.
e Data on compound 1 were generated in male dogs.
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located in S1 where the chlorine atom makes the key
interaction with Tyr228. The pyrrolidinone carbonyl
group makes a conserved water-mediated interaction
with Ser214 and the morpholine–alanylamide group fits
into the S4 pocket formed by Phe174, Tyr99 and Trp215
(Fig. 1).


Similarly, an X-ray crystal structure of 1 complexed
with thrombin revealed similar binding interactions for
the P1 group and the carbonyl group of the central tem-
plate although the sulfonamide is in a slightly altered
position. In contrast, the P4 group adopts a different ori-
entation and the morpholine ring occupies the S2 pocket
formed by the 60’s loop and S3 is unoccupied (Fig. 2).
The S3 pocket, whilst lined by different residues, is avail-
able for binding so this different binding mode was
unanticipated.11 Significantly, the pendant alanine-de-
rived methyl was orientated towards the S3 pocket,
which provided a clear impetus for exploring larger
substituents likely to enhance thrombin activity.5b


To determine whether this new binding mode occurred
for all three compounds in thrombin the complex struc-
tures of 2 and 3 were determined.11 The structures

Figure 1. X-ray crystal structure of 1 complexed with fXa.10


Figure 2. X-ray crystal structure of 1 complexed with thrombin.11


Compound 1 bound to fXa (protein superposed) is shown in thin lines


for reference.

showed that all three compounds bind to thrombin with
an identical binding mode to 1 (Fig. 3a). The pairwise
RMSD between 1 and the other two inhibitors (con-
served atoms) bound in thrombin having superposed
the protein is 0.2 Å (2) and 0.3 Å (3) with a maximum
distance between equivalent atoms of only 0.4 Å (for
one of the carbon atoms in the morpholine ring). Since
the binding modes are identical it seemed plausible that,
the difference in thrombin inhibitory activity for the
three compounds could be due to the conformational
preference of the 5-chlorothienyl-based sulfonamides.
Ab initio calculations using model systems for 1, 2 and
3 have clearly indicated that this is the case.11


It was noted that the position of the sulfonamide is dif-
ferent in the complex structures of 1 in fXa and throm-
bin (Fig. 2). This difference in position results in a
different conformation of the 5-chlorothienyl-ethenyl
group in fXa compared to thrombin. The results from
the previously mentioned ab initio calculations11 can
be applied to this different conformation of 1 in fXa
where the torsion angle (C@C)–(S@O) is approximately
110�. Assuming the binding mode for all three com-
pounds remains the same, 1 and 3 are predicted to have
energetically favourable conformations whilst there
would be a significant energy penalty for the bioactive
conformation of 2. This might be expected to result in
fXa inhibitory activities for 1 and 3 to be improved com-
pared to 2 and this is in fact what is observed (Table 1).


This analysis is based on the assumption that the com-
pounds maintain the same binding modes in fXa. The
complex structures of 2 and 3 were undertaken to deter-
mine whether this was in fact the case. 2 was observed to
bind to fXa in the same binding mode as 1. RMSD cal-
culated between 1 and 2 with protein atoms superposed
is 0.4 Å. The binding mode of 3 in fXa, however, was
seen to be different to that of 1 and 2 at the sulfonamide.
Thus, whilst the chlorine atom interacts with Tyr228,
and the central pyrrolidinone template and morphol-
ine–alanylamide group make interactions analogous to
those seen in the complex of 1 with fXa, the sulfonamide

Figure 3. Superposition of protein bound molecules. (a) Superposition


of 1 (grey), 2 (brown) and 3 (orange) in thrombin. (b) Superposition of


1 (thin grey), 2 (brown) and 3 (thick grey) in fXa.
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adopts a conformation similar to that observed for all
three compounds in thrombin (Fig. 3). As was seen for
thrombin this alternate conformation is also energeti-
cally favourable. The additional atom in this molecule
compared to 1 and 2 also results in additional non-spe-
cific interactions in the S1 pocket.


In summary, close analogues of the potent selective fXa
inhibitor 1 have been identified as a potent and selective
thrombin inhibitor 2 and potent dual inhibitor of fXa
and thrombin 3; both show excellent plasma-based
activities and promising oral pharmacokinetic profiles
in both the rat and the dog. The binding modes of all
three compounds in fXa and thrombin have been unam-
biguously determined from X-ray crystallographic stud-
ies and these have provided insights into factors
affecting their different selectivity profiles. The further
evaluation of 2 and 3 and exploitation of these findings
will be reported in future publications.
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Jean-Louis Montero,a Daniela Vullo,c Andrea Scozzafava,c


Bernard Masereelb and Claudiu T. Supuranc,*
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Abstract—A series of aromatic/heterocyclic sulfonamides incorporating 2,3:4,5-bis-O-(isopropylidene)-b-DD-fructopyranosyl-thioure-
ido moieties has been synthesized and assayed for the inhibition of seven human isoforms of the zinc enzyme carbonic anhydrase
(hCA, EC 4.2.1.1). The new derivatives behaved as weak hCA I inhibitors (KIs of 9.4 �13.3 lM), were efficient hCA II inhibitors
(KIs of 6–750 nM), and slightly inhibited isoforms hCA IV and hCA VA. Only the sulfanilamide derivative showed efficient and
selective inhibition of hCA IV (KI of 10 nM). These derivatives also showed excellent hCA VII inhibitory activity (KIs of 10–
79 nM), being less efficient as inhibitors of the transmembrane isoforms hCA IX (KIs of 10–4500 nM) and hCA XIV (KIs of
21–3500 nM). Two of the new compounds showed anticonvulsant action in a maximal electroshock seizure test in mice, with the
fluorosulfanilamide derivative being a more efficient anticonvulsant than the antiepileptic drug topiramate.
� 2007 Elsevier Ltd. All rights reserved.

Several carbonic anhydrase (CA, EC 4.2.1.1) isoforms
are known to be present in the vertebrate central ner-
vous system (CNS), being located in various cell popula-
tions, where they play a variety of functions.1,2 For a
long time, the ubiquitous, catalytically superefficient iso-
form CA II was reported to be the only isozyme within
this organ.1 Recently, many other such isoforms of the
16 actually known in vertebrates3–5 have been demon-
strated to be present in the brain, being located in pre-
cise regions of this organ, and playing critical
physiological functions, some of which started to be
understood only in the last period (Fig. 1).6–11 Thus, epi-
thelial cells of the choroid plexus possess CA II, III, XII,
and the acatalytic CA related protein (CARP) VIII and
CARP XI. CA IV is located in endothelial cells of blood
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vessels. Astrocytes express both CA V and CARP XI,
whereas CARP X is present in the myelin sheath. CA
II is also expressed in oligodendrocytes, whereas neu-
rons contain CA II, CA V, CA VII, XIV, and CARP
XI. The presence of CA III and CA XII was demon-
strated in the rat, whereas CARP X, XI, and CA XIV
were observed in the mouse.6–11 In situ hybridization
in rat hippocampal pyramidal has demonstrated a steep
increase in intrapyramidal CA VII expression at around
postnatal day 12. This developmental expression pro-
motes excitatory responses evoked by intense GABAer-
gic activity.11 It should be mentioned that CA VII is the
unique isoform present only in the CNS.11 Various
physiological roles are attributed to mammalian CAs
in the brain such as fluid and ion compartmentation,12


formation of cerebrospinal fluid,1 regulation of its pH
and ionic constituents,1,11 epileptogenesis,1,13 regulation
of GABAergic signaling,11 respiratory response to car-
bon dioxide,14 generation of bicarbonate for biosyn-
thetic reactions,15 proliferation, and differentiation.10
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Figure 1. Schematic localization of CA isozymes in the choroid plexus within CNS. Epithelial cells of the choroid plexus possess CA II, III, XII, and


CARP VIII and XI. CA IV is located in endothelial cells of blood vessels. Astrocytes express both CA V and CARP XI; CARP X is present in the


myelin sheath. CA II is also expressed in oligodendrocytes. Neurons contain CA V, XIV, and CARP XI. The presence of CA III and CA XII was


demonstrated in the rat, whereas CARP X, XI, and CA XIV were observed in the mouse. For all the other isozymes, experiments were done both in


the rat and the mouse.6–11 CA VII is only found in intrapyramidal neurons which have no projections in the choroid plexus.11
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Acetazolamide AZA and structurally related sulfona-
mides known as potent CA inhibitors (CAIs) do show
anticonvulsant activity in humans.16,17 Consequently,
acetazolamide was approved in 1953 for the treatment
of epilepsy.17 This drug is primarily used in combina-
tion therapy with other antiepileptic medications, being
also employed in the management of partial, myo-
clonic, absence and primary generalized tonico–clonic
seizures in refractory epilepsy.1,17 However, CAI sul-
fonamide derivatives do not generally provide effective,
long-term benefits to epileptic patients, leading to the
development of tolerance and subsequent lack of clini-
cal efficacy.17 The recent discovery that some widely
used, newer antiepileptic drugs such as topiramate
TPM18 and zonisamide ZNS19 also act as effective
inhibitors of several CA isozymes specifically expressed
in the brain stimulated further research for the devel-
opment of CAIs as novel anticonvulsants (possibly act-
ing on refractory epilepsy), and characterized by fewer

side-effects as compared to the conventional antiepilep-
tic drugs.20–22

Considering the interesting CA inhibitory properties of
topiramate18 and its sulfamide analogue recently investi-
gated by this group,22 which is the first derivative show-
ing decreased inhibition of the ubiquitous isozyme CA II
(due to a clash between a methyl group of the inhibitor
and the methyl of Ala65 from the CA II active site),22 we
report in this paper the synthesis of a series of deriva-
tives incorporating the protected fructopyranose moiety
present in topiramate. This tail has been attached to the
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scaffold of aromatic/heterocyclic sulfonamides23 by
means of the thioureido functionality, shown earlier to
lead to potent CAIs belonging to several classes.24 The
new derivatives reported here were thus designed for
two purposes: (i) to evidence possible compounds with
selectivity toward some isozymes with medicinal chemis-
try applications (such as among others CA II—the tar-
get of anticonvulsant and antiglaucoma drugs,23 CA
VA—the target of antiobesity CAIs,15 CA VII—a possi-
ble target of anticonvulsants;21a CA IX—the validated
target for the design of antitumor sulfonamide inhibi-
tors,25 or CA XIV,26 an isoform whose physiologic func-
tions are less understood, but which is abundant in the
brain1,2); and (ii) to verify whether the presence of the
derivatized fructopyranose tail (of TPM) present in
these new CAIs may lead to possible anticonvulsant
activity. In fact the mechanism of anticonvulsant action
of topiramate is not well understood at this moment.27 It
is assumed that the drug shows a multifactorial mecha-
nism, involving among others: blockade of Na+ chan-
nels and kainate/AMPA receptors,1 enhancement of
GABAergic transmission,27 and CA inhibition.18,22 In
fact topiramate (in micromolar concentrations) shows
a positive modulatory effect on some types of GABA-
A receptors, antagonizes kainate/AMPA receptors,
and inhibits the generation of action potentials in neu-
rons via antagonizing the activation of Na+ channels.27


The thiourea derivatives reported here were prepared
starting from the amine 1 obtained as previously
described.22 The amine 1 was either transformed to the
corresponding isothiocyanate 2 (by reaction with
thiophosgene)28 and then converted to thiourea 3 by
reaction with 4-aminoethylbenzenesulfonamide28
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Scheme 1. Preparation of derivatives 2–9 described in the paper.

(Scheme 1), or was reacted with a series of aromatic/
heterocyclic sulfonamide isothiocyanates,28 leading thus
to thioureas 4–9 in good yields (Scheme 1).29 All these
derivatives were extensively characterized by NMR
spectroscopy and MS, their structures being thus
confirmed.29


Sulfonamides 3–9 reported in the present paper were as-
sayed for the in vitro inhibition of seven physiologically
relevant human CA (hCA) isoforms, that is, the cyto-
solic hCA I, II, and VII; the membrane-associated
isozyme hCA IV, the mitochondrial one hCA VA, as
well as the transmembrane isoforms hCA IX and XIV
(Table 1). Inhibition data of the standard sulfonamide/
sulfamate CA inhibitors acetazolamide and topiramate
are also provided for comparison in Table 1.30


The following should be noted regarding the inhibition
data of Table 1: (i) against the kinetically slow cytosolic
isoform hCA I, all the sulfonamides 3–9 reported here
showed a modest inhibitory activity, with KIs in the
range of 9.4–13.3 lM, being thus weaker inhibitors than
AZA and TPM (KIs of 250 nM). This behavior is typi-
cal for many sulfonamides possessing a rather bulky
scaffold,24b and is due to the fact that the active site cav-
ity of hCA I is smaller as compared to that of isozymes
hCA II, VII, IX, and XII among others, because of the
presence of two extra His residues (i.e., His200 and
His67), characteristic only to this isozyme;31 (ii) the
physiologically ubiquitous and highly relevant isoform
hCA II was on the other hand well inhibited by most
of these compounds. Indeed, derivatives 3 and 6–9 were
quite effective inhibitors, with KIs in the range of
6–11 nM, similarly with the clinically used drug AZA
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Table 1. Inhibition of cytosolic isozymes hCA I, II, and VII, membrane-bound isoform hCA IV, mitochondrial isoform hCA VA, and


transmembrane isozymes hCA IX and hCA XIV with acetazolamide AZA, topiramate TPM, and the new sulfonamides 3–9


Isozymes KI
* (nM)


AZA TPM 3 4 5 6 7 8 9


hCA Ia 250 250 10700 11000 10200 12300 11000 13300 9400


hCA IIa 12 10 10 62 750 11 6 8 9


hCA IVb 74 4900 850 10 30700 1040 43700 670 89300


hCA VAc 63 63 39800 43000 122 940 710 1040 850


hCA VIIa 2.5 0.9 24 41 79 18 10 23 25


hCA IXd 25 1590 10 82 4500 134 110 11 76


hCA XIVc 41 1460 2350 1320 3500 630 540 800 21


a Human, recombinant isozymes.
b Human truncated (�20 aminoterminal residues) recombinant isozyme.
c Full length human recombinant isozyme.
d Catalytic domain of human, cloned isoform.20–26


* Errors in the range of 5–10% of the shown data, from three different assays, by a CO2 hydration stopped-flow assay.30
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and TPM (KIs of 10–12 nM), one compound (4) was a
moderate inhibitor (KI of 62 nM), whereas derivative 5
was a weak inhibitor (KI of 750 nM). SAR is thus rather
clear: the sulfanilamide (in 4) and metanilamide (in 5)
heads to which the topiramate–thioureido tail has been
attached lead to moderate-weak inhibitors, whereas all
other derivatives incorporating halogenosulfanilamide
(6 and 7), 4-aminoethylbenzenesulfonamide (3) or sulfa-
nylated–sulfonamide (in 8 and 9) heads led to a rather
similar behavior, of very potent inhibitors. Topiramate
is known to bind in a compact manner to the hCA II ac-
tive site,18 coordinating to the Zn(II) ion by means of
the deprotonated sulfamate nitrogen, and making an ex-
tended network of seven hydrogen bonds with amino
acid residues Asn62, Gln92, Thr199 and Thr200, and
several water molecules (as well as many favorable van
der Waals contacts with various amino acid residues
from the active site). In this way, the entire bottom of
the active site cavity of hCA II is filled by the inhibitor
molecule.18 Derivatives 3–9 reported here possess the
derivatized fructopyranose tail of topiramate connected
to the sulfonamide scaffold in such a way that the inter-
actions mentioned above cannot occur. However, prob-
ably other favorable binding modes can be assured
between the inhibitor scaffold and the enzyme active
site,22 explaining thus the very good inhibitory activity
manifested by most of these compounds (i.e., derivatives
3 and 6–9). On the other hand, the metanilamide head is
known to generally lead to weaker hCA II inhibitors by
the tail approach derivatization,23 as compared to other
para-substituted-benzenesulfonamide derivatives, prob-
ably due to steric constraints related to the meta position
between the sulfonamide moiety and the remaining part
of the organic scaffold; (iii) against the membrane-asso-
ciated isoform hCA IV, only one compound, the sulfa-
nilamide derivative 4, showed very effective inhibition,
with a KI of 10 nM, whereas all other compounds inves-
tigated here were ineffective inhibitors, with KIs in the
range of 670 nM–43.7 lM. It has been in fact shown
by us earlier that hCA IV is less inhibited by many clin-
ically used sulfonamides/sulfamates as compared to the
corresponding bovine isozyme, bCA IV.32 However,
we must note that compound 4 is the first derivative ever
reported—as far as we know—showing selectivity for
inhibiting hCA IV over the sulfonamide-avid isozyme

hCA II. Indeed, the selectivity ratio (i.e., the ratio of
the corresponding inhibition constants) of this com-
pound for the inhibition of the membrane-bound iso-
form IV over the cytosolic isozyme II is of 6.2 (that of
acetazolamide is of 0.16 and of topiramate of 0.002)—
Table 1. This compound (see discussion later in the text)
is a moderate inhibitor of hCA VII (and II), it inhibits
rather well CA IX, being a weak or very weak inhibitor
of isozymes I, VA, and XIV; (iv) the mitochondrial iso-
zyme hCA VA was also not well inhibited by the new
derivatives reported here (KIs in the range of 122 nM–
43 lM) as compared to acetazolamide and topiramate
which acted as good inhibitors (KI of 63 nM).
Surprisingly, the best hCA VA inhibitor was just the
metanilamide derivative 5 (KI of 122 nM) which be-
haved as a weak inhibitor of all other isoforms (except
hCA VII, see later in the text); (v) the brain-specific
cytosolic isozyme hCA VII was shown previously by
us to be highly susceptible to inhibition by aromatic/het-
erocyclic sulfonamides and by the sulfamate topira-
mate.21a The sulfonamides 3–9 reported here are no
exception to this rule, showing inhibition constants in
the range of 10–79 nM, being thus slightly less effective
than acetazolamide and especially topiramate (a subn-
anomolar hCA VII inhibitor).21a It must be observed
that similarly to hCA II, this isoform is also well inhib-
ited by most of these new derivatives, the best inhibitor
being the halogenosulfanilamide derivatives 6 and 7,
whereas the weakest one being the metanilamide deriva-
tive 5. However, the differences of inhibitory capacity
between these sulfonamides are much less accentuated
as compared to the case of hCA II, since the selectivity
ratio between the worst and the best inhibitor was of 7.9
for hCA VII, and of 125 for hCA II (Table 1); (vi) for
the tumor-associated transmembrane isozyme hCA IX,
a more diverse behavior of these new sulfonamides has
been observed. Thus, compounds 3 and 8 acted as very
efficient inhibitors (KIs of 10–11 nM), being thus much
more effective than the clinically used drugs AZA and
TPM. Derivatives 4 and 9 showed also effective inhibi-
tion (KIs of 76–82 nM), 6 was a moderate inhibitor (KI


of 134 nM), whereas 5, similarly to topiramate, a quite
weak hCA IX inhibitor (KIs of 1590–4500 nM); (vii)
against the transmembrane isoform hCA XIV again
only one compound (9) showed effective inhibitory
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power (KI of 21 nM, stronger than acetazolamide),
whereas all the new derivatives 3–8, similarly to topira-
mate, behaved as weak inhibitors (KIs in the range of
540–2350 nM) (Table 1). It may be thus stated that the
first goal of our research, that is, detection of com-
pounds with interesting activity and possibly selectivity
for some CA isozymes, has been fulfilled, since some
of these sulfonamides possess indeed a unique inhibition
profile against the seven physiologically relevant investi-
gated CA isozymes.


As topiramate was discovered by means of a maximal
electroshock seizure (MES) test,27a we decided to inves-
tigate compounds 3–9 reported here for their possible
anticonvulsant effects in mice (Table 2).33 The standard
drug topiramate TPM as well as two other widely used
antiepileptics possessing different mechanisms of action
as compared to topiramate, that is, phenytoine and car-
bamazepine, were also included in these tests for
comparison.


Data of Table 2 show that only one compound of the
small library of derivatives reported here possesses sig-
nificant anticonvulsant effects in mice. Indeed, the fluor-
osulfanilamide derivative 7 was more effective in
providing protection in the MES test than topiramate
(87.5% for 7, vs 68.75% for TPM) at a dose of 50 mg/kg,
the only other derivative with some activity being 8
(20% protection). All other new compounds reported
in the paper were devoid of anticonvulsant activity,
whereas the clinically used drugs phenytoine and car-
bamazepine provided a 100% protection from electro-
shock at a dose of 30 mg/kg. It may be observed that
7 is the best CA VII inhibitor (KI of 10 nM) after
TPM (and acetazolamide), being also an excellent CA
II inhibitor (KI of 6 nM).


In conclusion, a series of aromatic/heterocyclic sulfon-
amides incorporating 1-thioureido-2,3:4,5-bis-O-(iso-
propylidene)-b-DD-fructopyranosyl moieties has been

Table 2. Anticonvulsant results of several antiepileptic drugs (pheny-


toine, carbamazepine, and topiramate) and compounds 3–9 reported


in the paper, in mice, evaluated by the maximal electroshock seizures


(MES) test33


Compounda,b % of protected mice (n = 8)


Vehicle 0 (0/8)


Phenytoinec 100 (8/8)


Carbamazepinec 100 (8/8)


TPMd 68.75 (6/8)


3d 0 (0/8)


4d 0 (0/8)


5d 0 (0/8)


6d 0 (0/8)


7d 87.5 (7/8)


8d 20 (1/5)


9d 0 (0/8)


a All test compounds were suspended in an aqueous solution of 1%


Tween 80.
b The maximal electroshock test was carried out 2 h after ip adminis-


tration of the test compound.
c At 30 mg/kg.
d At 50 mg/kg.

synthesized by reacting sulfonamide isothiocyanates
with the amino precursor of topiramate. These deriva-
tives were assayed for the inhibition of seven human
isoforms of the zinc enzyme CA. The new derivatives
behaved as weak hCA I inhibitors (KIs of
9.4–13.3 lM), were efficient CA II inhibitors (KIs of
6–750 nM), and slightly inhibited isoforms hCA IV
and hCA VA. Only the sulfanilamide derivative showed
efficient and selective inhibition of CA IV (KI of 10 nM).
These derivatives also showed excellent hCA VII inhib-
itory activity (KIs of 10–79 nM), being less efficient as
inhibitors of the transmembrane isoforms hCA IX
(KIs of 10–4500 nM) and hCA XIV (KIs of
21–3500 nM). Two of the new compounds showed
anticonvulsant action in a maximal electroshock seizure
test in mice, with the fluorosulfanilamide derivative
being a more efficient anticonvulsant than the
antiepileptic drug topiramate.
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(m, 4H), 7.94 (s, 1H), 9.97 (s, 1H). MS, ESI+ m/z 474
(M+H)+, 496 (M+Na)+; ESI� m/z 472 (M-H)�.
1-[(3-Sulfamoylphenyl)-thioureido]-2,3:4,5-bis-O-(isopro-
pylidene)-b-DD-fructopyranose (5): 1H NMR (400 MHz,
DMSO d6) 1.28/1.37/1.47 (3 s, 12H), 3.41 (dd, 2H), 3.9 (m,
2H), 4.24 (d, 1H), 4.40 (s, 1H), 4.56 (d, 1H), 7.38 (s, 2H), 7.5
(m, 2H), 7.81 (m, 2H), 8.05 (s, 1H), 9.88 (s, 1H). MS
ESI+ m/z 474 (M+H)+, 496 (M+Na)+, 512 (M+K)+.
1-[(2-Chloro-4-sulfamoylphenyl)-thioureido]-2,3:4,5-bis-O
-(isopropylidene)-b-DD-fructopyranose (6): 1H NMR
(400 MHz, DMSO d6) d 1.28/1.38/1.39/1.48 (4s, 12H),
3.7 (dd, 2H), 3.9 (dd, 2H), 4.25 (d, 1H), 4.4 (d, 1H), 4.5 (d,
1H), 7.6 (m, 1H), 7.7 (dd, 1H), 7.8 (m, 1H), 8.23 (m, 1H), 8.6
(m, 1H), 9.64 (s, 1H). MS, ESI+ m/z 508 (M+H)+, 530
(M+Na)+; ESI� m/z 506 (M-H)�.
1-[(2-Fluoro-4-sulfamoylphenyl)-thioureido]-2,3:4,5-bis-O
-(isopropylidene)-b-DD-fructopyranose (7): 1H NMR
(400 MHz, DMSO d6) d 1.28/1.37/1.38/1.48 (4s, 12H),
3.7 (dd, 1H), 3.9 (dd, 1H), 4.25 (d, 1H), 4.40 (s, 1H), 4.57 (d,
1H), 7.43 (s, 2H), 7.60 (t, 2H), 8.38 (m, 2H), 9.64 (s, 1H). MS,
ESI+ m/z 492 (M+H)+, 514 (M+Na)+; ESI� m/z 490
(M-H)�.
1-[(4-(4-Sulfamoyl-benzylsulfamoyl)-phenyl)-thioureido]-
2,3:4,5-bis-O-(isopropylidene)-b-DD-fructopyranose (8): 1H
NMR (400 MHz, DMSO d6) d 1.28/1.37/1.48 (3s, 12H),
3.7 (dd, 2H), 3.9 (dd, 2H), 4 (s, s, 2H), 4.26 (d, 1H), 4.40 (d,
1H), 4.5 (d, 1H), 7.3 (s, 2H), 7.7 (m, 4H), 7.8 (m, 4H), 8 (m,
1H), 8.1 (t, 1H), 10 (s, 1H). MS, ESI+ m/z 643 (M+H)+;
665 (M+Na)+, ESI� m/z 641 (M-H)�.
1-[(4-(5-Sulfamoyl-[1,3,4]thiadiazol-2-ylsulfamoyl)-phenyl)-
thioureido-2, 3:4,5-bis-O-(isopropylidene)-b-DD-fructopyra-
nose (9): 1H NMR (400 MHz, DMSOd 6) d 1.26/1.35/1.46
(3 s, 12H), 3.66 (dd, 2H), 3.9 (m, 2H), 4.24 (d, 1H), 4.4 (d,
1H), 4.55 (d, 1H), 7.40 (d, 2H), 7.6 (m, 2H), 7.7 (d, 2H), 7.8
(m, 2H), 9.8 (m, 1H). MS, ESI+ m/z 637 (M+H)+; 659
(M+Na)+; 675 (M+K)+.


30. Khalifah, R. G. J. Biol. Chem. 1971, 246, 2561, An
Applied Photophysics stopped-flow instrument has been
used for assaying the CA catalyzed CO2 hydration
activity. Phenol red (at a concentration of 0.2 mM) has
been used as indicator, working at the absorbance
maximum of 557 nm, with 10 mM Hepes (pH 7.5) as
buffer, 0.1 M Na2SO4 (for maintaining constant the ionic
strength), following the CA-catalyzed CO2 hydration
reaction for a period of 5–30 s. The CO2 concentrations
ranged from 1.7 to 17 mM for the determination of the
kinetic parameters and inhibition constants. For each
inhibitor at least six traces of the initial 5–10% of the
reaction have been used for determining the initial
velocity. The uncatalyzed rates were determined in the
same manner and subtracted from the total observed
rates. Stock solutions of inhibitor (0.1 mM) were prepared
in distilled-deionized water/DMSO (3:1, v/v) and dilutions
up to 0.1 nM were done thereafter with distilled-deionized
water. Inhibitor and enzyme solutions were preincubated
together for 15 min at room temperature prior to assay, in
order to allow for the formation of the E–I complex. The
inhibition constants were obtained by non-linear least-
squares methods using PRISM 3, from Lineweaver–Burk
plots, as reported earlier,22 and represent the mean from at
least three different determinations. All recombinant
enzymes were obtained as described earlier.20–26,31,32


31. (a) Ferraroni, M.; Tilli, S.; Briganti, F.; Chegwidden,
W. R.; Supuran, C. T.; Wiebauer, K. E.; Tashian, R.
E.; Scozzafava, A. Biochemistry 2002, 41, 6237; (b)
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Temperini, C.; Scozzafava, A.; Supuran, C. T. Bioorg.
Med. Chem. Lett. 2006, 16, 5152.


32. Innocenti, A.; Firnges, M. A.; Antel, J.; Wurl, M.;
Scozzafava, A.; Supuran, C. T. Bioorg. Med. Chem. Lett.
2005, 15, 1149.


33. The compounds were tested for their anticonvulsant
activity by the maximal electroshock seizure (MES) test.
The experiments were carried out on male OF1 mice
(weighing 28–40 g, from Charles River Laboratories,
Belgium) after at least one-week acclimatization. All
experimental procedures applied in this study were con-
ducted at the University of Liège (Belgium) and were
approved by the Ethics Committee of the University of
Liège. The animals were housed under standard labora-
tory conditions (ambient temperature of 20 �C, natural
light–dark cycle). Tap water and pellets were freely
available before the experiment. Each experimental group
consisted of eight animals. The synthesized compounds
and the reference antiepileptic drugs (carbamazepine,

phenytoine, and topiramate) were suspended in an aque-
ous solution of 1% Tween 80 (Acros Organics) adminis-
tered intraperitoneally (ip) 2 h before the stimulation in a
standard volume of 3mL/kg at 30 mg/kg body weight dose
for phenytoine and carbamazepine and at 50 mg/kg body
weight dose for the other compounds. Control animals
received appropriated volumes of the solvent. Carbamaz-
epine and phenytoine were purchased from Acros Organ-
ics. Topiramate was purchased from Sigma. The
electroconvulsions were produced by a Hugo Sachs
generator (15 mA, 50 Hz, 500 V, 200 ms, Rodent Shocker
Type-221, Feiburg, Germany) and delivered via saline
moistened eye electrodes. A drop of Unicaine (oxybupro-
caine HCl 4 mg/mL, Théa Pharma, Belgium) is instilled in
the eye prior to application of the electrodes in order to
induce local anesthesia and ensure a good conductivity of
the electroshock current. Abolition of the hind-leg tonic
extension component of the seizure is defined as
protection.
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Abstract—A series of trans-2-alkyl-4-halopiperidines and 2-alkyl-4-halo-1,2,5,6-tetrahydropyridines were prepared by means of an
iron(III) catalyzed process. The in vitro antiproliferative activities were examined in the human solid tumor cell lines A2780 (ovarian
cancer), SW1573 (non-small cell lung cancer), and WiDr (colon cancer). The results on the biological activity revealed that, in
general, the 2-alkyl-4-halo-1,2,5,6-tetrahydropyridine analogs are more potent than the trans-2-alkyl-4-halopiperidine derivatives.
A remarkable selectivity of the aza compound 5f for the resistant cell line WiDr was observed. Cell cycle studies revealed a
G2/M phase arrest for 5f.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Heterocyclic marine scaffolds and antiproliferative activity


against the human solid tumor cell lines A2780 (ovarian), SW1573


(non-small cell lung), and WiDr (colon).

Marine organisms have proven to be an endless source
of novel biologically active natural products.1 In partic-
ular, marine secondary metabolites appear as promising
molecules for the development of anticancer drugs.2


Within our program directed at the development of
novel antitumor drugs based on heterocyclic scaffolds
from marine origin (Fig. 1), this type of compounds
has attracted our interest.3


A major drawback of marine compounds is the very low
amounts in which they are present in their natural
sources. This fact forbids the direct use of the marine
reservoir to isolate drugs to be used in chemotherapy.
Therefore, chemists are encouraged to develop high
yield synthetic methods to produce these compounds
in a limited number of chemical steps and in large quan-
tities. In our group, we have developed diverse method-
ologies for the synthesis of cyclic ethers.4 Of particular
interest is our approach to the synthesis of oxacycles
based on a one-pot Prins-type cyclization, which is pro-
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moted by the inexpensive and environmentally friendly
iron(III) chloride.5


In an effort to find more active analogs, we considered
azacyclic bioisosteres of the previously reported oxacy-
clic derivatives. Herein we report on the antiproliferative
activity of a set of 12 trans-2-alkyl-4-halopiperidines 3
and twelve 2-alkyl-4-halo-1,2,5,6-tetrahydropyridines 5
against a panel of three representative human solid tu-
mor cells: A2780 (ovarian cancer), SW1573 (non-small
cell lung cancer, NSCLC), and WiDr (colon cancer).
We performed cell cycle studies to assess the effect of
the most potent compound 5f in SW1573 and WiDr
cells.
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The compounds were prepared by means of the so-
called aza-Prins-type cyclization.6 This fast, simple,
and versatile method is based on the consecutive gener-
ation of a c-unsaturated-iminium ion and further nucle-
ophilic attack by the unsaturated carbon–carbon bond.
In this process, homoallyl tosylamine (1) leads to the

TsHN
+ RCHO N


X


R
Ts


TsHN + RCHO
N


X


R
Ts


FeX3


CH2X2


FeX3


CH2X2


1 2 3a—l


4 5a—l2


Scheme 1. Synthesis of substituted 4-halopiperidines and 4-halo-


1,2,5,6-tetrahydropyridines.


Table 1. Lipophilicity and in vitro antiproliferative activity of trans-2-alkyl-


Compound ClogPb Substituent A2780


X R GI50 TGI LC


3a 3.16 Cl H >100


3b 5.14 Cl i-Bu 36 (±6.7)


3c 6.86 Cl n-Hep >100


3d 5.71 Cl c-Hex 72 (±16)


3e 4.92 Cl Ph >100


3f 5.25 Cl Bn 19 (±1.7) 50 (±1.0)


3g 3.30 Br H >100


3h 5.28 Br i-Bu 39 (±11)


3i 7.00 Br n-Hep >100


3j 5.85 Br c-Hex >100


3k 5.06 Br Ph >100


3l 5.39 Br Bn 63 (±17)


a Values representing GI50 are given in lM and are means of two to four ex


values are given only if they are less than 100 lM, which is the maximum
b Ref. 10.


Table 2. Lipophilicity and in vitro antiproliferative activity of 2-alkyl-4-halo


Compound ClogPb Substituent A2780


X R GI50 TGI LC50 G


5a 3.42 Cl H >100 >


5b 5.39 Cl i-Bu 35 (±8.3) 3


5c 7.11 Cl n-Hep 92 (±11) 4


5d 5.97 Cl c-Hex 39 (±17) 6


5e 5.18 Cl Ph 17 (±3.8) 42 (±14) 86 (±25) 1


5f 5.51 Cl Bn 4.8 (±1.1) 6


5g 3.51 Br H >100 >


5h 5.48 Br i-Bu 36 (±14) 2


5i 7.20 Br n-Hep >100 4


5j 6.06 Br c-Hex 44 (±10) 6


5k 5.27 Br Ph 49 (±8.3) 5


5l 5.60 Br Bn 27 (±8.2) 77 (±31) 2


a Values representing GI50 are given in lM and are means of two to four ex


values are given only if they are less than 100 lM, which is the maximum
b Ref. 10.

corresponding trans-2-alkyl-4-halo-1-tosylpiperidine 3
as the major isomer, while homopropargyl tosylamine
(4) gives 2-alkyl-4-halo-1-tosyl-1,2,5,6-tetrahydropyri-
dine 5 as only product (Scheme 1). The choice of the ir-
on(III) salt-solvent system FeCl3/CH2Cl2 or FeBr3/
CH2Br2 leads to the 4-chloro or 4-bromo derivatives,
respectively.7 Thus, we have prepared the set of trans-
2-alkyl-4-halopiperidines 3a–l (Table 1) and their corre-
sponding analogs 2-alkyl-4-halo-1,2,5,6-tetrahydropyri-
dines 5a–l (Table 2).


The in vitro antiproliferative activity was evaluated
using the National Cancer Institute (NCI) protocol8


after 48 h of drug exposure using the sulforhodamine
B (SRB) assay.3b For trans-2-alkyl-4-halopiperidines
3a–l, the results showed that the majority of the com-
pounds were able to induce growth inhibition in the
resistant cancer cell line WiDr (Table 1). With the excep-
tion of compound 3f (R = Bn), A2780 and SW1573 cells
were less sensitive to the derivatives than WiDr cells.
This is a remarkable effect, since the general observation
for conventional antitumor drugs is that WiDr colon
cancer cells are more drug resistant than A2780 ovarian

4-halopiperidines against human solid tumor cellsa


SW1573 WiDr


50 GI50 TGI LC50 GI50 TGI LC50


>100 >100


19 (±6.9) 22 (±7.8)


>100 54 (±28)


53 (±25) 15 (±6.8)


>100 37 (±10)


12 (±0.3) 66 (±47) 20 (±1.6)


>100 >100


22 (±0.8) 14 (±1.3)


>100 >100


82 (±20) 14 (±5.0)


>100 36 (±2.4)


73 (±2.4) 37 (±15)


periments, standard deviation is given in parentheses. TGI and LC50


concentration tested.


-1,2,5,6-tetrahydropyridines against human solid tumor cellsa


SW1573 WiDr


I50 TGI LC50 GI50 TGI LC50


100 >100


1 (±8.5) 21 (±6.9)


9 (±12) 50 (±9.7)


2 (±0.6) 24 (±7.1)


6 (±5.4) 37 (±8.1) 87 (±8.3) 18 (±5.6) 77 (±41) 91 (±16)


.6 (±4.5) 3.3 (±0.4) 14 (±0.3) 79 (±30)


100 >100


6 (±7.5) 16 (±2.5)


9 (±30) 40 (±26)


5 (±3.9) 18 (±3.4)


4 (±9.4) 29 (±13)


1 (±9.5) 78 (±38) 24 (±5.7) 71 (±25)


periments, standard deviation is given in parentheses. TGI and LC50


concentration tested.







O


Cl
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Figure 2. Structures of antiproliferative six-membered oxacycles.


Table 3. Comparison of in vitro antiproliferative activity between oxa-


and azacycles against human solid tumor cellsa


Compound Substituent Cell line


R A2780 SW1573 WiDr


5d c-Hex 39 62 24


6d c-Hex 20b 26b >100b


5f Bn 4.8 6.6 3.3


6f Bn 36b 58b >100b


a Values representing GI50 are given in lM.
b Ref. 3.
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cancer cells.9 Analog 3f was the most potent compound
of the series with GI50 values in the range 12–20 lM
against the three cell lines. This compound was the only
piperidine analog able to induce total growth inhibition
(TGI) in A2780 and SW1573 cells. However, cytotoxic-
ity (expressed as LC50) was not observed for any of the
trans-2-alkyl-4-halopiperidine derivatives.


The results on the biological activity of the 2-alkyl-4-
halo-1,2,5,6-tetrahydropyridine analogs are shown in
Table 2. Majority of the compounds induced antiprolif-
erative effect on the three cell lines tested. Similarly to

Figure 3. Effects of compound 5f on cell cycle distribution of SW1573 NSCL


24 h in the absence (control, a and d) or presence of 5f at 10 lM (b and e)

the trans-2-alkyl-4-halopiperidine derivatives, WiDr
was the most sensitive cell line. The most potent 2-al-
kyl-4-halo-1,2,5,6-tetrahydropyridine derivative was
compound 5f (R = Bn), which produced GI50 values
against the three cell lines in the range 3.3–6.6 lM.
When considering TGI and LC50 values (Table 2) com-
pounds 5e, 5f, and 5l appeared as the most antiprolifer-
ative products of the series.


Lipophilicity is a major determinant of pharmacokinetic
and pharmacodynamic properties of drug molecules.
The general trend of lipophilicity expressed as ClogP
values was found to be ClogP < 4 for inactive deriva-
tives and 4.92 < Clog P < 7.20 for active compounds.10


In view of these results, it appears that the biological
activity does not correlate with the calculated ClogP
values. Differences in activity between chlorinated and
brominated derivatives did not follow a clear trend.
Finally, the endocyclic insaturation at C3 appears as
responsible for the larger activity of 2-alkyl-4-halo-
1,2,5,6-tetrahydropyridine analogs. This result is consis-
tent with our previous findings in 2-alkyl-4-chloro-5,
6-dihydro-2H-pyrans (Fig. 2), in which the chlorovinyl
group was established as the pharmacophore. The new
azacycles only showed a significant selectivity for the
resistant colon cancer cell line when compared to the
corresponding oxacyclic derivatives (Table 3).


Cell cycle control is the major regulatory mechanism of
cell growth. Many cytotoxic agents and/or DNA dam-
aging agents arrest the cell cycle at the G0/G1, S, or
G2/M phase and then induce apoptotic cell death. We
examined cell cycle phase distribution by flow cytometry
to determine if cell growth inhibition involved cell cycle

C cells (a–c) and WiDr colon cancer cells (d–f). Cells were cultured for


and 20 lM (c and f).
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changes. Therefore, SW1573 and WiDr cells were
exposed for 24 h to the most active derivative 5f at drug
doses of 10 and 20 lM.11 The results are shown in Fig-
ure 3. For SW1573 cells exposed to 10 lM of derivative
5f, it was possible to observe a slight increase in the per-
centage of cells in the G2/M phase (25%) with respect to
control cells (11%). At the higher dose, the amount of
NSCLC cells in G2/M phase augmented to 38%. The rise
was concomitant with a decrease in the G0/G1 phase
compartment. Interestingly, the cell cycle arrest was
more evident for WiDr cells exposed to compound 5f.
Thus, the percentage of cells at G2/M was 53% and
81% after exposure to 10 and 20 lM, respectively. These
values are much larger than that of non-treated WiDr
cells, which was 11%. The results are in agreement with
those obtained in the antiproliferative study, showing a
remarkable selectivity of the new compound for the
more resistant colon cancer cell line WiDr.


In summary, we have determined the antiproliferative
activity of a series of trans-2-alkyl-4-halopiperidines
and 2-alkyl-4-halo-1,2,5,6-tetrahydropyridines. Active
compounds showed a significant selectivity for the more
resistant cancer cell line WiDr. The halovinyl group
seems responsible for the enhanced activity of the pyri-
dine analogs when compared to piperidine derivatives.
A clear structure–activity relationship for chlorinated
and brominated derivatives was not observed. Cell cycle
arrest at G2/M was confirmed for the most active deriv-
ative. Ongoing studies on the mechanism of action will
be reported elsewhere.
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added. The mixture was incubated in the dark at 37 �C
for 30 min. Flow cytometric determination of DNA content
(25,000 cells/sample) was analyzed by FACSCalibur
Flow Cytometer (Becton Dickinson, San José, CA, USA).
The fractions of the cells in G0/G1, S, and G2/M phase
in addition to apoptosis were analyzed using cell cycle
analysis software, ModFit LT 3.0 (Verity Software House,
Topsham, ME, USA).
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Abstract—Novel C-5 aminomethyl pyrrolotriazines were prepared and optimized for dual EGFR and HER2 protein tyrosine kinase
inhibition. The homopiperazine, 1p, emerged as a key lead and it showed promising oral efficacy in EGFR and dual EGFR/HER2
driven human tumor xenograft models. It is hypothesized that the C-5 homopiperazine side chain binds in the ribose–phosphate
portion of the ATP binding pocket.
� 2007 Elsevier Ltd. All rights reserved.
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The epidermal growth factor receptor (EGFR, ErbB1 or
HER1) and the human epidermal growth factor recep-
tor 2 (HER2, ErbB2) are members of the ErbB family
of receptor tyrosine kinases that have been clinically
validated as targets for cancer therapy.1 Their frequent
co-expression in a variety of tumor types and their
capacity to form heterodimers with other members of
the ErbB family provide a strong rationale for simulta-
neously targeting both of these receptors.2 We have
reported pyrrolotriazine dual EGFR and HER2 kinase
inhibitors with solubilizing groups that are linked to
C-5 via a methylene ether, i.e. 1a (Fig. 1).3a Morpholine
analog 1b, which showed potent kinase inhibition and
good oral efficacy in EGFR and HER2 driven tumor
models, emerged as the lead compound from that study.
It was hypothesized that its C-5 solubilizing group ex-
tends into the ribose-phosphate portion of the ATP
binding pocket where it participates in multiple hydro-
gen bonding interactions. We examined other solubiliz-
ing groups and linkers at C-5 to further probe this
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binding site and here report our initial results for ana-
logs with C-5 aminomethyl groups, that is, 1c.


To make C-5 aminomethyl analogs 1c, we examined the
reaction of 4-chloro-5-(bromomethyl)-pyrrolotriazine
23a with primary or secondary amines. This gave the
desired C-5 methylamines but together with significant
amounts of C-4 amine side products. The 5-methyl

R = N
R'''


1c


R'O


1a


HN


1b


O


Figure 1. C-5 Substituted pyrrolotriazine dual EGFR and HER2


kinase inhibitors.
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Scheme 1. Reagents and conditions: (a) PhSH (1.0 equiv), (i-Pr)2EtN


(1.0 equiv), CH2Cl2, �20 �C, 3 h; (b) 1-(3-fluorobenzyl)-1H-indazol-5-


amine (0.9 equiv), 1,2-dichloroethane/ n-BuOH (1:1), 85 �C, 2.5 h; (c)


m-chloroperbenzoic acid (1 equiv), CHCl3, 0 �C, 1 h , 55% overall; (d)


amine (about 30 equivalents), 135 �C, sealed tube, overnight or amine


(about 5 equiv), dimethyl sulfoxide, 140 �C, sealed tube, overnight.


Table 1. Structure–activity relationship for the C-5 aminomethyl analogs


N
N


N


HNR


Compound R IC50
a (lM)


HER2 EGFR N87b H


1d H 0.088 0.081 0.38 >


1e
H
N


HO
0.047 0.045 1.95 nd


1f N
HO


0.11 0.11 1.2 nd


1g N 0.36 0.50 nd nd


1h NHO 0.063 0.068 0.14 nd


1i NHO2C 0.11 0.22 >5 >


1j NMeO2C >1 >1 >5 >
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sulfide, 3, was found to form selectively on reaction of 2
with thiophenol and so it was examined as an intermedi-
ate to make aminomethyl analogs 1c (Scheme 1).4 Reac-
tion of 3 with 1-(3-fluorobenzyl)-1H-indazol-5-amine
followed by oxidation gave the stable sulfoxide, 4. On
being heated neat with an excess of a primary or a sec-
ondary amine, it gave the C-5 aminomethyl product,
1c, presumably via cationic intermediate 5. If necessary,
this coupling was followed by protecting group removal
and the overall procedure was used to make most of the
analogs listed in Table 1. 5-Methyl-pyrrolotriazines with
acetate or chloride as leaving groups were also used to
prepare C-5 aminomethyl analogs (see Schemes 2 and 3).
For coupling reactions where the amine was difficult
to come by, smaller amounts of the amine were em-
ployed and dimethyl sulfoxide was used as the solvent.
The piperidine ester and acid, 1j and 1i, were obtained
by heating 4 with methyl piperidine-4-carboxylate. This
gave a mixture of the ester and the acid which were sep-
arated by preparative HPLC. Sulfonamide 1r was pre-
pared by reacting 1p with methansulfonyl chloride in
the presence of base. The 3-hydroxyl-homopiperazines,
1t and 1u, were made by heating 4 with excess 3-hydro-
xy-homopiperazine5 and separating the enantiomers by
preparative chiral HPLC. Ketone 1v was prepared by
perruthenate oxidation of a mixture of alcohols 1t and
1u in acetonitrile.6

N
N F


Metabolic stabilitye 4-h Plasma levelf (nM)


T29c or A2780d


10c 0.14 4100


nd nd


nd nd


nd nd


0.29 250


10c 0.23 600


10c nd 27
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Table 1 (continued)


Compound R IC50
a (lM) Metabolic stabilitye 4-h Plasma levelf (nM)


HER2 EGFR N87b HT29c or A2780d


1k NH2NCO 0.31 0.14 0.40 nd nd nd


1l NHN 0.081 0.090 0.73 nd 0.00 6300


1m NN 0.12 0.17 0.49 nd nd 480


1n
NHN


O
0.20 0.35 0.52 >10c nd nd


1o NAcN 0.61 0.71 nd nd nd nd


1p N
HN


0.027 0.033 0.11 3.6c 0.05 1300


1q N
NMe


0.12 0.13 0.62 7.9c 0.21 93


1r N
NMeSO2


0.12 0.21 0.33 >10c nd 0


1s N
HN


O
0.075 0.24 0.20 >10c 0.27 44


1t
N


HN


HO


0.016 0.026 0.16 >10c 0.12 1506


1u
N


HN


HO


0.076 0.20 0.95 >10c 0.12 880


1v
N


HN


O


0.039 0.078 0.65 >10c nd nd


11g N
HN


0.17 0.19 3.7 >5d nd nd


14h N
HN


0.074 0.13 0.68 >2.1d 0.00 nd


a IC50 values are reported as means of at least three determinations. Variability around the mean value was <15% for the enzymatic assays and <25%


for cell proliferation assays.
b Cell line N87 is a human gastric carcinoma that overexpresses both EGFR and HER2.
c,d Cell lines HT29 (human colon carcinoma) and A2780 (human ovarian carcinoma) do not express EGFR or HER2.
e Rate of metabolism (mmol min�1 mg protein�1) by mouse liver microsomes after a 10-min incubation at 3 lM in the presence of NADPH.
f Averaged 4 h plasma levels in three male Balb/C mice for compounds administered orally at 50 mpk in Tween 80/PEG400/water = 10:40:50.
g The 6-methoxy analog of 1p.
h The 6-methyl analog of 1p.
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Enantiomer 1t was independently made from N-(2-ami-
noethyl)-2-nitrobenzene-sulfonamide 6 as outlined in
Scheme 2.4 Reaction of 6 with (S)-epichlorohydrin in
the presence of MgSO4


7 gave chlorohydrin 7 which
cyclized to homopiperazine 8 on heating with cesium
carbonate.8 The monoprotected homopiperazine was
linked to the pyrrolotriazine by heating it with acetate 9.

Deprotection with thiophenol9 gave material that was
identical with 1t.


The 6-methoxy analog of homopiperazine 1p, 11, was
prepared by heating acetate 103a with excess homopiper-
azine (Scheme 3). To make the 6-methyl analog, 14, es-
ter 1210 was first reduced to alcohol 13. This was treated
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Scheme 2. Reagents and conditions: (a) S-(+)-epichlorhydrin (0.5


equiv), MgSO4 (0.5 equiv), MeOH, rt, 8 h , 41%; (b) Cs2CO3 (3 equiv),


acetonitrile, 65 �C, 6.5 h, 31%; (c) 8 (1 equiv), Et(i-Pr)2N (1.5 equiv),


CH3CN, pressure vessel, 102 �C, 17 h, 85%; (d) PhSH (2 equiv),


K2CO3 (5 equiv), DMF, rt, 50 min, 92%.
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with thionyl chloride to give a chloromethyl intermedi-
ate that was reacted directly with homopiperazine to
give 14.


Aminomethyl analogs that showed promising EGFR
and HER2 kinase inhibition were screened for their anti-
proliferative activity against the N87 cell line. This is a
human gastric carcinoma that overexpresses both
EGFR and HER2.11,12 Analogs were also screened in
HT29 (human colon carcinoma) or A2780 (human ovar-
ian carcinoma) cell proliferation assays. These are cell
lines that do not depend on EGFR or HER2 signaling
and provided a check for off-target antiproliferative ef-
fects. The SAR data are summarized in Table 1. All of
the analogs carried the C-4 m-fluorobenzylindazolylami-
no side chain since it was previously found to provide
optimal dual EGFR and HER2 kinase inhibition.3a,b

N
N


N


HNR


N
N F


R'


11 R' = OMe 
     R =


N
NH


10 R' = OMe
     R = CH2OAc


12  R' = Me
      R = CO2Me


a


b 14 R' = Me
     R =


N
NH


13  R' = Me
      R = CH2OH


c


Scheme 3. Reagents and conditions: (a) homopiperazine (10 equiv),


CH3CN, microwave, 170 �C, 30 min, 61%; (b) LiAlH4 (3 equiv), THF,


6 h, 46%; (c) SOCl2 (1.2 equiv), CH2Cl2, 1 h; then homopiperazine (2


equiv), N-methylmorpholine (2 equiv), CH2Cl2, rt, 20 h, 21%.

Compound 1e showed a profile that was typical of sec-
ondary amine analogs: kinase inhibition that was com-
parable to that of the 5-methyl parent compound, 1d,
but weaker antiproliferative activity. Tertiary amine
analogs, for example 1f and 1g, were generally less po-
tent but the hydroxypiperidine, 1h, was remarkable in
that it showed good potency in both the kinase and cell
assays. The piperidine acid, ester, and amide analogs, 1i,
1j, and 1k, were less potent while the piperazine, 1l,
showed good kinase inhibition but not antiproliferative
activity. The latter did however demonstrate better met-
abolic stability in the presence of mouse liver micro-
somes and mouse oral exposure than the
hydroxypiperidine 1h. This was in line with previous
observations3a that pyrrolotriazines with basic primary
or secondary amine substituents showed better meta-
bolic stability. N-Methyl piperazine 1m and amide ana-
logs, 1n and 1o, were less potent, indicating that the
basic secondary amino group on the piperazine side
chain was required for potent kinase inhibition. Homo-
piperazine 1p showed both potent kinase inhibition and
antiproliferative activity but did not significantly inhibit
proliferation of the HT29 cell line. Its N-methyl deriva-
tive, 1q, sulfonamide, 1r, and amide analog, 1s, showed
reduced potency and oral exposure. The (R)-3-hydroxy-
homopiperazine, 1t, showed a profile similar to that of
1p, while its enantiomer, 1u, was less potent. Ketone
1v and the 6-methoxy and 6-methyl analogs, 11 and
14, were also less potent. The latter results indicate that
additional substitution at C-6 is less tolerated.


Figure 2 shows a potential binding mode for piperazine
1p in the ATP binding site that was modeled using the
published X-ray structure of the complex between lapat-
inib and EGFR kinase.13 The docked poses were energy-
minimized in Maestro14 using the OPLS-AA force
field15 and the GBSA continuum model16, an implicit
solvation model. The pyrrolotriazine core is oriented

Figure 2. Predicted binding mode of compound 1p modeled in the


X-ray structure of the lapatinib/EGFR kinase complex, see Ref. 13.


The C-5 side chain extends into the ribose phosphate binding region


where the protonated azepine NH may form hydrogen bonds with


Asp831, Asn818 and/or Arg817. Image created with Pymol from


DeLano Scientific LLC, San Carlos, CA, USA. http://www.pymol.org



http://www.pymol.org





Table 2. Pharmacokinetic parametersa for 1p in mice


Cmax (nM) po Tmax (h) po AUC 0–8 h (nM h) po t1/2 (h) iv MRT (h) iv Cl (mL/min/kg) iv Vss (L/kg) iv Fpo (%)


7951 3 48913 3.7 4.0 39 9.5 77


a pK parameters were obtained from composite plasma concentration–time profiles with an average of three male Balb/C mice at each time point.


Mice were dosed at 90 (po) and 10 (iv) mg kg�1 using Tween 80/PEG400/water (10:40:50, v/v) as the vehicle.
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in the ATP binding site such that there is a hydrogen
bond between N-1 and the hinge region Met769 NH,
and the C-4 benzyl indazole group extends back into a
deep hydrophobic pocket formed partially by the
alpha-C-helix. The C-5 substituent extends out into the
ribose phosphate pocket where the protonated homo-
piperazine NH can hydrogen bond with the side chains
of Asp831, Asn818 and/or the backbone carbonyl oxy-
gen of Arg817. In this model, there is also an intramo-
lecular hydrogen bond between the C-4 aniline NH
and the hompiperazine tertiary nitrogen atom. This
binding model is similar to that previously suggested3a


for morpholine analog 1b and has been hypothesized17


for quinazoline EGFR and HER2 kinase inhibitors with
solubilizing side chains at C-5. It also offers an explana-
tion for why (R)-3-hydroxy-homopiperazine 1t is more
potent than its S-enantiomer, 1u. The hydroxy group
of the former homopiperazine is better situated to
hydrogen bond with Asp831 and/or the conserved
Lys745 that are normally involved in binding the phos-
phate group of ATP.


The PK parameters for 1p in mice are summarized in
Table 2. Absorption of the compound after oral admin-
istration was excellent (77% bioavailable) and this was
consistent with its high permeability in Caco-2 cells.
After intravenous administration, 1p showed a moderate
plasma clearance of 39 mg/min/kg, with a half-life (t1/2)
and mean residency time (MRT) of 3.7 and 4 h, respec-
tively. A relatively high steady-state volume of distribu-
tion (Vss) was observed in mice. The compound was
98.4% bound to mouse serum proteins, yielding a free
fraction of 1.6% in that species. The aqueous solubility
of 1p was pH-dependent, ranging from 9.7 mg/mL with
a solution pH of 3.9 for the HCl salt to 0.012 mg/mL in
a pH 7.5 phosphate buffer. The relatively low aqueous
solubility at neutral pH is similar to that of other ATP
competitive EGFR kinase inhibitors.18

Table 3. In vivo antitumor activity of orally administered 1p against


established N87 and GEO xenografts implanted subcutaneously in


athymic micea


Tumor model Dosea, mg kg�1 Schedule % TGIb Pc


N87 90 BID · 14 97 0.0037


135 111 0.0001


180 121 0.0018


GEO 90 BID · 14 60 0.0001


135 78 0.0018


a Vehicle: Tween 80/PEG400/water, 10:40:50.
b Percent tumor growth inhibition during treatment. Activity is defined


as %TGI P50%.
c Probability for median tumor weight at the end of drug treatment,


compared with controls.

Compound 1p was evaluated in EGFR/HER2 driven
N87 human gastric and EGFR driven GEO human co-
lon carcinoma xenograft models in athymic mice. In
both studies it was administered orally, twice a day
(BID), for 14 consecutive days. It was robustly active
in the N87 model yielding tumor growth inhibition of
97 to 121% over the dose-range of 90–180 mg/kg (Table
3). A clear maximum-tolerated dose (MTD) was reached
at the 180 mg/kg dose which was associated with
approximately 12% drug related mortality. In the
GEO model, 1p was tested at 90 and 135 mg/kg and
was active at both dose levels. The 4-hydroxy-homopip-
erazine, 1t, was also evaluated in vivo but it did not
demonstrate an advantage over 1p.


In summary, pyrrolotriazines with diamino solubilizing
groups that are tethered to C-5 showed potent inhibition
of both EGFR and HER2 kinases. Modeling studies
suggested that the solubilizing group can extend into
the ribose–phosphate binding region of the ATP binding
pocket where it can participate in multiple hydrogen
bonding interactions. The homopiperazine analog, 1p,
emerged as a key lead and it exhibited potent kinase
inhibition, antiproliferative activity, and oral efficacy
in tumor xenograft models. This encouraged a broader
examination of other C-5 amino and diamino solubiliz-
ing groups and the results will be described in future
publications.
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Abstract—Both of aminopeptidase N (APN) and matrix metalloproteinase (MMP) are essential metallopeptidases in the develop-
ment of tumor invasion and angiogenesis. Novel potent peptidomimetic inhibitors, containing 3-galloylamido-N 0-substituted-2,
6-piperidinedione-N-acetamide, have been designed and synthesized according to the conformational constraint strategy. The pre-
liminary biological test showed that most of the compounds displayed high inhibitory activity against MMP-2 and low activity
against APN except compounds 6 (IC50 = 3.1 lM) and 4l (IC50 = 5.2 lM) which exhibit similar potency to Bestatin (IC50 = 2.4 lM).
� 2007 Elsevier Ltd. All rights reserved.

During the process of angiogenesis and metastatic cas-
cade, tumor cells and endothelial cells pass through sev-
eral connective tissue barriers. Proteolytic degradation
of the extracellular matrix (ECM) is an important step
of the process, which involves two classes of zinc-depen-
dent metalloproteinases, amino-peptidase N (APN) and
matrix metalloproteinases (MMP).


APN, also known as CD13, is a homodimeric type II
membrane-bound glycoprotein and belongs to a mem-
ber of M1 family ectopeptidase.1–3 It is widely expressed
on the surface of renal and intestinal brush border cells
and other cells.4,5 APN was also shown to be the major
receptor for the TGEV and HCV229E, and Bacillus
thuringensis Cry1A toxin.6–8 Recently, many experimen-
tal results suggest that APN is involved in the down-reg-
ulation of several biological active molecules, such as
enkephaline, fMLP, IL-8, angiotensin III, and major
histocompatibility complex (MHC) class II mole-
cules.9–14 APN plays an essential role in the entry of
HIV into host cells.15 Furthermore, APN is overexpres-
sed on tumor cells and plays a crucial role in ECM deg-
radation and invasion of tumor cells.16,17 Therefore,
anti-APN/CD13 monoclonal antibody and APN inhibi-
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tors have been used to suppress the process of tumor cell
invasion.18,19


APN inhibitors exhibited prevention of the spread of
malignant cells20 and prove to be clinically efficacious
for invasion-protecting therapy. To date, several inhibi-
tors of APN, including Bestatin, Amastatin, and Acti-
nonin, have been developed and some of them are
currently investigated for clinical uses.21 All these natu-
ral compounds are pseudodipeptides bearing zinc-che-
lating functionality in the molecule.


MMP gene family consists of at least 28 structurally
related members, among which MMP-2 and -9 are
proved to be highly correlated with cancer. MMPs
belong to endopeptidase and also play a critical role in
the degradation of ECM and tissue remodeling and
wound healing.22,23 Currently, numerous MMP inhibi-
tors are in various developmental stages for different
symptoms, mostly in cancer and arthritis. Compounds
currently under clinical trials as matrix metalloprotein-
ase inhibitors (MMPIs) include Marimastat, Bay-
129566, AG3340, and CGS27023A. All these com-
pounds are applied to treat different types of cancer.24


However, clinical trials exhibit disappointing results
for most of MMPIs and possible reason is due to the
inappropriate drug design or poor selectivity.


In general, peptides have drawbacks for clinical applica-
tion, i.e., proteolytical lability, low bioavailability, rapid
excretion, short duration of action, etc. Therefore, it is
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Table 1. In vitro enzyme assay (APN and MMP-2) results for


compounds 3–6 and Bestatin


H3CO


H3CO
OCH3


N
H


N


O


O O


HN


O


R


Compound R IC50
a (lM) IC50 (APN)/


IC50 (MMP-2)
APN MMP-2


3 49.8 ± 5.5 4.0 ± 0.5 12.45


4a Gly-OMe 55.4 ± 3.5 4.4 ± 1.1 12.59


4b Val-OMe 21.4 ± 2.6 1.0 ± 0.2 21.40


4c Leu-OMe 46.2 ± 3.2 3.8 ± 0.5 12.16


4d Ile-OMe 49.3 ± 2.9 4.3 ± 0.4 11.47


4e b-Ala-OMe 53.7 ± 8.4 2.2 ± 0.6 24.41


4f Ala-OMe 18.9 ± 4.4 1.2 ± 0.3 15.75


4g Arg (NO2)-OMe 42.0 ± 7.6 0.3 ± 0.1 140.00


4h Met-OMe 20.7 ± 2.7 1.2 ± 0.3 17.25


4i Z-Lys-OMe 38.1 ± 3.8 0.6 ± 0.2 63.50


4j Tyr-OMe 44.8 ± 5.2 0.3 ± 0.1 149.33


4k Trp-OMe 43.1 ± 3.2 1.2 ± 0.4 35.92


4l His-OMe 5.2 ± 2.1 13.0 ± 2.9 0.40


4m D-Phe-OMe 46.2 ± 6.4 1.4 ± 0.5 33.00


4n Thr-OMe 51.9 ± 3.9 1.8 ± 0.6 28.83


4o LL-Phe-OMe 11.0 ± 3.0 1.3 ± 0.3 8.46


4p Cys-OMe 50.3 ± 4.3 1.7 ± 0.5 29.59


4q 2-Cl-Ala-OMe 50.0 ± 4.2 15.6 ± 2.3 3.21


4r Asp-(OMe)2 21.7 ± 2.1 0.5 ± 0.1 43.40


5 63.4 ± 3.2 10.6 ± 2.1 5.98


6 –OH 3.1 ± 0.7 2.2 ± 0.6 1.41


Bestatin 2.4 ± 0.5 3.4 ± 0.6 0.71


a Values are means of three experiments, standard deviation is given.


2936 Q. Li et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2935–2938

important to design and synthesize peptidomimetic
derivatives. The concept of conformationally con-
strained derivatives plays an important role in the design
of peptidomimetics in the drug development process due
to its powerful ability for probing the bioactive confor-
mations of peptide. In addition, steric effect resulting
from conformationally constrained structures could pre-
vent the degradation of hydrolases and minimize possi-
bility of binding to non-target receptors. For example,
cyclic peptides can reduce the rate of degradation by
peptidases and other enzymes and meanwhile improve
the selectivity and affinity to the targets.25–27


In our previous work, Wang et al. have reported that the
novel LL-iso-glutamine derivatives can serve as a poten-
tial antitumor agent and possess potent inhibitory activ-
ity toward APN, but the selectivity between APN and
MMP is low.28 In our ongoing work, the strategy of
conformational constraint was used to cyclize the car-
boxyl group with the nitrogen of the amide hoping for
exploring new metalloproteinase inhibitors with anti-
tumor activity (Fig. 1). To improve the bioactivity, the
gallic acid moiety was introduced its derivatives possess
anti-tumor and anti-oxidative activities.29,30 In this
study, we report the preparation and in vitro inhibitory
activity assay of 3-galloylamido-N 0-substituted-2,6-pipe-
ridinedione-N-acetamide peptidomimetic derivatives.


In order to study the SAR of these novel peptidomimetic
compounds, different amide compounds 4a–r and
hydroxamate derivatives 6 were designed and synthe-
sized via the route outlined in Scheme 1. The synthesis
of N 0-substituted-2,6-piperidinedione-N-acetamide pep-
tidomimetic derivatives was started from readily avail-
able dicarboxylic acid 1.28 Compound 2 was obtained
by dehydration of 1 and then reacted with glycine under
microwave irradiation to generate piperidinedione 3.
This was followed by coupling with various amino acid
methyl esters using EDCI to give target compounds
4a–r.31 In addition, compound 3 reacted with thionyl
chloride in methanol to yield methyl ester 5. Finally
hydroxymate 6 was prepared by the reaction of 5 with
NH2OH.


The target compounds were evaluated for inhibitory
activity toward APN and MMP-2. APN inhibitory
activity has been evaluated by measuring p-nitroanilide
liberated from LL-Leu-p-nitroanilide32 and MMP assay
was performed according to the literature.33 All the inhi-
bition results are summarized in Table 1.


The inhibition results showed that all the compounds
display excellent potency toward MMP-2 with IC50 val-
ues lying in micromolar level. Comparing 4g, 4i, 4j, 4r,

R1
N
H N


O


O R


OR1 N
H


NH
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Figure 1. Cyclization of LL-iso-glutamine derivatives of metalloprotein-


ase inhibitors.

we could confirm that the length of side chains of R
was positively related with the inhibitory activities. This
could be due to its bulky side chain exhibiting good
interaction with the enzymes, hydrophobic domains.


In addition, as for the inhibitory activity toward APN,
most of compounds showed low affinity except
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compound 4l and compound6. Comparing 5 and 6, it
was shown that introducing strong zinc binding group,
hydroxymate, could significantly enhance the inhibi-
tion against APN and compound 6 (IC50 = 3.1 lM)
exhibited almost equivalent potency to Bestatin (IC50 =
2.4 lM). The docking results of 6 with the active site of
Escherichia coli APN are shown in Figure 2a. The two
oxygen atoms in hydroxymate (OH) and 6-carbonyl
group of piperidinedione can interact with the metal
ion with the distance of 1.03 Å and 1.88 Å, respectively.


Compound 4l also displays potent activity against APN
with the IC50 of 5.2 lM. The docking results of 4l with
E. coli APN show that sp2 nitrogen of the imidazole ring
can be coordinated with the zinc ion of APN (Fig. 2b,
the distance from zinc ion is 1.69 Å).


In conclusion, we developed a series of novel metallo-
proteinase inhibitors. Most of compounds seem to be
selective to MMP and could be used as lead compounds
for the development of low molecular-weight peptidom-
imetic MMP inhibitors. And else, two target compounds
(4l and 6) showed similar inhibitory activity compared
with natural APN inhibitor Bestatin. With the combina-

Figure 2. (a and b) The docking result of 6 and 4l with the active site of


E. coli APN (PDB:2DQM).

tion of the requirement of the active site of APN, novel
conformationally constrained peptidomimetic inhibitors
against APN will also be investigated.
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Abstract—A novel series of 4-aminophenylalanine and 4-aminocyclohexylalanine derivatives were designed and evaluated as inhib-
itors of dipeptidyl peptidase IV (DPP-4). The phenylalanine series afforded compounds such as 10 that were potent and selective
(DPP-4, IC50 = 28 nM), but exhibited limited oral bioavailability. The corresponding cyclohexylalanine derivatives such as 25 affor-
ded improved PK exposure and efficacy in a murine OGTT experiment. The X-ray crystal structure of 25 bound to the DPP-4 active
site is presented.
� 2007 Elsevier Ltd. All rights reserved.

Type 2 diabetes mellitus may be effectively treated by
agents that induce the biosynthesis and secretion of insu-
lin during periods of hyperglycemia. Two endogenous
peptides that stimulate glucose-dependent insulin secre-
tion are the incretin hormones glucagon-like peptide 1
(GLP-1) and glucose-dependent insulinotropic polypep-
tide (GIP).1 Infusion of GLP-1 in patients with type 2
diabetes has resulted in significant decreases in plasma
glucose and hemoglobin A1c levels.2 Due to the rapid
inactivation of GLP-1 by the serine protease dipeptidyl
peptidase IV (DPP-4) this hormone must be adminis-
tered by chronic intravenous administration to achieve
sustained efficacy.2 An alternative approach to increase
the level of circulating GLP-1 involves the inhibition of
DPP-4, and this method has emerged as an important
potential therapy for the treatment of type 2 diabetes.3


Multiple small molecule DPP-4 inhibitors have been re-
ported.4 Research in these laboratories has focused on

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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the development of a structurally diverse collection of
potent DPP-4 inhibitors that lack significant inhibitory
activity of the related proline-specific peptidases QPP,
DPP8, and DPP9.5 Inhibitory selectivity for DPP-4 over
DPP8 and DPP9 was particularly emphasized. The inhi-
bition of the latter two enzymes has been associated with
profound toxicity in preclinical studies, although the rel-
evance of this toxicity to humans has not been
established.6


The threo isoleucyl thiazolidine 1 affords superior DPP-4
selectivity over the allo isomer 2 (Fig. 1),6 and this dis-
covery led to the development of selective b-substituted
phenylalanine derived inhibitors 3 and 4.7 The latter two
compounds represented significant advancements in
DPP-4 potency, peptidase selectivity, and oral bioavail-
ability, but each retained significant off-target activity
against the human cardiac ion channel hERG
(IC50 = 1–5 lM). In a recent report from these laborato-
ries, the selectivity of this class was improved with the
incorporation of fused heterocycles such as 5 in the dis-
tal aromatic ring (hERG, IC50 = 86 lM).7c Here we de-
scribe a complementary effort to decrease the lipophilic
character of this lead class, and improve selectivity over
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hERG, by incorporating the structural features of the
related cyclohexylglycine lead class of DPP-4 inhibitors
such as 6 (hERG, IC50 = 49 lM, Table 4).8


Our initial endeavor focused on the incorporation of
4-aminophenylalanine substituents as a replacement
for the biphenyl moiety in 3 and 4, and the synthesis
of the sulfonamide 7 from this design is illustrated in
Scheme 1. The b-dimethylamide aryl bromide I was pre-
pared using Kazmaier’s enolate–Claisen rearrangement
as described previously.7c This intermediate was con-
verted directly to the desired N-aryl amide or N-aryl sul-
fonamide by application of the copper-mediated
amidation reaction developed by Buchwald and cowork-
ers.9 We found that the addition of a full equivalent of
CuI and three equivalents of the diamine ligand afforded
reproducibly high yielding coupling of the sulfonamide
and amide substituents, although no further optimiza-
tion of the reaction conditions was attempted.10 The
corresponding b-methyl derivatives were prepared in a
similar fashion from the corresponding aryl bromide
intermediate that has also been described previously.7a


The compounds synthesized were assayed for their
inhibitory potency against the DPP-4 enzyme, as well
as their selectivity over the related proline-specific en-
zymes QPP (DPP-II), DPP8, and DPP9, and the results
are summarized in Table 1.11


Substitution of the biaryl species in 3 or 5 with the aryl-
sulfonamide 7 resulted in a substantial loss of potency
toward DPP-4 (Table 1). The N-methyl toluyl sulfon-
amide derivative 8 was somewhat more potent, but the
DPP-4 inhibitory activity remained modest
(IC50 = 0.43 lM). Substitution of the aryl sulfonamide
moiety in 7 with the benzamide moiety in 9 and 10

resulted in substantial gains in potency, and these com-
pounds retained outstanding peptidase selectivity. The
corresponding acetamide 12 and N-methyl acetamide
14 were less potent inhibitors of DPP-4. The b-dimeth-
ylamide substituent was previously found to enhance
potency and selectivity over the b-methyl substituent,
as with 3 and 4,7b and this trend was retained in the ami-
no phenylalanine derivative series. The b-dimethylamide
derivatives 10, 12, and 14 were uniformly more potent
than the corresponding b-methyl analogues.


The pharmacodynamic characterization of 3, reported
previously,7b revealed a lower than expected efficacy
in the murine OGTT experiment. This was attributed
to a shift toward lower DPP-4 inhibitory potency in
the presence of human or mouse serum. As illustrated
in Table 2, the incorporation of the amide substituent
in 10 afforded somewhat improved potency compared
to compound 3 in the presence of 50% human serum
(IC50 = 0.16 lM). Compound 10 also afforded a sub-
stantial improvement over 3 in selectivity in the cardiac
hERG binding assay. However, compound 10 exhib-
ited comparatively poor oral bioavailability when
dosed in rats, as illustrated by the lower dose-normal-
ized oral AUC (nAUC) and higher clearance rate (Clp)
(Table 2).


We sought to improve the pharmacokinetic properties
of the lead class while preserving the selectivity and
the decreased influence of serum on intrinsic potency.
In previous reports from these laboratories, a series of
4-aminocyclohexylglycine amides and sulfonamides
such as 6 (Fig. 1) were presented.8 Many of these deriv-
atives afforded acceptable PK profiles, but suffered from
poor inhibitory selectivity over DPP8 and DPP9. We
reasoned that we could combine the high peptidase
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7 N
H


S
O O


CONMe2 0.87 80 >100 >100


8 N
S


O O


Me
Me


CONMe2 0.43 >100 >100 >100


9 N


Me
Me


O


CONMe2 0.025 >100 >100 >100


10 N


O


Me
F


CONMe2 0.028 >100 >100 >100


11 Me 0.30 4.7 >100 >100


12
N
H


Me


O
CONMe2 0.16 >100 60 >100


13 Me 0.60 70 82 >100


14 NMe


O


Me


CONMe2 0.15 >100 >100 >100


15 Me 0.21 22 >100 >100
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selectivity of the 4-aminophenylalanine class represented
by compound 10, and incorporate the desirable PK
profile of the 4-aminocyclohexylglycine class repre-

sented by 6. By merging the salient structural features
of these classes, we designed the 4-amino cyclohexylala-
nine compounds represented by 16 (Table 3).







Table 3. Inhibitory properties of cyclohexylalanine derivatives


N


O


F


NH3
+


R2


R1
Cl-


Compound R1 R2 IC50 (lM)


DPP-4 (0% HS) DPP-4 (50% HS) DPP8 DPP9


6


N
H


S
O OF


F


0.048 0.99 2.7


16 CONMe2 0.33 0.51 >100 >100


17 Me 0.46 1.49 21 42


18 N
H


S
O O


O
F3C


CONMe2 0.36 1.28 >100 >100


19 Me 0.44 3.47 11 26


20 N


O


Me


F CONMe2 0.024 0.20 >100 >100


21 Me 0.022 0.092 6.3 46


22 N


O
Me


O


H


Me 0.074 0.21 29 63


23 N


O
Me


O


Me


Me 0.027 0.097 30 46


24 NMe


O


Me


CONMe2 0.029 0.19 >100 >100


25 Me 0.016 0.040 25 >100


26 N


O


Me


Me 0.021 0.047 12 29


Table 2. Potency in the presence of 50% human serum, selectivity over hERG binding, and rat PK parameters


Compound IC50 (lM) Rat PK(l/2mpk iv/po)


DPP-4 (50% HS) hERG nAUC (lM h/mpk) Clp (mL/min/kg) F (%)


3 0.39 4.6 6.23 4.8 67


10 0.16 >90 0.03 73 6
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The synthesis of 16 is illustrated in Scheme 2. The ester
II was prepared from intermediate I via palladium cata-
lyzed carbonylation.12 Hydrogenation of the aromatic
group using platinum oxide afforded a 2:1 mixture of
cis and trans isomers. The mixture was hydrolyzed to
the acids, which were then treated with diphenylphos-
phoryl azide to effect the Curtius rearrangement. The
intermediate isocyanates were trapped with benzyl alco-
hol, affording the isomeric mixture of benzyl carbamate-
protected 4-aminocyclohexylalanine derivatives. The
isomeric mixture was separated at this point by prepara-
tive normal-phase HPLC, affording each of the single

diastereomers of IV. Removal of the benzyl carbamate
by hydrogenation was followed by derivatization of
the cyclohexylamine and removal of the Boc group,
affording the final product. In each instance, both dia-
stereomeric final products were prepared. The diastereo-
mers typically differed by fivefold in their inhibitory
potency of DPP-4, and only the data corresponding to
the more potent diastereomer are presented.13


The potency and selectivity of the cyclohexylalanine
derivatives are shown in Table 3, as well as the DPP-4
inhibitory potency of the compounds in the presence
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Scheme 2. Reagents and conditions: (a) BuOH, Et3N, Pd(DPPF)2 (10%), CO (1 atm), 90 �C, 18 h (71%); (b) H2 (3.8 atm), Pt2O (cat), AcOH, 48 h; (c)


LiOH, THF, MeOH; (d) DPPA, Et3N, toluene, 110 �C, 3.5 h, then BnOH, 110 �C (54%—4 steps, diastereomeric mixture); (e) HPLC (Chiracel OD,


10% EtOH / hexane); (f) H2 (3.5 atm), 10% Pd/C (cat), MeOH, 3 h (99%); (g) PhSO2Cl, DIEA, CH2Cl2; (h) HCl, dioxane (79%—2 steps).
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of 50% human serum. Incorporation of the b-dimethyl-
amide or b-methyl substituent into 6 afforded the homo-
logues 16 and 17. The latter two compounds exhibited
diminished inhibitory potency of DPP-4, but retained
a more favorable selectivity profile over DPP8 and
DPP9. Additional sulfonamide derivatives such as 18
and 19 were prepared, and these were similarly less po-
tent than the analogous compounds in the 4-amin-
ocyclohexylalanine series.8 A substantial improvement
in potency was realized with amide derivatives such as
20 and 21. While the b-dimethylamide derivative 20
retained greater selectivity over DPP8 and DPP9, the
b-methyl derivative 21 retained greater intrinsic potency
in the presence of human serum. This correlation was
observed in 24 and 25, as well as multiple other members
of this lead class (data not shown). The N-methyl ter-
tiary cyclohexylamide derivatives such as 23 afforded
somewhat improved potency over the secondary amide
derivatives such as 22. Replacement of the aromatic
benzamide substituent with the smaller aliphatic amides
as in 24–27 afforded a further slight improvement in
intrinsic potency, both in the absence and presence of
human serum.


Several of the derivatives in Table 3 were profiled further
for off-target activity, as indicated by binding to the
hERG ion channel, and in PK experiments. The results
are shown in Table 4. The b-methyl derivative 21 afforded
greater oral exposure (nAUC) than the related b-dimeth-
ylamide derivative 20, but 21 also exhibited higher clear-
ance. This correlation was more pronounced in the

Table 4. hERG binding and PK parameters in rat and dog for selected DPP


Compound hERG (lM)


Species nA


6 49 Rat 0.9


20 >90 Rat 0.3


21 78 Rat 0.7


24 >90 Rat 0.0


25 >90 Rat 0.6


Dog 9.8


26 39 Rat 0.4

acetamide derivatives 24 and 25, with the
b-methyl substituted 25 affording substantially improved
oral bioavailability. The cyclopropyl acetamide deriva-
tive 26 afforded a similar PK profile to the acetamide 25,
albeit with diminished selectivity over the hERG channel
and DPP8 (Table 3). The acetamide derivative 25 was fur-
ther profiled in a canine PK experiment, and the com-
pound maintained good oral bioavailability.


The X-ray crystal structure determination of the
acetamide 25 co-crystallized with DPP-4 is shown in
Figure 2.14 Compound 25 (yellow) maintains similar en-
zyme interactions to those previously reported with
inhibitor 5 (magenta) in the S1 hydrophobic pocket
and amino group binding residues.7c The b-methyl sub-
stituent in 25 does not maintain the productive hydro-
gen bonding interaction with Tyr547 that is evident in
the b-dimethylamide derivative 5. However, the poten-
tial benefit of this interaction may be mitigated in these
cyclohexylalanine derivatives, as suggested by the simi-
lar intrinsic potency of the b-methyl derivative 25 with
the b-dimethylamide analogue 24 (Table 3). The cyclo-
hexyl moiety in 25 precludes the edge to face p–p inter-
action with Phe357 that has been implicated in related
structures.15 The cyclohexyl ring does provide an ade-
quate tether for the terminal acetamide substituent to
maintain a hydrophobic interaction with Phe357, and
a hydrogen bonding interaction with Arg358.


The efficacy of the acetamide derivative 25 was investi-
gated in an oral glucose tolerance test (OGTT) in lean

-4 inhibitors


PK (1/2 mpk iv/po)


UC (lM h/mpk) CLp (mL/min/kg) F (%)


0 24 53


1 27 25


4 40 72


9 18 3


8 42 56


2 4.4 83


4 49 46







Figure 2. Compound 25 bound to the active site of DPP-4. The


overlay of 25 (yellow) with 5 (magenta, 2FJP.pdb) shows the similar


orientation of the two molecules. The interactions of 25 with DPP-4


are shown as red dotted lines.
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mice. The compound reduced blood glucose excursion
in a dose-dependent manner from 0.1 mpk (�26%) to
3.0 mpk (�56%). This level of efficacy was not improved
over that observed previously with 3 in an identical
experiment, despite the diminished influence of serum
on the intrinsic potency of 25 (Tables 2 and 3).7b How-
ever, compound 25 afforded a substantially lower oral
exposure (nAUC) than 3 in rat PK studies (Tables 2
and 4). The diminished oral exposure, if operative in
mice as well, may have mitigated the improvements in
serum-shifted intrinsic potency achieved with 25.


The incorporation of structural features of the 4-amin-
ocyclohexylalanine lead series into the b-substituted
phenylalanine lead class of dipeptidyl peptidase IV
inhibitors afforded compounds with similar intrinsic
potency and diminished off-target activity. Further-
more, the derivatives incorporating the b-methyl substi-
tuent retained substantial potency in the presence of
human serum. However, the lower oral exposure at-
tained with these compounds may be the cause of the
lack of improved efficacy observed with 25 as com-
pared to analogous prior leads. Further optimization
of the PK exposure of this class is underway, and will
be reported in due course.
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Abstract—A novel class of selective Tie-2 inhibitors was derived from a multi-kinase inhibitor 1. By reversing the amide connectivity
and incorporating aminotriazine or aminopyridine hinge-binding moieties, excellent Tie-2 potency and KDR selectivity could be
achieved with 3-substituted terminal aryl rings. X-ray co-crystal structure analysis aided inhibitor design. This series was evaluated
on the basis of potency, selectivity, and rat pharmacokinetic parameters.
� 2007 Elsevier Ltd. All rights reserved.

Inhibition of angiogenesis,1 the formation of new capil-
laries from preexisting blood vessels, is a promising and
clinically proven approach for limiting tumor growth
and survival.2 Angiogenesis is believed to be necessary
for solid tumors to grow larger than 1–2 mm diameter,
the point at which vasculature is required to supply oxy-
gen and nutrients, and remove waste.2,3 Disrupting the
vascular endothelial growth factor (VEGF)/KDR
(VEGFR-2) signaling cascade is a well-validated ap-
proach for inhibiting tumor growth as demonstrated
by the FDA-approved anti-VEGF molecule, bev-
acizumab (AvastinTM),4 and small molecule kinase inhib-
itors, sunitinib (SutentTM)5 and sorafenib (NexavarTM).6


In contrast to the well-studied VEGF/KDR axis, the
role of the competing interaction of angiopoietins
(Ang-1 and Ang-2) with the Tie-2 receptor (tyrosine ki-
nase with immunoglobulin and epidermal growth factor

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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homology domains-2) in angiogenesis is less well under-
stood.7 The receptor tyrosine kinase Tie-2 is primarily
expressed in the vascular endothelium and is involved
in vessel branching, sprouting, remodeling, maturation,
and stability.7 Angiopoietin-1 binds to Tie-2 and stimu-
lates tyrosine phosphorylation and signal transduction,
resulting in blood vessel formation and/or mainte-
nance.8 The role of Angiopoietin-2 is controversial and
has been shown to act as both an agonist and an antag-
onist of Tie-2 signaling.7 The outcome of the Ang-2/Tie-2
interaction on vasculature depends on the presence/ab-
sence of VEGF and other proangiogenic factors.7,9


In order to evaluate the effect of Tie-2 kinase inhibitors
on angiogenesis and tumor growth, we sought to develop
small molecule inhibitors with high selectivity against ki-
nases involved in angiogenesis, for example KDR. Pre-
vious work revealed pyridinyl pyrimidine 1 to be a
potent, dual Tie-2/KDR inhibitor that served as a
launching point for SAR studies (Fig. 1).10 Herein, we
describe an isomeric ‘reversed-amide’ series (e.g., 2,
where the amide linkage is reversed compared to 1) that
possesses good in vitro potency, selectivity, and unique
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Figure 2. X-ray co-crystal structures of amide 1b (green) and reversed-


amide 2 (brown) bound to the ATP binding site of Tie-2. (Oxygen


atoms (red), nitrogen atoms (blue), and fluorine atoms (light blue).)


Table 1. Comparison of enzyme potency (IC50, nM) for amides and


reversed-amides


Compound Ar A B Enzyme (nM)


Figure 1. The potent, non-selective pyridinyl pyrimidine 1a modified


by reversing the amide orientation to arrive at 2. 1b,


R = –(CH2)3N(CH3)2; Tie-2 = 1 nM, KDR = 2 nM.
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SAR, but sub-optimal pharmacokinetic properties.
X-ray co-crystallographic studies aided the SAR
investigations.


All of the ‘reversed-amide’ analogs were synthesized in
the manner outlined for 5 in Scheme 1. 2-N-Methylami-
notriazine 3 can be synthesized on multi-gram scale as
previously described.10 This building block was reacted
with 5-amino-2-methylphenol under basic conditions
to displace the activated chloride and form penultimate
biaryl ether intermediate 4. Biaryl anilines (e.g., 2) were
not pursued due to poor physical properties (mp of
2 = 192 �C vs mp of 5 = 95 �C).10 HATU-mediated cou-
pling of the substituted benzoic acid to 4 afforded final
compound 5 in 40% yield over two steps. 2-N-Methyl-
aminopyrimidine (9) and pyridine (11, 15, 16, 20) deriv-
atives were synthesized in an analogous fashion.10


X-ray co-crystal structures of an amide 1b (Tie-2
IC50 = 1 nM, KDR IC50 = 2 nM; similar selectivity pro-
file to 1a) and ‘reversed-amide’ 2 bound to the ATP-site
of the Tie-2 kinase were solved (Fig. 2).11 In each ligand,
the pyrimidine ring makes identical key hydrogen bonds
to the backbone NH of the linker residue, Ala905
(1b = 2.85 Å; 2 = 2.88 Å). This interaction situates the
pyridine rings in alignment, and within edge-to-face
p-stacking distance of Phe983 (�3.5 Å) of the DFG-mo-
tif (first three residues of the activation loop). The cen-
tral and terminal aryl rings overlay with only slight
differences in orientation, placing the CF3-groups in
essentially the same space in the extended hydrophobic
pocket (EHP) in each series. Both amide arrangements
engage in strong hydrogen bonds with Asp982 of the

Scheme 1. Reagents and conditions: (a) 5-amino-2-methylphenol,


Cs2CO3, DMSO, 130 �C, 62%; (b) 3-(1,1,2,2-tetrafluoroethoxy)benzoic


acid, HATU, i-Pr2NEt, CHCl3, rt, 64%.

DFG-motif and Glu872 of the aC-helix: 1b,
H-bonds = 2.92 and 2.91 Å; 2, H-bonds = 3.04 and
2.73 Å.


Realizing the similarities in binding mode between 1b
and 2, we initiated SAR studies with two modifications
that were previously determined to be optimal: (1)
N-methylamino-substituted hinge-binding heterocycles
provided improved potency versus hydrogen substitu-
tion; (2) the biaryl ether series provided improved
physical properties versus biaryl anilines (e.g., 9–11,
Table 1).10 Although a potent Tie-2 inhibitor, reversed
amide 9, showed no improvement in selectivity over
KDR versus the corresponding amide 6. However, by
changing the pyrimidine (9) to a triazine (10) or pyridine
(11) hinge-binding moiety, selectivity over KDR was
dramatically improved for the reversed amide without

Tie-2 KDR


6 N CH 13 38


7 N N 1 20


8 CH CH 3 5


9 N CH 2 2


10 N N 1 117


11 CH CH 1 18







Table 2. Tie-2 and KDR potency (IC50, nM) and rat in vivo clearance (mL/h/kg) for central ring variations of triazines and pyridines


Compound A X Enzyme (nM) Cellular (nM) Rat iv CL (mL/h/kg)


Tie-2 KDR Tie-2


10 N 2-Me 1 117 5 3942


12 N H 6 456 85 4421


13 N 2-F 4 128 — 1104


14 N 3-CF3 55 25,000 — —


11 CH 2-Me 1 18 11 3260


15 CH H 4 18 — —


16 CH 4-Cl 6 9 — —
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compromising potency for Tie-2 enzyme (7 vs 10 and 8
vs 11).


Encouraged by the low nanomolar potency and 100-fold
selectivity of triazine 10, we explored the SAR of the
central aryl ring (Table 2). Replacement of the 2-methyl
group with a hydrogen resulted in a significant loss in
cellular potency (10 vs 12; Tie-2 autophosphorylation
measured in EA.hy 926 cells). We determined that poor
pharmacokinetic properties were the most significant
issues with this reversed-amide series. Rat clearances
equal to rat liver blood flow were observed for 10, 11,
and 12. Interestingly, a 2-fluoro derivative (13) led to a
much reduced rat iv clearance (CL = 1104 mL/h/kg);
however, this was accompanied by an undesirable half-
life of 0.8 h (mean-residence time = 0.5 h). Other elec-
tron-withdrawing groups such as 3-CF3 (14) resulted
in sub-optimal enzyme inhibition; and 4-chloro lacked
selectivity (16). In general, triazines provided superior

Table 3. Tie-2 and KDR potency (IC50, nM) and rat in vivo clearance (mL


Compound A X Enzyme (nM)


Tie-2 K


17 N –CF3 20 3


18 N –OCF3 8 4


19 N 17 11


5 N 16 10


20 CH 9 2

selectivity over KDR and comparable potency on
Tie-2 relative to pyridines (e.g., 10 vs 11 and 12 vs 15).


In our SAR studies of the terminal aryl ring, we set out
to reduce the rat in vivo clearance while maintaining po-
tency and selectivity. Reducing the bulk of the hydro-
phobic substituent from isopropyl (10) to CF3 (17)
resulted in a decrease in potency and selectivity
(Table 3). The 3-OCF3 (18) and 3-pyrrolyl (19) groups
imparted very good Tie-2 potency in the cellular auto-
phosphorylation assay (IC50 = 15 and 23 nM, respec-
tively), and impressive cellular selectivity over KDR
(>1000-fold for 19), but these compounds were rapidly
cleared in rats. The highly fluorinated derivative 5, did
lead to a moderate clearance (CL = 889 mL/h/kg) com-
pound that also maintained high potency and selectivity.
The corresponding pyridine derivative 20 led to a high
clearance molecule, although it was very potent in the
Tie-2 cellular assay (IC50 = 13 nM).

/h/kg) for terminal ring variation of triazines and pyridines


Cellular (nM) Rat iv CL (mL/h/kg)


DR Tie-2 KDR


09 — — —


42 15 540 4980


26 23 25,000 3825


02 33 4300 889


33 13 943 3640







Table 5. Rat pharmacokinetic properties for 5a


iv administrationb po administrationc


t1/2 1.7 h %F 4


CL 889 mL/h/kg Cmax 119 ng/mL


Vss 1311 mL/kg AUC0–inf 509 ng h/mL


a N = 3 animals/group.
b Dosed intravenously at 2 mg/kg in DMSO to male Sprague–Dawley


rats.
c Dosed orally at 10 mg/kg as a suspension in 2% HPMC/1% Tween 80/


97% water (pH 2.2) to male Sprague–Dawley rats.


Table 4. Kinase selectivity summary for 5 (IC50, nM)


Enzyme inhibition


Tie-2 16 cKit 17,800


p38a 47 cMet 25,000


Lck 146 EGFR 25,000


KDR 1002 IGFR-1 25,000


Jak2 1746 Zap70 25,000


Src 2195 BTK 25,000


FGFR 5360 JNK3 40,000
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Based on Tie-2 cellular potency (IC50 = 33 nM), excel-
lent selectivity over KDR (63-fold enzyme selectivity;
130-fold cellular selectivity), and promising pharmaco-
kinetics, we chose 5 for further profiling. The selectivity
profile was explored across a range of tyrosine and ser-
ine/threonine kinases (Table 4). The phosphorylation of
serine/threonine kinase p38a (IC50 = 47 nM) and non-
receptor tyrosine kinase Lck (IC50 = 146 nM) was inhib-
ited most strongly. The p38a activity was examined in a
THP-1/TNFa cellular assay,12 resulting in an
IC50 = 194 nM. All of the other tested kinases in the
selectivity panel returned potency values of greater than
one micromolar.


The rat pharmacokinetic parameters for 5 are summa-
rized in Table 5. Data collected from intravenous dosing
were a moderate clearance and volume of distribution,
leading to a half-life of 1.7 h (mean-residence
time = 1.5 h). Unfortunately, when 5 was dosed po at
10 mg/kg an oral bioavailability of 4% was achieved.
One possible factor contributing to the low %F could
be the inadequate solubility at pH values of 2 and 7.1
(solubility: 0.01 N HCl = 0.021 mg/mL; phosphate-buf-
fered solution = 0.003 mg/mL).13


In conclusion, a number of highly potent inhibitors of
Tie-2 cellular autophosphorylation were discovered in
this reversed-amide series. Impressive levels of selectivity
over KDR and a panel of other kinases were achieved
within the triazine series. Compound 5 possessed
the best combination of potency, selectivity, and rat

pharmacokinetics; however, further improvement is re-
quired to enhance oral bioavailability. Modifications
to this promising scaffold that address these parameters
will be reported in subsequent publications.

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bmcl.
2007.02.067.
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Abstract—Three piperidine derivatives of 2,9-dimethyl-4,7-diazadecane-2,9-dithiol (DDD), NEPDDD, NEMPDDD, and
NEMMPDDD, were synthesized and used as catalysts in DNA cleavage. Under physiological conditions, a series of experiments
have been done. The effects of DNA cleavage with three ligands were studied under different concentrations, cleavage time, and pH
values. The results strongly suggested that the plasmid DNA (pUC 19) can be cleaved efficiently by these ligands. For the cleavage
reaction catalyzed by NEMPDDD, Form I DNA could convert to Form II completely, and the DNA-cleavage mechanism involved
an oxidative pathway.
� 2007 Published by Elsevier Ltd.

As a kind of basic chemical bonds in DNA or RNA, the
phosphodiester bond is too stable in physiological con-
ditions to be hydrolyzed. The half-life of phosphodiester
bond is about 130,000 years.1 Because DNA and RNA
cleavage agents have the ability to accelerate the hydro-
lysis of these bonds, they are widely used in the fields of
molecular biology and therapy.2–6 Series of natural nuc-
leases and ribonucleases, including restriction endonu-
cleases, recombinases, and topoisomerases,7 have been
found and used to cleave DNA or RNA. Some of the
natural metal-containing enzymes have the capability
to hydrolyze DNA in a second. Artificial mimicked nuc-
leases, such as macrocyclic polyamine complexes with
metal ions, have been found to be the catalyst in DNA
cleavage.8 Furthermore, certain artificial complexes with
transition metal such as Co(III), Zn(II), and Cu(II) exhi-
bit high activity in the hydrolytic DNA cleavage pro-
cess.9 However, some of the free ligands in the absence
of transition metal could not cleave DNA.10


Free small molecules can interact with DNA through
recognition, binding, modifying, cleaving or crosslink-
ing. These molecules have been employed widely.11


Recently, Wu and co-workers found that 1,7-dimethyl-
1,4,7,10-tetraazacyclododecane could hydrolyze double
stranded DNA under physiological conditions (37 �C,

0960-894X/$ - see front matter � 2007 Published by Elsevier Ltd.
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pH 7.2).12 Li and co-workers reported that the poly-
thio-amine, varacin, could be used as DNA cleavage
agent.13 This reagent could cleave single stranded
DNA (pBR322) effectively at pH 5.5 (81%) in the pres-
ence of 2-mercaptoethanol. The amount of cleaved
DNA increased associated with the increase of the con-
centration of 2-mercaptoethanol. Gates and co-workers
reported that polysulfides could also cleave DNA.14


Ligands with N2S2 structures, especially 2,9-dimethyl-
4,7-diazadecane-2,9-dithiol (DDD), have been studied
in recent years.15 DDD is a strong chelating agent and
can form stable lipophilic chelate complex with techne-
tium or rhenium in high yields.16 The 188Re lableled com-
pounds of DDD derivatives exhibit excellent lipophilicity,
and these compounds can be used to treat liver cancer.17


Lever and co-workers reported the preparation and bio-
distribution of a 99Tc-triaminedithiol complex, which
was used to estimate the regional cerebral blood flow of
mice.18 In this paper, three DDD derivatives were synthe-
sized and used as DNA cleavage reagents. It was found
that these free ligands, especially NEMPDDD, have
highly efficient activity in the cleavage of DNA.


NEPDDD [2,9-dimethyl-4,7-diaza-4-(b-piperidinyleth-
yl)-decane-2,9-dithiol], NEMPDDD [2,9-tetramethyl-
4,7-diaza-4-(4 0-methyl-b-piperidinylethyl)-decane-2,9-
dithiol], and NEMMPDDD [2,9-tetramethyl-4,7-diaza-
4-(3 0,5 0-dimethyl-b-piperidinylethyl)-decane-2,9-dithiol]
were prepared according to the reported procedures19
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Figure 2. Effect of different ligands NEPDDD, NEMPDDD,


NEMMPDDD (0.571 mM) on the cleavage reactions of pUC 19


DNA (7 lg/mL) in a NaH2PO4/Na2HPO4 buffer (100 mM, pH 7.0) at


37 �C for 24 h. (a) Agarose gel electrophoresis diagram. Lane 1: DNA


control; lane 2: DNA control, 0 h; lanes 3–5: DNA cleavage catalyzed


by NEPDDD, NEMPDDD, NEMMPDDD. (b) Quantitation of %


plasmid relaxation relative to plasmid DNA per lane.
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and stored as hydrochloride salts. These salts were dis-
solved in deionized water for biological assay. The struc-
tures of three DDD derivatives are shown as follows
(Fig. 1).


The DNA cleavage reactions catalyzed by NEPDDD,
NEMPDDD, and NEMMPDDD were studied under
physiological condition at pH 7.0. Under such condi-
tions, the three ligands and plasmid DNA pUC 19 were
incubated at 37 �C. Supercoiled plasmid DNA (Form I)
was cleaved to give open-circular form (Form II) selec-
tively. The amounts of strand scission were assessed by
agarose gel electrophoresis.


First, we compared the DNA cleavage abilities between
NEPDDD, NEMPDDD, and NEMMPDDD under pH
7.0 and at 37 �C for 24 h. The results are shown in
Figure 2. Lanes 3–5 represent the DNA cleavage cata-
lyzed by NEPDDD, NEMPDDD, and NEMMPDDD,
respectively. Electrophoresis and densitometry indicated
that single cleavage of the supercoiled form (Form I)
yielded 74.8%, 100%, and 48.2% nicked form (Form
II), respectively. These results indicated that NEM-
PDDD showed much better catalytic activity than NEP-
DDD and NEMMPDDD.


According to Figure 2, NEMPDDD was chosen as the
key ligand in the subsequent experiments. Figure 3
shows the results of the DNA cleavage catalyzed by
NEMPDDD proceeding with different reaction times.
The cleavage effect was improved with the extending
of incubating time. After incubating for 1 h, the percent-
age of nicked form rose to 30.9% (lane 3). All the plas-
mid DNA was converted into nicked form within 24 h.


The results of DNA cleavage reactions with different
concentrations of NEMPDDD are shown in Figure 4.
Increasing the concentration of NEMPDDD resulted
in the increase of nicked form of DNA (lanes 3–8).
The plasmid DNA could be cleaved to nicked form com-
pletely within 24 h by using 0.286 mM NEMPDDD
(lane 7).


The effect of pH value on the catalytic activity of NEM-
PDDD was also studied. The results are shown in
Figure 5. We were pleased to find that under physio-
logical condition (pH 7.0), NEMPDDD could be most
effective for DNA cleavage, in which 40.4% nicked
DNA was produced after 12 h (lane 8).


To determine the mechanism of DNA cleavage pro-
moted by NEMPDDD, singlet oxygen scavenger and

SH HS


NH N
N


 NEPDDD


SH HS


NH N


 NEMPDDD


Figure 1. Structures of DDD derivatives.

radical scavenger were added to the system. The singlet
oxygen scavenger NaN3 (lane 3) and NaI (lane 6) effec-
tively inhibit the DNA cleavage by NEMPDDD, and
the hydroxyl radical scavengers DMSO (lane 4) and
tert-butyl acohol (lane 5) also show the inhibition abil-
ity. The cleavage of DNA is promoted when added the
H2O2 (lane 7). All the results suggested that hydroxyl
radical or singlet oxygen oxidative cleavage occurs in
the reaction, and singlet oxygen may be the primary
role. Therefore, DNA cleavage promoted by NEM-
PDDD might occur by an oxidative pathway (Fig. 6).


All results revealed that NEPDDD, NEMPDDD,
NEMMPDDD were good artificial catalysts for the
cleavage of DNA. For NEMPDDD, plasmid DNA
could be cleaved from Form I to Form II completely
under mild conditions (pH 7.0) in a short time. We have
discovered that the cleavage mechanism involved an
oxidative pathway.
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Figure 3. Effect of reaction time on the cleavage reaction of pUC 19


DNA (7 lg/mL) with ligand NEMPDDD (0.571 mM) in NaH2PO4/


Na2HPO4 buffer (100 mM, pH 7.0) at 37 �C. (a) Agarose gel


electrophoresis diagram. Lane 1: DNA control, 24 h; lane 2: DNA


control, 0 h; lanes 3–8: 1, 2, 4, 8, 12h, and 24 h. (b) Quantitation of %


plasmid relaxation relative to plasmid DNA per lane.
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Figure 4. Effect of concentration of ligand NEMPDDD on the


cleavage reactions of pUC 19 DNA (7 lg/mL) in a NaH2PO4/


Na2HPO4 buffer (100 mM, pH 7.0) at 37 �C for 24 h. (a) Agarose gel


electrophoresis diagram. Lane 1: DNA control, 24 h; lane 2: DNA


control 0 h; lanes 3–8: [NEMPDDD] = 14.3 lM, 28.6 lM, 0.072 mM,


0.143 mM, 0.286 mM, 0.571 mM. (b) Quantitation of % plasmid


relaxation relative to plasmid DNA per lane.
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Figure 5. Effect of pH on the cleavage reaction of pUC 19 DNA


(7 lg/mL) with ligand NEMPDDD (0.143 mM) in NaH2PO4/Na2HPO4


buffer (100 mM) at 37 �C for 12 h. (a) Agarose gel electrophoresis


diagram. Lanes 1, 3, 5, 7, 9, 11: DNA control, pH 5.8, 6.2, 6.6, 7.0, 7.4,


7.8; lanes 2, 4, 6, 8, 10, 12: NEMPDDD as catalyst, pH 5.8, 6.2, 6.6,


7.0, 7.4, 7.8. (b) Quantitation of % plasmid relaxation relative to


plasmid DNA per lane.


Figure 6. Effect of scavenger on the cleavage reaction of pUC 19 DNA


(7 lg/mL) with ligand NEMPDDD (0.143 mM) in NaH2PO4/Na2H-


PO4 buffer (100 mM) at 37 �C for 12 h. Lane 1: DNA control; lane 2:


NEMPDDD control; lane 3: 10 mM NaN3; lane 4: 10 mM DMSO;


lane 5: 10 mM tert-butyl acohol; lane 6: 10 mM NaI; lane 7: 10 mM


H2O2.
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Abstract—Phosphonoxins, a new class of synthetic, rationally designed anti-microbial agents, are described. From this class a sub-
micromolar inhibitor of Giardia trophozoite growth has been identified.
� 2007 Elsevier Ltd. All rights reserved.

Protozoa are one of the more common causes of infec-
tions and illness in humans and animals worldwide.1,2


For example, an estimated 1 billion humans are infected
with Toxoplasma gondii.3 Specifically, infections caused
by the flagellated protozoan Giardia are widespread.
Yearly, there is an estimated 100 million cases of giardi-
asis worldwide and Giardia is the most commonly diag-
nosed waterborne cause of diarrhea in the United
States.4 Giardia is also commonly found in livestock
and many mammals may serve as important reservoirs
capable of transmitting disease to humans.5–9 To date
widely effective treatment, broad-spectrum anti-micro-
bial agents for prophylaxis, or effective vaccines for these
pathogens are not available.10,11 In addition, clinical
resistance has been reported for current anti-protozoals,
including cases where both metronidazole and albend-
azole failed in treatment of giardiasis.9–12 Diseases
caused by protozoans are therefore a worldwide risk to
the health of humans and animals.


Giardia species have two major stages in their life cy-
cles. The trophozoite stage is the vegetative form that
replicates in the small intestine of its host causing diar-
rhea and symptoms of malabsorption. Upon exposure
to biliary fluid some trophozoites differentiate to the
encysted form. The cysts are passed in feces, and enter
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the environment where they can infect another host.
Giardia cysts are highly infective and exceptionally well
adapted for survival in, and dissemination by, water.
They are difficult to detect and are resistant to com-
mon treatments such as chlorine and ozone. These
adaptations further complicate treatment of Giardia
infections.1,2,4


While differing protozoal species have quite different life
cycles the environmentally resistant and infective cyst is
common to many protozoans.13,14 Because encystation
appears to occur in response to unfavorable growth con-
ditions, it is highly likely that prevention of cyst forma-
tion would be fatal.15 However, unlike bacterial cell wall
synthesis protozoal cyst wall synthesis has not been well
exploited as a drug target.16


While protozoal cyst walls are not as fully character-
ized as cell walls in other organisms, it is known that
some, e.g., Giardia, Entamoeba, and Toxoplasma, con-
tain chitin or a chitin-like polysaccharide.3,15–19 Recent
description of enzyme activity termed cyst wall syn-
thase (CWS) in Giardia17 inspired our discovery of a
micromolar inhibitor of Giardia trophozoite growth.20


We report here design, synthesis, and activity of a po-
tent and non-toxic second generation anti-giardial
agent that was designed as an inhibitor of CWS. Be-
cause these agents bear passing resemblance to polyox-
ins21 we have termed these new synthetic agents
phosphonoxins.
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Figure 1. Synthesis of poly(GalNAc) by cyst wall synthase.
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Cyst wall synthase catalyzes synthesis of the chitin-like
poly b-1-3-linked N-acetylgalactosamine[poly(GalNAc)]
that comprises about 63% of the giardia cyst wall. CWS
has a high affinity (Km = 0.048 mM) for its substrate and
glycosyl donor, UDPGalNAc, Vmax = 0.07 nmol/
(min · mg protein). This synthase requires (in order of

Figure 2. Proposed transition state analogs.


Scheme 1. Reagents and conditions: (a) CBzCl, 1 N NaOH, 12 h; (b) i—iPrU


BaSO4.

preference) the divalent cations Ca2+, Mg2+, Co2+,
Mn2+, and Zn2+. Metal chelators such as EDTA inhibit
CWS. Finally, CWS is specific for UDPGalNAc. UDP-
glucose, UDPGlcNAc, UDP-galactose, glucosamine,
and galactosamine are not substrates.17


As with other glycosyl transferase processes, synthesis of
poly(GalNAc) is proposed to proceed through a transi-
tion state with a positive charge on the hexose moiety of
the UDPGalNAc substrate (Fig. 1).


Analogs containing a stable linker between uridine and
a sugar transition state analog should therefore be po-
tent inhibitors of CWS.22 We have designed and synthe-
sized a series of UDPGalNAc transition state analogs
that contain an aza-sugar or aza-sugar analog in place
of the GalNAc moiety.23 The aza-sugar is linked by an
alkylphosphonate to uridine (Fig. 2). In contrast to the

, DCC pyridine, Dowex-50 H+, rt 4 d; ii—Dowex H+; (c) 1 Atm H2/Pd-







Table 1. Legend for Scheme 2


Compound R1 R2


5a –CH2CH2OH H


5b –CH2CH2OH –CH2CH2OH


5ca O O H


5d


OBz


OBz


5e


7a –CH2CH2OH H


7b –CH2CH2OH –CH2CH2OH


7ca O O H


7d


OBz


OBz


7e


9a –CH2CH2OAc H


9b –CH2CH2OAc –CH2CH2OAc


9ca O O H


9d


OBz


OBz


9e


10a –CH2CH2OH H


10b –CH2CH2OH –CH2CH2OH


10c -CH2CH2OAc –CH2CH2OH


10d -CH2CH2OAc –CH2CH2OAc


10eb


HO OH H


10f


OH


OH


10g


a Racemic.
b A mixture of diastereomers.
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natural phosphates and pyrophosphates, phosphonates
are able to penetrate cell membranes.24,25 In addition,
these aminoalkylphosphonates should be efficient
chelators of the metal cation proposed to be at the active
site (Fig. 1).18,26–28


We began by synthesis of 5 0-[(aminoalkyl)phos-
phono]uridines 4 from the commercially available
aminophosphonic acids 1 (Scheme 1). The acids were
protected as the CBz derivatives and the resulting inter-
mediates 2 were coupled with 2 0,3 0-isopropylidinuridine
(iPrU) using DCC in pyridine with Dowex-50 (H+


form). Exclusion of Dowex from the reaction mixture
led to slower reaction times and significantly lower
yields. The protecting groups were removed by
standard methods29 and the resulting aminophosphonic
acids were isolated as their hydrochloride salts 4
(Table 1).


N-substituted b-amino phosphonates were synthesized
through conjugate addition of amino alcohols with
diethylvinylphosphonate or diisopropylvinylphospho-
nate30,31 followed by protection of the free hydroxyls,
and deblocking of the phosphonate moiety with
bromotrimethylsilane (Scheme 2). Carbodiimide medi-
ated coupling of the resulting b-amino phosphonates
with 2 0,3 0-isopropylidinuridine (iPrU) and removal of
the protecting groups gave the target transition state
analogs.


These transition state analogs were screened for activ-
ity against Giardia lamblia WB-6 strain. Trophozoite
inhibition was determined by culturing the parasites
anaerobically for 48 h in the presence of 2-fold drug
dilutions in triplicate. The XTT reagent was used to
measure cell viability. Cyst development was deter-
mined in a similar manner except the assay was con-
ducted for 4 d in encysting medium glass vials. The
cysts were counted, washed in deionized water, and
resuspended in trophozoite medium to evaluate cyst
viability. Manine Darbey Bovine Kidney (MDBK)
cells were used to evaluate host toxicity using a stan-
dard method.32


The assays revealed that while all derivatives are non-
toxic (MDBK EC50 > 250 lM), the pyrrolidine deriva-
tive 10f is about 25-fold more active than the other
derivatives, 10, and is also the most potent inhibitor of
cyst formation in this series (Table 2).


We therefore selected 10f as a lead and investigated the
importance of the length of the alkyl linker between the
phosphonate moiety and the pyrrolidine group. The
propyl linked derivative 15 was prepared from the pyr-
rolidine 1133 and bromopropylphosphonate 1234


(Scheme 3). Deblocking of the phosphonate ester of
the resulting 13 followed by diimide coupling with
2 0,3 0-isopropylidinuridine and removal of the protecting
groups using standard methods gave the desired amino-
propyl derivatives.


The alkoxyaminophosphonate, 18, was prepared in a sim-
ilar manner from known phosphonate 1635 (Scheme 4).

Generation of the free phosphonic acid, coupling with
the protected uridine, and deprotection were performed
as described above.


Condensation of 11, formaldehyde, and diisopropyl-
phosphite (Scheme 5) gave phosphonate 19 which was
readily converted to methylene linked derivative 20.
Finally, to study the significance of the positive
charge on the amino moiety, we prepared imide 22
from commercially available anhydride 21 and







Scheme 2. Reagents and conditions: (a) toluene, reflux; (b) bromotrimethylsilane, acetonitrile, rt 2 d; (c) acetic anhydride, pyridine, 14 h (d) i—iPrU,


DCC, pyridine, Dowex-50 H+; ii—H2O, 0.1 N HCl.


Table 2. Anti-Giardia trophozoite MIC and Cyst inhibition activity


Compound Trophozoite


MIC (lM)


Toxicity: MDBK


cell EC50 (lM)


Inhibition of Cyst


formationa


4a >20 >250 34.4


4b >10 >250 14.9


8a >20 >250 nd


8b >20 >250 nd


10a >20 >250 nd


10b >10 >250 72.2


10c >10 >250 35.6


10d >10 >250 27.4


10e >20 >250 nd


10f 0.48 >250 5.73


10g >20 >250 nd


15 20 >250 22.9


18 20 >250 17.2


20 >20 >250 nd


23 >20 >250 28.7


nd, not determined.
a Percent of control (cyst formation performed with no drug) with drug


conc. = 10 lM.
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b-aminoethylphosphonate (Scheme 6). The resulting
phosphonic acid 22 was coupled with protected iPrU
and the protecting groups removed to give target 23.

Scheme 3. Reagents and conditions: (a) i—Dioxane, K2CO3, rt 2 d; ii—Bz2O


iPrU, DCC, pyridine, Dowex-50 H+; (c) i—7 N ammonia/MeOH, 14 h; ii—

Derivatives 15, 18, 20, and 23 were all considerably (at
least 50-fold) less active than the lead, 10f. We speculate
that linker between the phosphonate moiety and the
amino moiety in 10f allows for optimal conformation
in chelation of the metal cation (probably calcium) that
is proposed at the active site in the target enzyme, pos-
sibly CWS.


In summary we have designed and synthesized new class
of anti-protozoal agents that we call phosphonoxins.
Martin and co-workers,36 and Schuster et al.37 have
described similar phosphonate–aza-sugar analogs as gly-
cosyl transferase transition state analogs. However, to
our knowledge this is the first report of such potential
glycosyl transferase inhibitors with biological activity.
Specifically we have discovered a potent inhibitor of
Giardia trophozoite growth with activity that rivals
existing therapeutics. This phosphonoxin, 10f, is also a
potent inhibitor of Giardia cyst formation and may have
clinical potential as a new anti-giardia drug. Yet because
10f is not a specific inhibitor of cyst formation, but addi-
tionally inhibits vegetative growth, it is probably not a
specific inhibitor of CWS. Studies on optimization of
activity, mechanism, and efficacy in animal models will
be reported in due course.

, pyridine, rt 2 h; iii—bromotrimethylsilane, acetonitrile rt 2 d 74%; (b)


Dowex-50 H+, water rt 2 d, 18% (from compound 13).







Scheme 4. Reagents and conditions: (a) i—Dioxane, K2CO3, rt 2 d; ii—Bz2O, pyridine, rt 2 h; iii—bromotrimethylsilane, acetonitrile, rt 2 d 69%; (b)


i—iPrU, DCC, pyridine, Dowex-50 H+; ii—7 N ammonia/MeOH, 14 h; iii—Dowex-50 H+, water, rt 2 d 21%.


Scheme 5. Reagents and conditions: (a) i—Diisopropylphosphite, formaldehyde; ii—Bz2O, pyridine, rt 2 h; iii—bromotrimethylsilane, acetonitrile, rt


2 d; (b) i—iPrU, DCC, pyridine, Dowex-50 H+; ii—7 N ammonia/MeOH, 14 h; iii—Dowex-50 H+, water, rt 2 d.


Scheme 6. Reagents and conditions: (a) i—Diisopropylaminoethyl phosphonate, rt 3 h; ii—acetic anhydride, 90 �C 16 h; iii—bromotrimethylsilane,


acetonitrile, rt 3 h; (b) i—iPrU, DCC, pyridine, Dowex-50 H+; ii—7 N ammonia/MeOH, 14 h; iii—Dowex-50 H+, water, rt 2 d.
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Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.bmcl.2007.02.063.
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Abstract—A collection of aryl sulfonamido indanes based on the lead compound 1 was synthesized and evaluated for Kv1.5 inhib-
itory activity. Kv1.5 inhibitors have the potential to be atrium-selective agents for treatment of atrial fibrillation. (1R,2R)-1 has an
IC50 of 0.033 lM against Kv1.5 and is selective against other cardiac ion channels, including hERG.
� 2007 Elsevier Ltd. All rights reserved.

Figure 1. Structure of aryl sulfonamido indane Kv1.5 inhibitor.

Atrial fibrillation (AF) is one of the most common
forms of cardiac disease encountered in clinical practice.
Currently, over two million people in the United States
are affected by this serious cardiac arrhythmia.1


Although AF is typically not a fatal condition, ineffi-
cient emptying of the atrium leads to concomitant
patient risks, such as thrombogenesis and stroke.2 AF
is a major public health concern and there is a growing
medical need to reduce the occurrence of AF with drugs
that lack the ventricular proarrhythmic side effects (e.g.,
torsades de pointes) associated with currently used phar-
macological therapies.3


In humans, the delayed rectifier potassium current
termed IKur has been shown to play an important role
in atrial muscle action potential repolarization.4 In con-
trast to other potassium currents present in the heart
such as IKs and IKr, IKur is functionally expressed only
in the atrium.5 The IKur current is conducted by the volt-
age-gated potassium channel encoded by Kv1.5.6 Thus,
an inhibitor of Kv1.5 would be expected to prolong the
action potential repolarization in the atrium but not in
the ventricle. Drugs that selectively block this ion chan-
nel should increase atrial action potential duration and
prevent and/or terminate AF without the risk of ventric-
ular effects leading to arrhythmogenesis.


Herein, we report a new class of Kv1.5 inhibitors based
on the indane scaffold (Fig. 1).7 In this study, amido
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regioisomers and scaffold variations were probed in an
attempt to define the Kv1.5 pharmacophore.


The preparation of aryl sulfonamido indane 1 is pre-
sented in Scheme 1. Nitration of 1-indanone 2 afforded
6-nitro-1-indanone 3 and 4-nitro-1-indanone 4 in a 3:1
ratio following column chromatography on silica gel.
Ketone reduction of 3 followed by dehydration gave
the indene 5. Treatment with m-CPBA to furnish epox-
ide 6 and subsequent ring opening with ammonium
hydroxide provided the racemic trans-amino alcohol 7.
Sulfonylation of 7 with 4-ethylphenylsulfonyl chloride
and reduction gave aromatic amine 8. Several methods
were used to reduce the nitro group. We found the use
of SnCl2–2H2O or NaBH4 with catalytic NiCl2 was
generally preferred over hydrogenation using Pd/C.
Coupling of 8 with m-anisoyl chloride provided 1.


The 1,4-, 1,5-, and 1,7-regioisomers were synthesized to
determine the optimal positioning of the amido group.
Manipulation of 4 in a manner identical to that
described in Scheme 1 provided the 1,4-amido regio-
isomer 9 (Scheme 2).



mailto:sbeaudoin@icagen.com





Scheme 3. Reagents: (a) NaBH4, MeOH, 98%; (b) TsOH, toluene,


100%; (c) RhCl3–H2O, EtOH, 43%.


Scheme 1. Reagents: (a) KNO3, concd H2SO4, 74%; (b) NaBH4, MeOH, 99%; (c) TsOH, PhCH3, 100%; (d) m-CPBA, CH2Cl2, 96%; (e) NH4OH,


91%; (f) 4-Et-PhSO2Cl, Et3N, CH2Cl2, 83%; (g) SnCl2–2H2O, EtOH, 97%; (h) m-anisoyl chloride, Et3N, CH2Cl2, 93%.


Scheme 2. Synthesis of 4-amido regioisomer 9.
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The 1,7-amido regioisomer 12 was also prepared start-
ing from 4. Ketone reduction and dehydration of 4 gave
indene 10. Isomerization of the olefin using RhCl3 in
refluxing ethanol afforded indene 11, along with recov-
ered 10. Processing of 11 as described in Scheme 1 pro-
vided the 1,7-amido derivative 12 (Scheme 3).


The 1,5-amido regioisomer 17 was synthesized as de-
scribed in Scheme 4 to complete the series. Nitration
of indane (13) gave a 2:3 mixture of nitroindanes 14
and 15.8 Oxidation of this mixture using chromium tri-

oxide provided a 3:3:1 mixture of nitroindanones 16,
4, and 3. The desired 5-nitroindanone 16 was isolated
by column chromatography. Further elaboration of 16
proceeded as before to provide the 1,5-amido regio-
isomer 17.


The des-amido indane 19 was prepared in order to deter-
mine the contribution of the amido functionality to
Kv1.5 activity. Oxidation, ring opening, and sulfonyla-
tion of 1-indene 18 provided racemic 19 (Scheme 5).


We wanted to ascertain if the 2-hydroxy group inter-
acted with the Kv1.5 channel protein. The racemic
des-hydroxy indane 20 was prepared via amination of
3 followed by sulfonylation, nitro reduction, and acyla-
tion as described in Scheme 6.


To further explore the SAR at the 2-position, the
cis-amino alcohol 22 was prepared as outlined in
Scheme 7. Treatment of indene oxide 6 with trifluorom-
ethanesulfonic acid in acetonitrile provided racemic 21.9


This intermediate was carried forward as described in
Scheme 1 to give 22.


Scaffold variations were investigated (Fig. 2). The tetra-
lin 23 and benzosuberone 24 were synthesized in a fash-
ion identical to that illustrated for indane 1 (Scheme 1)
starting from the appropriate commercially available
precursors, 7-nitro-1-tetralone and 1-benzosuberone,
respectively.


The benzyl sulfonamide 26 was prepared in order to
determine whether conformational rigidity imposed by
the indane scaffold was important for Kv1.5 activity.
Sulfonylation of 3-nitrobenzyl amine 25, nitro reduction
and coupling with m-anisoyl chloride provided the
desired acyclic product (Scheme 8).







Scheme 4. Reagents: (a) HNO3, H2SO4, 37%; (b) CrO3, AcOH, 3% of 16.


Figure 2. Tetralin and Benzosuberone Kv1.5 inhibitors.


Scheme 7. Reagents: (a) CF3SO3H, CH3CN, 64%.


Scheme 8. Reagents: (a) 4-Et-PhSO2Cl, NEt3, CH2Cl2, 99%; (b) SnCl2–2H2O


Scheme 6. Reagents: (a) NH4OAc, Na(CN)BH3, MeOH, 35%;


(b) 4-Et-PhSO2Cl, NEt3, CH2Cl2, 88%; (c) SnCl2–2H2O, EtOH, 91%;


(d) m-anisoyl chloride; NEt3, CH2Cl2, 92%.


Scheme 5. Reagents: (a) m-CPBA, CH2Cl2, 93%; (b) NH4OH, 85%; (c)


4-Et-PhSO2Cl, NEt3, CH2Cl2, 81%.
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Finally, we wanted to compare the ability of enantio-
mers (1R,2R)-1 and (1S,2S)-1 to inhibit the Kv1.5 chan-
nel. (1R,2R)-1 was prepared via Jacobsen asymmetric
epoxidation of indene 5.10 Under these conditions, the
epoxide (1S,2R)-6 was obtained in 70% ee.11 The stereo-
chemistry was assigned based on literature precedent
suggesting the major isomer expected from the (S,S)-
salen catalyst would be the (1S,2R) isomer.10 (1S,2R)-6
was carried on to give the amino alcohol (1R,2R)-7, then
processed as described in Scheme 1 to ultimately
provide (1R,2R)-1 in 95% ee, after recrystallization from
iPrOH/hexane (Scheme 9). In order to obtain both the
(1R,2R)-1 and (1S,2S)-1 expeditiously, the racemate
was subjected to preparative-scale chiral HPLC chroma-
tography to provide each enantiomer in >98% ee.


Compounds were tested for inhibition of potassium cur-
rent in Ltk� or mouse fibroblast L929 cells expressing hu-
man Kv1.5 using patch-clamp electrophysiological (EP)
techniques.12 The inhibitory activities of the compounds
examined in this study are summarized in Table 1.

, EtOH, 99%; (c) m-anisoyl chloride; NEt3, CH2Cl2, 95%.







Table 2. Aqueous solubility of Kv1.5 inhibitors13


Compound lg/mL


1 2.9


(1R,2R)-1 1.3


20 <0.1


26 0.8


Table 3. Cardiac ion channel selectivity of (1R,2R)-1


Ion channel Inhibition at 10 lMa


hERG 37 ± 5%


hSCN5A 15 ± 4%


GH3 (Ca) 27 ± 4%


a Inhibition values are means of at least three EP experiments ± SEM.


Table 4. Pharmacokinetic parameters of (1R,2R)-1a


Parameter Rat Dog


F (%) 1 ± 0.6 5 ± 2


t1/2 (h) 0.4 ± 0.01 1.5 ± 0.2


Clearance (mL/min/kg) 200 12


Vd (L/kg) 4 1.4


a Dose: 20 lmol/kg PO; 10 lmol/kg INF; vehicle: 1:1:1 PEG:EtOH:


H2O.


Table 1. Kv1.5 Inhibitory activity


Compound IC50 (lM) or inhibition at 1 lMa


1 0.16


(1R,2R)-1 0.033


(1S,2S)-1 0.76


8 2 ± 2%


9 17 ± 1%


12 0.88


17 24 ± 3%


19 3 ± 1%


20 0.15


22 0.30


23 0.44


24 0.20


26 0.24


a Inhibition values are means of at least two experiments ± SEM.


Scheme 9. Reagents: (a) (S,S)-Mn-salen catalyst, PPNO, NaOCl,


0.05 M NaH2PO4, CH2Cl2, 71% yield, 70% ee; (b) NH4OH, 90%.
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All four of the possible amido regioisomers were
examined in this study. The 1,7-isomer 12 retained a
reasonable level of Kv1.5 activity, whereas the 1,4-
and 1,5-isomers (9 and 17, respectively) were less potent
having IC50 values >1 lM. Clearly, the 1,6-isomer 1
arranged the sulfonamido and amido groups in the most
preferred orientation. Removal of the amido functional-
ity was not tolerated (see 8 and 19).


The des-hydroxy indane 20 and trans indane 1 were
essentially equipotent. The cis indane 22 was slightly less
potent (approximately 2-fold). Combined, these results
suggest that the 2-hydroxy group does not participate
in a critical binding interaction with the Kv1.5 channel
protein. Removing the hydroxyl group from the indane
template, however, resulted in a substantial loss of aque-
ous solubility (Table 2).


Of the bicyclic scaffold modifications that were explored,
the indane series retained the highest level of Kv1.5
inhibitory activity. Nevertheless, the tetralin and benzo-
suberone aryl sulfonamido templates (23 and 24, respec-
tively) have the potential to be optimized further to
provide interesting Kv1.5 inhibitors.14 It appeared that
conformational constraint is not required for Kv1.5
activity based on potency of 26. However, this com-
pound suffered from the same solubility limitations as
the des-hydroxy analog 20 (Table 2).


The chirality of 1 significantly influenced Kv1.5 channel
blockade: (1R,2R)-1 was approximately 25 times more
potent than (1S,2S)-1. Encouraged by this level of activ-
ity, the inhibitory effect of (1R,2R)-1 was studied on

other ion channels including a human cardiac potassium
channel (hERG),15 a human cardiac voltage-dependent
sodium channel (hSCN5A),16 and calcium channels
found in a rat pituitary cell (GH3).17 Compound
(1R,2R)-1 was found to be at least 300-fold selective,
producing <50% inhibition at 10 lM versus all three
of these ion channels (Table 3).


Satisfied with the in vitro profile of (1R,2R)-1, the phar-
macokinetic (PK) properties were investigated in rat and
dog. Despite favorable calculated (e.g., clogP, H-bond
donors, H-bond acceptors, MW)18 and measured (e.g.,
CACO-2 permeability of 1.9 · 10�5 cm/s) properties,
we found that the oral bioavailability (F%) of (1R,2R)-
1 was low in both species. In addition, the intraarterial
infusion (INF) half-life was short, particularly in rat
(Table 4).


In an effort to understand why the oral bioavailability of
(1R,2R)-1 was so low, a separate PK experiment was
performed using bile duct cannulated (BDC) rats. It
was discovered that the INF dose was rapidly and exten-
sively metabolized. Deacylation, O-dealkylation and
hydroxylation to give metabolites I, II, and III, respec-
tively, were predominant metabolic pathways (Fig. 3).
It was not determined whether hydroxylation of the sul-
fonamido fragment occurred on the phenyl ring or on
the ethyl substituent (III).


Thorough analysis of the oral (PO) dose in BDC rats
revealed that most of (1R,2R)-1 remained unabsorbed
from the gastrointestinal tract. This was attributed lar-
gely to the poor aqueous solubility of (1R,2R)-1 that
was measured to be 1.3 lg/mL (Table 2).







Figure 3. In vivo metabolites of (1R,2R)-1.
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In summary, we investigated the Kv1.5 pharmacophoric
elements of the aryl sulfonamido indane series. It was
discovered that (1R,2R)-1 is a potent Kv1.5 inhibitor
with an IC50 of 0.033 lM. The selectivity of (1R,2R)-1
versus other cardiac ion channels indicates this com-
pound may have the potential for treating AF without
the risk of unwanted ventricular effects. However, the
unacceptable pharmacokinetic profile of (1R,2R)-1 pre-
cludes its further development. In subsequent publica-
tions we will discuss our efforts to design Kv1.5
inhibitors having more desirable physiochemical and
PK properties.
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Abstract—To investigate why 3-substituted benzamide derivatives show dual inhibition of Abl and Lyn protein tyrosine kinases, we
determined their inhibitory activities against Abl and Lyn, carried out molecular modeling, and conducted a structure–activity rela-
tionship study with the aid of a newly determined X-ray structure of the Abl/Lyn dual inhibitor INNO-406 (formerly known as NS-
187) bound to human Abl. We found that this series of compounds interacted with both kinases in very similar ways, so that they
can inhibit both kinases effectively.
� 2007 Elsevier Ltd. All rights reserved.
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Chronic myeloid leukemia (CML) is caused by constitu-
tive activation of the Bcr-Abl protein tyrosine kinase.1


Imatinib mesylate (STI-571, Gleevec� or Glivec�;
Fig. 1) inhibits the abnormal Bcr-Abl protein produced
in the leukemic blood cells,2,3 and it is widely used to
treat patients diagnosed with CML. However, resistance
to imatinib has become a serious concern in imatinib
therapy. Such resistance has been reported to occur
through (1) point mutations in the Abl kinase domain,4


and (2) overexpression of Lyn kinase, a member of the
Src family of tyrosine kinases.5


We have previously described the discovery of a series of
3-substituted benzamide derivatives with highly potent
antiproliferative activity against Bcr-Abl kinase and its
clinically reported mutants.6,7 INNO-406 (formerly
known as NS-187) is one such representative compound
(Fig. 1). During the course of its development, we found
that INNO-406 and its derivatives also inhibited Lyn
kinase. To investigate why this series of compounds acts
as dual Bcr-Abl/Lyn kinase inhibitors, we determined
their inhibitory activities against Abl and Lyn kinases,
and studied their structure–activity relationships with
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the aid of a newly determined crystal structure of the
INNO-406/Abl complex and a computationally gener-
ated 3D model of the INNO-406/Lyn complex. We
found that the modes of interaction of INNO-406 and
its derivatives with Abl and Lyn kinases are very similar,
so that these compounds can inhibit both kinases.

NH


O


INNO-406, NS-187 (8)


Figure 1. Chemical structures of imatinib and INNO-406.
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The synthesis of the compounds has been reported else-
where.7 For the Abl or Lyn kinase assay, biotinylated
peptide substrates immobilized on streptavidin-coated
microplates were incubated at 30 �C for 1 h with serial
dilutions of the compounds in a kinase reaction buffer
including 0.1 nM Lyn or 1 nM Abl. Phosphorylated
peptide substrates were treated with horseradish perox-
idase-conjugated anti-phosphotyrosine antibody. Tetra-
methylbenzidine (TMB) peroxidase substrates were then
added and the absorbance at 450 nm was measured after
color development. IC50 values were estimated by fitting

Table 1. Inhibitory and antiproliferative activity of 3-substituted benzamide
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R2 R1
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5 6
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2 CH F
N


NMe


3 CH Cl
N


NMe
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7 N CF3
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NMe


8 INNO-406 N CF3 Me2N


9d N CF3 Me2N


10d N CF3


Me2N


11d N CF3


Me2N


12d N CF3


N


Me2N


a IC50 values represent the concentration of compound which inhibits the ki
b IC50 values represent the concentration of compound which inhibits cell pr
c ND, not determined.
d The biological activity of the monohydrochloride salts was evaluated.

the data to a logistic curve. The Abl kinases used for the
enzyme assays and the X-ray crystallography differ at
the N-terminus but are identical in the kinase domain,
including the ligand-binding site. The differences at the
N-terminus would not be expected to affect the results
of our study.


Homology modeling, energy calculations, docking stud-
ies, and surface generation were performed with MOE
2005.06 (Chemical Computing Group, Inc.). The se-
quence of Lyn (LOCUS NP_002341) was aligned with

derivatives


N


N X


N


IC50 (nM)


Lyna Abla K562b


470 220 182


120 35 63


NDc ND 10


12 3.1 7


ND ND 10


5.1 4.8 5


8.8 8.5 4


N 26 11 11


N 12 3.4 4


N ND ND 11


N 32 7.6 9


140 29 17


nase activity by 50%.


oliferation by 50%. The data are taken from Ref. 7.







Figure 2. X-ray structures of imatinib/Abl and INNO-406/Abl


complexes.
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that of Abl with the homology-modeling facility imple-
mented in MOE. A set of 10 intermediate homology
models was generated, and each intermediate was mini-
mized to an energy gradient of 0.01 kcal mol�1 Å�1. The
intermediate model with the lowest energy was selected
for further study. Ligands were manually docked into
the binding site of Lyn by using the coordinates of the
INNO-406/Abl complex as a reference. Each docked
ligand and the amino acids within 7 Å of it were then
energy-minimized with the MMFF94x force field8 until
the root-mean-square gradient of the potential energy
was less than 0.05 kcal mol�1 Å�1. Conformational
changes of ligands and the nearby amino acids during
minimization were small.


A recombinant baculovirus for the expression of the hu-
man c-Abl kinase domain (residues 229–515) was gener-
ated by using the Bac-to-Bac Baculovirus Expression
System (Invitrogen). The kinase domain was expressed
in Sf9 cells infected with the recombinant virus and puri-
fied as described elsewhere,9 except that INNO-406 in-
stead of imatinib was used for complex formation with
the kinase domain. The purified INNO-406/protein
complex was concentrated and crystallized by the hang-
ing-drop method at 4 �C. For crystallization, the protein
solution was mixed with an equal volume of reservoir
solution (0.1 M MES, pH 6.0, containing 25%
PEG4000 and 0.3 M MgCl2). Diffraction data from
flash-frozen crystals were collected at the BL32B2 beam-
line of the SPring-8 synchrotron facility (Hyogo, Japan)
and processed with the HKL-2000 package.16 The posi-
tions and orientations of two kinase domain monomers
in the asymmetric unit were initially determined by
rigid-body refinement with the program CNX (Accelrys)
using a crystal structure of the kinase domain of mouse
c-Abl (PDB ID code 1IEP) as a search model. Refine-
ment with CNX and model rebuilding with the program
Turbo-Frodo17 were carried out with data to 2.2 Å res-
olution to a final R-factor of 0.236 and a final free R-fac-
tor of 0.270. The coordinates have been deposited in the
Protein Data Bank (PDB ID code 2E2B).


All compounds tested showed more-potent inhibitory
activity against Abl and Lyn than did imatinib (Table
1). The inhibitory activity of the compounds against
Abl was highly correlated with their antiproliferative
activity against Bcr-Abl-expressing K562 cells (correla-
tion coefficient r = 0.990 when the activity is expressed
as pIC50) and with their inhibitory activity against Lyn
(r = 0.982). To investigate why these compounds are
highly active against both kinases, 3D structural infor-
mation would be useful. We have recently solved the
X-ray structure of INNO-406 bound to human Abl,
shown in Figure 2a (Abl, blue; INNO-406, yellow).
For comparison, the X-ray structure of imatinib bound
to Abl9 (Abl, cyan; imatinib, white) is shown in Figure
2b. The amino acids within 4 Å of INNO-406 or imati-
nib are depicted. In this and subsequent figures, the ori-
gin of the structure is shown in the upper left-hand
corner as Abl (X-ray) or Lyn (model), and structures
with the same origin in subsequent figures are shown
in the same color. The two X-ray structures resemble
each other very closely; only slight differences between

the complexes were observed in the positions of the
ligands and the side chains and backbones of the
kinases. It is clear that INNO-406 and imatinib interact
with Abl in very similar ways.


The high sequence similarity between Abl and Lyn
allowed us to construct a high-quality 3D model of
Lyn by using the newly determined X-ray structure of
the INNO-406/Abl complex as a template (Fig. 3).
Because the inhibitory activities of 3-substituted benz-
amides against Abl and Lyn were highly correlated
(r = 0.982), it is reasonable to assume that INNO-406
binds to both kinases in similar ways. On this assump-
tion, we docked INNO-406 into the modeled structure
of Lyn by using the coordinates of the INNO-406/Abl
complex as a reference. An automatic docking carried
out with Glide version 3.0 (Schrödinger, Inc.) produced
a very similar docked structure.


The amino acids located within 4 Å of INNO-406 in the
modeled INNO-406/Lyn complex are depicted in Figure
3. The amino acids shown in white are identical in Abl
and Lyn, while those shown in green differ between Abl
and Lyn. For simplicity, from here on in this paper the ami-
no acid numbering of Abl will be used for Lyn. The methyl
group of the central tolyl moiety of imatinib and similar
tyrosine kinase inhibitors is known as the ‘‘flag methyl’’,







Figure 4. Binding sites of experimentally determined INNO-406/Abl


(a) and modeled INNO-406/Lyn (b) structures. The labeled amino


acids differ between Abl and Lyn. The amino acids around the distal


pyrimidine group, R1, and R2 are shown in white, magenta, and cyan,


respectively.


Figure 3. Binding site of the modeled structure of the INNO-406/Lyn


complex. Amino acids identical in Abl and Lyn are shown in white.


For simplicity, only amino acids forming hydrogen bonds with INNO-


406 are labeled.
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and it makes a large contribution to both their inhibitory
activity and their selectivity.10 Notably, the amino acids
around the tolyl moiety of INNO-406 (pink oval in Figure
3) are identical between Abl and Lyn. Other important
interactions are hydrogen bonds. The amino acids of Abl
that form hydrogen bonds with INNO-406 are Glu286,
Thr315, Met318, Ile360, His361, and Asp381 in Abl
(Fig. 2a). Among these hydrogen bonds, that between the
OH group of Thr315 and the anilino NH of imatinib is re-
ported to be critically important for the inhibitory effect of
imatinib.11 Identical hydrogen bonds, including one with
Thr315, were found in the INNO-406/Lyn complex
(Fig. 3). Thus, the critically important protein-inhibitor
interactions are the same for Abl and Lyn kinases. This ac-
counts for the potent inhibitory effect of INNO-406 and its
derivatives against Lyn.


While the amino acids near the central part of INNO-
406 are identical in Abl and Lyn, seven amino acids at
the distal parts of the compound (labeled in Figure 4)
differ between the two kinases, though the substitutions
are all conservative. The five amino acids shown in white
are those interacting with the distal pyrimidine ring.
Among them, those at positions 253 and 317 differ be-
tween Abl and Lyn. However, mutation of Tyr253 to
Phe does not greatly affect the inhibitory activity of
INNO-406 against Abl.12 Similarly, mutation of
Phe317 to Leu or Val does not affect the inhibitory
activity of imatinib against Abl.13 Accordingly, it is rea-
sonable to assume that conservative changes at these
positions will not greatly affect the binding of INNO-
406 or its derivatives to Lyn. Structural determinants
for the selectivity of INNO-406 against other tyrosine
kinases are described elsewhere.6


We have previously studied the effect of 3-substituents
(R1 in Table 1) on the antiproliferative activity of 3-ben-
zamides against Bcr-Abl-expressing K562 cells and
found that the hydrophobic and steric effects of 3-sub-
stituents played important roles in enhancing the activ-
ity.7 In that study, the hydrophobic effect was
expressed as the hydrophobic substituent parameter

p14 (H, 0.00; F, 0.14; Br, 0.86; CF3, 0.88), which is de-
rived from the 1-octanol/water partition coefficients
(log P) of 1-substituted benzenes, and the steric effect
was expressed as Sterimol B1 (H, 1.00; F, 1.35; Br,
1.95; CF3, 1.99), which represents the minimum width
of a substituent.15 We quantitatively analyzed the effect
of the 3-substituents of 1–6 on their inhibitory activity
and formulated the correlation equations 1–4:


pIC50ðAblÞ ¼ 1:753ð�1:602Þp� 2:089ð�0:992Þ ð1Þ
n ¼ 4; s ¼ 0:300; r ¼ 0:958; F ¼ 22:2


pIC50ðLynÞ ¼ 1:894ð�1:254Þp� 2:525ð�0:777Þ ð2Þ
n ¼ 4; s ¼ 0:235; r ¼ 0:977; F ¼ 42:2


pIC50ðAblÞ ¼ 1:750ð�0:834ÞB1� 4:017ð�1:358Þ ð3Þ
n ¼ 4; s ¼ 0:162; r ¼ 0:988; F ¼ 81:4


pIC50ðLynÞ ¼ 1:858ð�0:782ÞB1� 4:556ð�1:272Þ ð4Þ
n ¼ 4; s ¼ 0:151; r ¼ 0:991; F ¼ 104:5







Figure 5. Mesh representation of the surfaces of Abl (a) and Lyn (b). The yellow stick structure represents compound 8. Only the hydrophobic amino


acids around the CF3 group are depicted.


Figure 6. The surfaces of Abl (a) and Lyn (b) kinases. The white stick structure represents compound 7 and the purple stick structure represents


compound 12. Green, blue, and red indicate the hydrophobic, hydrophilic, and exposed nature of the surfaces, respectively.
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In these equations, n is the number of compounds, s is
the standard error, r is the correlation coefficient, F is
the ratio of the variance of the calculated to that of
the observed values, and the figures in parentheses are
the 95% confidence intervals. Eqs. 1 and 2 indicate that
the inhibitory effect increases with the hydrophobicity of
R1. Eqs. 3 and 4 show that the inhibitory effect also in-
creases with the size of R1. The coefficients of p and B1
agree within the 95% confidence intervals, and the statis-
tical quality of Eqs. 1–4 is excellent. Thus, the effects of
3-substituents on the inhibition of Abl and Lyn by these
compounds are very similar. These results also validate
our assumption made in homology modeling that
INNO-406 binds to Abl and Lyn in very similar ways.


It is of interest to study the correspondence of the find-
ings from Eqs. 1–4 with the structural characteristics of
the ligand-binding sites of the kinases. The newly deter-
mined X-ray structure of the INNO-406/Abl complex
was indeed consistent with the existence of hydrophobic
interactions between the 3-substituents (R1) and the
hydrophobic amino acids Ile293, Leu298, Leu354, and
Val379, shown in magenta in Figure 5a. In addition,

the CF3 group proved to occupy well the hydrophobic
pocket formed by these four amino acids. The modeled
structure of the INNO-406/Lyn complex is depicted in
Figure 5b. Close to the 3-substituents there are four
hydrophobic amino acids, Leu293, Leu298, Ile354, and
Ile379, shown in magenta. Although the identities of
three of the four amino acids shown in magenta differ
between Abl and Lyn, they are all hydrophobic amino
acids. These hydrophobic interactions thus contribute
to enhance the inhibitory activity against both Abl and
Lyn, and it is reasonable to suppose that the hydropho-
bic effect of the 3-substituent, as expressed by p, signif-
icantly increased the inhibitory activity.


Furthermore, the inhibitory activities of 1–6 were line-
arly correlated with Sterimol parameter B1 for the 3-sub-
stituents (Eqs. 3 and 4). Because all of the 3-substituents
of 1–6 are symmetric, B1 here simply represents the
width of a substituent. Since the 3-substituent is located
adjacent to the R2 group, its steric bulk appears to re-
strict the rotation of the R2 group18, thereby increasing
the binding affinity and hence the inhibitory activity. Pre-
sumably these two factors, the hydrophobicity and the







T. Horio et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2712–2717 2717

steric effect, work cooperatively to enhance the inhibi-
tory activity of 3-benzamides against both Abl and Lyn.


The amino acids surrounding the 4-substituent (R2) are
shown in cyan in Figure 4. The effect of R2 is not as sim-
ple as that of R1, and we could not derive significant
QSAR equations for the R2 group. Therefore, as an
alternative, we examined the surface properties of the
binding site in detail. The binding surfaces around R2


generated with MOE are depicted in Figure 6. The
methylpiperadine moiety of 7 occupies well the binding
sites of both kinases. This corresponds to the fact that
the inhibitory effects of 7 against Abl and Lyn are com-
parable. As the ring size of R2 in 7–12 decreases, the
inhibitory activity against both Abl and Lyn decreases.
To investigate the reason for this trend, we docked 12
into both kinases and found that it could not fill either
binding site well (Fig. 6). A weaker hydrophobic or ste-
ric interaction appears to be unfavorable for the inhibi-
tory activity. Favorable R2 groups are those that occupy
the binding pockets well, as in 7–11.


While the inhibitory effects against Abl and Lyn were
comparable for the six-member-R2 derivative 7, the
inhibitory effect against Lyn was only about one-fifth
of that against Abl for the four-member-R2 derivative
12. The surface properties of Abl and Lyn near the R2


group are very similar, but there are differences in the
upper regions, where the binding site of Lyn is more ex-
posed than that of Abl. These differences are due to the
different natures of the amino acids at positions 289 and
359 (Fig. 4). These regions do not directly interact with
the R2 group, but they appear to have some effect on the
binding affinity.


In summary, we have closely examined the binding sites
of Abl and Lyn tyrosine kinases to elucidate the struc-
ture–activity relationships of a series of 3-benzamide
tyrosine kinase inhibitors. Our structural studies reveal
that (1) the important amino acids interacting with the
tolyl group and participating in hydrogen bonding
(Fig. 3) are identical in Abl and Lyn, (2) all but seven
amino acids in the binding sites are identical in Abl
and Lyn (Fig. 4), and (3) the seven amino acids that dif-
fer between Abl and Lyn do not greatly affect the inhib-
itory activity of INNO-406 (Figs. 5 and 6). These results
demonstrate that appropriate selection of R1 and R2 for
chemical modification largely contributed to the genera-
tion of inhibitors with dual activity against Abl and Lyn
kinases. In addition, our molecular-modeling study
showed that the R1 and R2 groups of INNO-406 are
nearly optimal for the exhibition of high inhibitory
activity against both kinases. This type of study is

expected to be of general use in the design of multiply
active drugs, as well as highly selective ones.
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Abstract—In an attempt to search for a new class of antibacterial agents, we have discovered a series of pyrazole analogs that pos-
sess good antibacterial activity for Gram-positive and Gram-negative organisms via inhibition of type II bacterial topoisomerases.
We have investigated the structure–activity relationships of this series, with an emphasis on the length and conformation of the lin-
ker. This work led to the identification of tetrahydroindazole analogs, such as compound 1, as the most potent class of compounds.
� 2007 Elsevier Ltd. All rights reserved.

Over the past decade, type II topoisomerases have
drawn much attention as selected targets for the discov-
ery of potent antibacterial agents. Among the type II
topoisomerases are DNA gyrase and topoisomerase
IV. DNA gyrase is an essential prokaryotic type II topo-
isomerase with no direct mammalian counterpart.1 It is
involved in the vital processes of DNA replication, tran-
scription, and recombination. DNA gyrase catalyzes the
ATP-dependent introduction of negative supercoils into
bacterial DNA as well as the decatenation and unknot-
ting of DNA. Topoisomerase IV has a primary role in
decatenation of daughter chromosomes following
DNA replications. Those attributes make DNA gyrase
an attractive target for drug discovery. DNA gyrase is
mainly inhibited by quinolones and coumarins. Numer-
ous quinolone antibacterial agents have been developed
and are now widely used for the treatment of bacterial
infectious diseases (e.g., ciprofloxacin, Fig. 1).2,3 This
class of antibacterial agents inhibits the DNA break-
age-reunion cycle by binding to the A subunit and stabi-
lizing the gyrase–DNA complex. Unfortunately,
resistance to quinolones has emerged.4,5 In addition to
some quinolones, naturally occurring bacterial DNA
gyrase inhibitors such as the coumarin (e.g., novobiocin,
Fig. 1) have also shown some antibacterial activities.6,7
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The coumarins inhibit ATPase activity of DNA gyrase
by competing with ATP for binding to the B subunit
of the enzyme.8,9 However, the coumarins suffer from
a developing resistance profile and toxicity concerns.3,10


Recently, multidrug-resistant Gram-positive bacteria,
such as methicillin-resistant Staphylococcus aureus
(MRSA), penicillin-resistant Streptococcus pneumoniae
(PRSA), and vancomycin-resistant enterococci (VRE),
have become a serious medical problem. To overcome
the limitations of the known DNA gyrase inhibitors, it
is important to identify new classes of compounds.


As part of our antibacterial program, we have identified
a series of pyrazole derivatives as potent inhibitors of
bacterial growth.11 These compounds target the parC
subunit of topoisomerase IV in S. pneumoniae. A series
of resistant mutants have been identified which map to
the parC subunit (unpublished results). We report herein
the racemic synthesis and the preliminary structure–
activity relationship of this series. Our initial efforts were
aimed at evaluating the influence of the nature of the
pyrazole on the antibacterial activity.


The synthesis of the initial pyrazole analogs is described
in Scheme 1. Treatment of CBz-protected 4-piperidi-
none with tert-butoxybis(dimethylamino) methane in
THF followed by hydrolysis (1 N HCl) of the corre-
sponding enamine afforded the desired intermediate 3
in quantitative yield. Pyrazole ring formation was
accomplished with (6-methoxy-quinolin-4-yl)-hydrazine
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in THF. Complete dehydration of the intermediate is
accomplished with addition of p-TsOH to afford the
desired products, 4 and 5, as a 3:2 mixture of regioisom-
ers in 85% yield. A subsequent hydrogenolysis of the
CBz protective group with 10% Pd/C and ammonium
formate provided the unprotected secondary amine in
quantitative yield. A final derivatization step was
accomplished using various aldehydes in the presence of
sodium cyanoborohydride in CH3CN. Fortunately, the
regioisomers, 6 and 7, were readily separated by reversed
phase chromatography. The structure was fully assigned
using 2D NMR spectroscopy and NOE studies.


The synthesis of both quinoline and naphthyridine
hydrazines is described in Scheme 2.12 Treatment of
substituted aniline with Meldrum’s acid and triethyl
orthoformate afforded the corresponding enamines in
89% (X = N) and 85% (X = CH) yield, respectively.
The ring formation was accomplished in Dowtherm A
at 260 �C to afford the desired products in 86%
(X = N) and 78% (X = CH) yield, respectively. Subse-
quent bromination reaction using PBr3 in DMF fol-
lowed by hydrazine formation afforded the desired
products 2a and 2b in 52% and 62% overall yields.


Analogs bearing an exocyclic nitrogen were obtained via a
synthesis similar to the one described above (Scheme 3).

It is worth mentioning that the regiochemical outcome
of the pyrazole ring formation resulted in a greater
selectivity (ratio 8:1, after optimization) favoring
isomer 9 when the intermediate 1,3-dicarbonyl 8 was used
shortly after preparation. 1H NMR analysis of this
material showed various isomerizations over time.
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Interestingly, the same reaction was found to be regio-
specific when (6-methoxy-[1,5]naphthyridin-4-yl)-hydra-
zine 2b was used in place of (6-methoxy-quinolin-4-yl)-
hydrazine 2a. Indeed, the pyrazole ring formation led
exclusively to isomer 13 (Scheme 3).


In addition, 2D NMR spectroscopy and NOE studies of
both compounds 9 and 13 revealed a different orienta-
tion of the bicyclic system with respect to the pyrazole
ring (Fig. 2). No additional correlations (H1a–H3a or
H1b–H2b) were detected by the NOE study suggesting
that the structures depicted in Figure 2 are energetically
favored conformations.


Investigation into the importance of the ring size was
conducted using a route similar to the one described
above. Condensation of N-Boc-hexahydro-1H-azepin-
4-one with tert-butoxybis(dimethylamino)methane yielded
a 3:1 mixture of the two regioisomers 15 and 16 in quan-
titative yield. Subsequent condensation with hydrazine
2b led to two single regioisomers in 65% yield, which
were further derivatized to afford compounds 17 and
18 using the conditions as shown in Scheme 4.


The antibacterial activity of the compounds was evalu-
ated in vitro against Gram-negative (Escherichia coli)
and Gram-positive (S. aureus and S. pneumoniae) organ-
isms and the results are summarized in Table 1. Explo-
ration of the linker length revealed some interesting
trends. Analogs bearing a nitrogen at the endocyclic po-
sition, compounds 19 and 20, did not show any antibac-
terial activity. Extending the position of the nitrogen to
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an exocyclic position resulted in a potent inhibitor
against Gram-positive organisms as seen with com-
pound 21. The corresponding regioisomer 22 was found
to be about 32- and 64-fold less potent against S. aureus
and S. pneumoniae, respectively. Interestingly, the lack
of antibacterial activity of compound 21 against
Gram-negative organisms was overcome by modifying
the right-hand side. Analog 23, bearing 4H-
benzo[1,4]thiazin-3-one moiety, showed a 32-fold in-
crease in potency against E. coli and similar activity
against S. aureus and S. pneumoniae. In addition, com-
pound 25, bearing an amide functionality, displayed
comparable antibacterial activity to its amine counter-
part 23. However, the regioisomeric compound 24 was
found to have no antibacterial activity against both
Gram-positive and Gram-negative organisms. Replac-
ing the quinoline moiety on the pyrazole with naphthyri-
dine ring did not affect the antibacterial activity; since
both compounds 23 and 1 have similar potency against
all three strains of bacteria. This result is interesting
since we have shown that these two compounds display
different orientations of the bicyclic system with respect
to the pyrazole core structure. This would suggest that
only the relative orientation of both the right and
left-hand side of the molecule affects the antibacterial
activity of the compounds and not the interaction of
the linker itself (i.e., pyrazole) with the enzyme. An over-
lay of analogs 23 and 1 is depicted in Figure 3.


This was further demonstrated with compound 27,
where the exocyclic nitrogen was attached at the adja-
cent carbon. This compound showed similar inhibitory
activity against topoisomerase IV (IC50 = 0.5 lM) with
the corresponding regioisomer 25 (IC50 = 0.25 lM).
Finally, expanding the size of the ring attached to the
pyrazole as in analog 28 resulted in a compound with
similar antibacterial activity to the parent analog 25.


In summary, we have described the synthesis and struc-
ture–activity relationships of a series of racemic pyrazole
analogs as potent antibacterial agents. The present
investigation suggests the importance of the linker
length and the orientation of both right and left-hand
side moieties in the antibacterial activity. This work
led to the identification of compound 1, a tetrahydroin-
dazole core structure, as one of the most active com-
pounds, with potent antibacterial activity against both
Gram-positive and Gram-negative organisms. Further
development of the SAR on this compound will be pre-
sented in future publications.

Figure 3. Superposition of 23 (orange) and 1 (blue).







Table 1. Antibacterial activity of selected set of pyrazole analogs
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Abstract—Methotrexate (MTX), an inhibitor of dihydrofolate reductase, was tethered to an FKBP12 ligand (SLF), and the result-
ing bifunctional molecule (MTXSLF) potently inhibits either enzyme but not both simultaneously. MTXSLF is cytotoxic to fibro-
blasts derived from FKBP12-null mice but is detoxified 40-fold by FKBP12 in wild-type fibroblasts. These studies demonstrate that
non-target proteins in an otherwise identical genetic background can be used to predictably regulate the biological activity of syn-
thetic molecules.
� 2007 Elsevier Ltd. All rights reserved.

Cell-permeable small molecules that perturb the func-
tions of proteins have proven utility as therapeutic
agents as well as probes of basic biological processes.1


In certain therapeutic cases a lack of specificity can be
valuable, as inhibition of several related proteins may
contribute to the desired outcome.2 The issue of specific-
ity is more pressing when these probes are used as tools
for basic science. When interpreting the results of studies
using cell-permeable probes, one would like to be confi-
dent that the observed biological responses are directly
related to the putative target(s) of a given probe. Wort-
mannin has been widely used to probe PI3K function,
and SB 203580 has similarly been used as an inhibitor
of p38 MAP kinase. However, several recent studies
have shown that both of these molecules are more pro-
miscuous than previously believed.3–5


In addition to their roles as probes of basic biological
processes, many drugs take advantage of differences in
the expression patterns of target proteins to achieve
the desired therapeutic effects. This is particularly true
for antimicrobial, antiviral, and anticancer agents. For
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example, b-lactam antibiotics inhibit transpeptidase
enzymes to achieve their antimicrobial activity, and
the lack of similar enzymatic targets in mammals ren-
ders these antibiotics quite selective. Similarly, the
thymidine kinase enzyme of herpes simplex virus acti-
vates the prodrug, acyclovir, in infected cells to
achieve antiviral selectivity. However, the therapeutic
window is typically much smaller when the target pro-
tein is similarly expressed in both target and non-tar-
get cells.


Recently there has been increased research emphasis on
modulating the effects of small molecules through cova-
lent linkage of two ligands to create bifunctional mole-
cules.6 This strategy has been used to block b-amyloid
protein aggregation with potential for treating neurode-
generative disease.7 Tethering a traditional anticancer
agent to a ligand for the estrogen receptor provided a
bifunctional molecule that is selectively toxic to cells
expressing the estrogen receptor.8 There is a clear oppor-
tunity for further development of molecules whose activ-
ities are regulated by the cellular environment. A subtle
example of this approach would be one molecule that
displays different activity in two populations of cells that
differ only in the expression of a single gene. An elegant
theoretical framework for this concept has been put for-
ward by Varshavsky.9
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With improved selectivity as the goal, we sought to take
advantage of differences in the expression patterns of
non-target proteins to predictably modulate the biolog-
ical activity of synthetic molecules. Methotrexate
(MTX), a dihydrofolate reductase inhibitor that is an
anti-inflammatory and anti-tumor drug, was closely
tethered to a synthetic ligand for FKBP12 (SLF).10 This
bifunctional molecule, MTXSLF, can potently inhibit
either enzyme but not both simultaneously due to unfa-
vorable protein–protein interactions that destabilize the
ternary complex (Scheme 1).


Previous studies showed that MTXSLF is cytotoxic to-
ward the malaria parasite, Plasmodium falciparum, but
relatively nontoxic toward human cells due to higher
expression levels of the human FKBP as well as the tigh-
ter affinity of the FKBP-binding half of MTXSLF for
human FKBP relative to parasite FKBP.10 However,
malaria parasites and human cells differ in many re-
spects, some of which might contribute to the selective
toxicity that is observed.


We hypothesized that because murine FKBP is 97%
identical to the human FKBP amino acid sequence
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(Fig. S1) and expressed at similar cellular concentra-
tions,11 we could use murine cells to observe selective
detoxification in a more biologically relevant compari-
son. In the present study, we show that the context-
dependent cytotoxicity of MTXSLF is robust in two dif-
ferent murine cell lines that differ only in the presence or
absence of the FKBP12 gene.


Mouse embryonic fibroblast (MEF) cell lines were de-
rived from wild-type mice as well as from mice in which
both alleles of the FKBP12 gene were disrupted using
homologous recombination.12 Immunoblotting cell
lysates using antibodies against FKBP12 showed that
FKBP12 is undetectable in the FKBP-null cells
(Fig. 1a). The MTT assay was used to determine the sen-
sitivity of each cell to various concentrations of DHFR
inhibitors.13,14 Both cell lines are sensitive to MTX with
IC50 values of 180 and 120 nM for the wild-type and
FKBP-null cells, respectively (Fig. 1b and c). The
bifunctional DHFR inhibitor, MTXSLF, is quite cyto-
toxic to FKBP-null cells (IC50 = 78 nM) but is only
modestly toxic toward wild-type MEFs
(IC50 = 3200 nM) (Fig. 1b and c).


The attenuation in activity is due to the expression of
FKBP12 as competition with FK506-M, a high-affinity
FKBP12 ligand, restores the majority of the cytotoxicity
(IC50 = 550 nM). FK506-M alone has no effect on MEF
viability. The magnitude of detoxification is perhaps the
most important quantitative measure of the selectivity of
the bifunctional molecule, and we find that MTXSLF is
over 40-fold more toxic to FKBP-null MEFs.


This study demonstrates that selective biological activity
can be predictably engineered in nearly identical genetic
backgrounds. With the growing abundance of genomic
and proteomic information from genome sequencing,
microarrays, and other proteomic studies, strategies in
which small molecules are engineered to display con-
text-dependent activity may increasingly influence basic
biological research as well as human disease.
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Abstract—Structure-based design (SBD) is a challenging endeavour since even localised SAR can hardly ever be explained by the
variation of just one dominating factor. Here, we present a rare example where structural information combined with ab initio cal-
culations clearly indicate that the observed difference in biological activity is dominated by conformational effects. The learnings
discussed are successfully put to the test and have the potential to be of general use as a qualitative guide in SBD efforts.
� 2007 Elsevier Ltd. All rights reserved.
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Over recent years an ever increasing amount of three-
dimensional structural information1 has become avail-
able for biological targets. This in turn stimulated a
rapid growth in the importance of structure-based
design (SBD)2 in drug discovery. However, for SBD to
be successful the wealth of structural information that
is being generated must be translated into a sound
understanding of the principles that govern molecular
recognition. Since the interaction between ligand and
biological target is a highly complex process, the under-
lying energetics are difficult to describe in a quantitative
fashion. To simplify the calculation of binding energies,
it is generally assumed that the different contributions
can be calculated separately and that they are additive.
Ajay and Murcko,3 for example, separate the binding
energy into contributions due to (1) the interaction of
the reactants that form the (non-bonded) complex, (2)
solvation/desolvation, (3) energy changes associated
with changes in the ‘motion’ of the biological target
and ligand when forming a complex (i.e., the loss of de-
grees of rotational and translational freedom) and (4)
conformational changes of the ligand and the biological
target during complexation.4 Even when the binding of
structurally closely related ligands to the same biological
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target is studied, it is rarely the case that the change in
biological activity (i.e., binding energy) can be explained
by the variation of one specific contribution alone, for
example, conformational changes in the ligand. This
makes it even more challenging to gain a better under-
standing of molecular recognition and, ultimately, to
reliably calculate binding energies.


Recently, we have described our efforts which led to the
discovery of a series of novel pyrrolidinone derivatives
as potent factor Xa (FXa) inhibitors.5 As part of this
work we studied the structure–activity relationship
(SAR) for a group of FXa inhibitors 1–4 containing
chloro-substituted [5,6]-fused aromatics attached to a
sulfonamide linker group.6

4b4a X = O,    Y = CH

The crystallographically observed binding modes for
inhibitors of this chemotype gave rise to the hypothesis
that conformational effects7 might play an important
role in determining the relative activities of the
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Figure 1. Comparison of the conformations of 5 (orange) and 6


(green) complexed to thrombin (left). On the right, a view along the


S–C bond is shown for 5 bound to thrombin.
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6-chloro- (1a–4a) versus the 5-chloro-substituted (1b–
4b) regioisomer in the four pairs 1–4. Encouragingly,
torsional scans of the sulfonamide S–C bonds in small
model systems (at the B3LYP/6-31G* level of theory)6


did indeed support the idea that the sulfonamide confor-
mation might play an important role in determining the
activity in this particular series of factor Xa inhibitors.
Our findings prompted us to investigate further the
question of the importance of sulfonamide-related con-
formational effects in the context of SBD. To the best
of our knowledge, the relevance of the sulfonamide con-
formation in regard to ligand design has previously only
been highlighted by Baldwin et al.8


The fact that the molecules in the pairs 1–4 are structur-
ally extremely similar gave rise to the assumption that
differences in activity could be explained by the variation
of only one of the components contributing to the bind-
ing energy (i.e., ligand conformational energies). How-
ever, this is clearly an oversimplification. For example,
we know from crystallographic studies that inhibitor
3b forms a hydrogen bond with a backbone carbonyl
(Gly218), whereas this hydrogen bond is not formed
when 3a binds to FXa.6


To further elucidate the importance of sulfonamide-re-
lated conformational effects, we have tried to identify
(pairs of) ligands where it can be established, with a high
degree of confidence, that the difference in binding
energy is dominated by conformational effects of the
ligand. Results from this studies are presented in this
communication.


As we have recently described, our efforts to identify
new antithrombotic agents led to the discovery of the
potent and selective FXa inhibitor 5.5c When probing
the structural proximity of 5 we were very surprised to
find that 69 is approximately 20-fold more potent than
5 when tested against thrombin: Ki (5, throm-
bin) = 367 nM, Ki (6, thrombin) = 17 nM.10
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OO
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S ClS Cl


5 6

In order to better understand this unexpected difference
in thrombin activity, we determined the X-ray crystal
structures of thrombin complexed with 5 and 6, respec-
tively.11 However, as can be seen in Figure 1, both inhib-
itors bind to thrombin in an identical fashion. The
RMSD for the two inhibitors bound to thrombin (and
the protein atoms superposed) is 0.2 Å with a maximum
distance between two equivalent atoms of only 0.4 Å
(for one of the carbon atoms in the morpholino ring).


Although the X-ray structures of the two thrombin com-
plexes did not provide us with the explanation we have
been hoping for, they do indeed help to eliminate the
possibility that a different interaction pattern between
the ligands and the enzyme could be responsible for
the observed difference in activity.

Similarly, the fact that 5 and 6 show an extremely high
degree of structural similarity (i.e., the only difference
being the bond order of a carbon–carbon bond) makes
it unlikely that either a difference in energetic effects re-
lated to solvation/desolvation or a difference in the loss
of degrees of rotational freedom on binding to the recep-
tor can be the cause of the observed difference in activ-
ity. Considering what has been described by Ajay and
Murcko3 (see above), this only leaves conformational
changes to explain the observed behaviour. Further-
more, since there is no significant difference in the con-
formation of the active site residues in the two
thrombin complexes it appears most likely that the dif-
ference in activity can be solely explained through
changes in the ligand conformation on binding to
thrombin.


Based on the encouraging results from our previous
study,6 we decided to focus on the torsion (C@C)–
(S@O) and (C–C)–(S@O) for 5 and 6, respectively.
Scans of the dihedral angles were performed in the sim-
ple model systems N-methylethenesulfonamide (M1)
and N-methylethylsulfonamide (M2) with the Gauss-
ian9812 suite of programs at the B3LYP/6-31G* level
of theory.13 Stationary points located in this manner
have subsequently been fully optimised and frequency
calculations have been performed at the same level of
theory. The results for M1 are shown in Figure 2.


The energetically most preferred conformer of M1 is the
one where the carbon–carbon double bond is roughly in
plane with the S@O moiety that is syn to the methyl
group. The situation is different for the arrangement
that is found when 5 is bound to thrombin. In the con-
formation found in the complex (cf. green circle in
Fig. 2) the vinyl group is rotated by approximately
185� when compared with the energetically most pre-
ferred conformer which makes this arrangement approx-
imately 3 kcal/mol higher in energy.


The results of the torsional scan of model system M2
show that the situation is totally different for 6 (cf.
Fig. 3). The dihedral angle for (C–C)–(S@O) found
when 6 is complexed with thrombin is identical to one
of the three low energy conformations and hence there
is no conformational energy penalty (for the (C–C)–
(S@O) torsion) when 6 binds to thrombin. These find-
ings are in good agreement with the experimental obser-
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Figure 2. Relaxed scan of the dihedral angle (C@C)–(S@O) (in 10�
increments; the oxygen atom is the one anti to the methyl group) in


N-methylethenesulfonamide (M1). The green circle is placed at the


dihedral angle found in 5 bound to thrombin (cf. Fig. 1).11
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Figure 3. Rigid scan of the dihedral angle (C–C)–(S@O) (in 5�
increments; the oxygen atom is the one anti to the methyl group) in


N-methylethanesulfonamide (M2). No geometry optimisations (for the


non-scanned coordinates) were performed at the sampling points. The


green circle is placed at the dihedral angle found in 6 bound to


thrombin.11
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Figure 4. Relaxed scan of the dihedral angle (C@C)–(S@O) (in 10�
increments) in N-methyl-2-propene-1-sulfonamide (M3). The green


circle is placed at the dihedral angle found in 7 bound to thrombin.11
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vation that (all else being equal) 6 should be a more po-
tent thrombin inhibitor than 5.


In order to establish the relevance of the torsion between
the thiophene and the adjacent carbon–carbon double
or single bond in 5 or 6, respectively, we have also per-
formed torsional scans for 2-ethenethiophene and 2-eth-
ylthiophene.16 The trend observed for this torsion is the
same as what has been discussed above, that is, the con-
formational energy penalty for 5 is higher than that for
6. However, when comparing the contribution of a spe-
cific torsion to the relative conformational energy pen-
alty (5 vs 6) the effect is more distinct for (C@C)–
(S@O)/(C–C)–(S@O) (3 kcal/mol) than it is for torsion
between the thiophene ring and the adjacent C@C/C–
C (0.9 kcal/mol).


In summary, the results discussed above support the ini-
tial hypothesis that the observed difference of thrombin
activity for 5 and 6 can be explained by conformational
effects. Analyses of torsional profiles of the two torsions
adjacent to the carbon–carbon bond in the model sys-
tems M1 and M2 lead to the conclusion that the confor-
mational energy penalty for binding to thrombin is
smaller for 6 than it is for 5. Furthermore, our results
indicate that the torsion adjacent to the sulfonamide

sulfur atom has a more distinct effect than the torsion
next to the thiophene ring.


In an attempt to test the learnings from our studies,6 we
tried to predict how the thrombin activity of 5 could be
increased through a structural modification other than
changing the bond order of the carbon–carbon double
bond. To achieve this, we would have to stabilise the
conformation of the dihedral angle (C@C)–(S@O) that
is found in the thrombin complex (see Fig. 1 and green
circle in Fig. 2). One way of doing this is to attach a
methyl group to the carbon atom adjacent to the thio-
phene ring, resulting in 7.

A torsional scan performed for the model system
N-methyl-2-propenesulfonamide (M3) (cf. Fig. 4) confirms
that the relative energy of the conformation found in the
thrombin complex is only approximately 1.3 kcal/mol,
that is, significantly less than the 3 kcal/mol for M1.


Consequently, we can expect 7 to be a more potent
thrombin inhibitor than 5 (whilst assuming that 7 binds
to thrombin in the similar way as 5 and 6). Very encour-
agingly, this was indeed observed. When tested against
thrombin, 7 was reported to have a Ki of 2 nM.10


Based on the calculated relative conformational energies
alone it might be surprising to find 7 to be a more potent
thrombin inhibitor than 6. However, it must be taken
into account that 7 contains an additional methyl group
which can favourably interact with residues in the active
site of thrombin as well as slightly perturb the atomic
positions of the ligand in the active site (when compared
to 5 bound to thrombin). Our X-ray crystallographic
studies11 confirm that the latter is indeed the case. The
RMSD for 7 relative to 5 when bound to thrombin
(and the protein atoms are superposed) is 0.6 Å with a
maximum distance between two equivalent atoms of
1.0 Å (for one of the carbon atoms in the pyrrolidinone
ring).
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This example nicely illustrates how the findings from
this study can be used to guide SBD efforts in a qualita-
tive fashion.


The study presented here strongly supports our previous
findings6 suggesting that sulfonamide-related conforma-
tional effects can play a significant role in molecular rec-
ognition. Future studies will show how important a
careful consideration of these effects is in the context
of structure-based design.
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Abstract—Several imidazole-based cyclohexyl amides were identified as potent CB-1 antagonists, but they exhibited poor oral expo-
sure in rodents. Incorporation of a hydroxyl moiety on the cyclohexyl ring provided a dramatic improvement in oral exposure,
together with a ca. 10-fold decrease in potency. Further optimization provided the imidazole 2-hydroxy-cyclohexyl amide 45, which
exhibited hCB-1 Ki = 3.7 nM, and caused significant appetite suppression and robust, dose-dependent reduction of body weight gain
in industry-standard rat models.
� 2007 Elsevier Ltd. All rights reserved.

Obesity and excessive body weight are now recognized
as serious health concerns, as these conditions are
associated with decreased life span and several medical
complications such as diabetes, hyperlipidemia, coro-
nary artery disease, osteoarthritis, and some cancers.1


Furthermore, with the prevalence of obesity increasing
rapidly and current therapies being considered largely
inadequate,2 obesity has been declared one of the
most significant health problems faced by mankind.3


During the last decade, antagonism of the cannabi-
noid type 1 receptor (CB-1) has been pursued as
a highly promising strategy for the treatment of
obesity.4 To date, one CB-1 antagonist, the 1,5-diaryl-
pyrazole hydrazide rimonabant (1, SR-141716, Sanofi-
Aventis), has been approved in the European Union
for the treatment of obese or overweight patients with
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associated risk factors, such as type 2 diabetes or
dyslipidemia.5


Of the various structure classes reported as CB-1 antago-
nists, the majority incorporate a central core fragment
substituted by two aromatic rings and a hydrogen bond
donor/acceptor functionality such as a carboxamide
group.4 Indeed, the pyrazole core exemplified in 1 has
been effectively replaced with other 5-membered hetero-
cycles such as dihydropyrazole,6 triazole,7–9 thiazole,8,10


pyrrole,11,12 and imidazole.7,8,13–15 For example, the 1,2-
diaryl-imidazole hydrazide 2 was reported by researchers
at Neurocrine Biosciences7 and Solvay8 to exhibit human
CB-1 Ki values of 85 and 23 nM, respectively. In our
assay, hCB-1 Ki = 7.8 nM was determined for 2.14 The
related cyclohexyl amide 3 was investigated as an isosteric
analog by Neurocrine Biosciences and was found to have
somewhat superior potency7 (hCB-1 Ki = 3.9 nM was
obtained for 3 in our assay). In this report, we describe
our investigation and optimization of 1,2-diaryl-imida-
zole amides related to 3 as effective CB-1 antagonists.
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1   rimonabant


(SR-141716, AcompliaTM)


hCB-1 Ki = 5.6 nM,5d 25 nM,6 12 nM7


N
N


O
N
H


N


Cl Cl


Cl

2, X=N: hCB-1 Ki = 85 nM,7 23 nM,8


7.8 nM (this report)


3, X=CH: hCB-1 Ki = 48 nM,7


3.9 nM (this report)


N N


O
N
H


X


Cl Cl


Cl

The 1,2-diaryl-imidazole amides such as 3 were
efficiently synthesized by the route summarized in
Scheme 1, which is similar to the methods described
previously.7,8 In our protocol,14 an aniline was reacted
with an aromatic nitrile in the presence of ethylmagne-
sium bromide to give the amidine intermediate 4, that
was then condensed with a bromopyruvate.16 The
resulting imidazole ester 5 was hydrolyzed to the corre-
sponding carboxylic acid 6, which was then coupled
with an amine building block through the use of any of
a variety of coupling agents, such as EDCI (N-ethyl-N 0-
dimethylaminoethyl-carbodiimide). For effective and
versatile parallel syntheses, the carboxylic acid 6 was
converted to the corresponding acyl fluoride by
treatment with TFFH (fluoro-N,N,N 0,N 0-tetramethyl-
formamidinium hexafluorophosphate)17 in the presence

N N
OEt


O
R3


N N
O


O
R3


NH2


CN
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R2R1
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EtMgBr


KOH
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MeOH


+


5 6
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Scheme 1. Synthesis of 1,2-diaryl-imidazole amides 7.

of PS-DIEA (polystyrene-supported tertiary amine),
followed by reaction in situ with an amine R4NH2 to
provide the desired product 7 generally in high purity.18


In our in vitro hCB-1 (human CB-1) binding assay,19


the imidazole amide 3 was determined to have hCB-1
Ki = 3.9 nM; for comparison, the binding affinity ob-
served in our assay for 1 was Ki = 1.1 nM. Amide 3
was also found to function as an antagonist,21 with
hCB-1 Kb = 18 nM, and to be selective for CB-1 over
CB-2 (hCB-2 Ki = 240 nM). A variety of additional
imidazole cyclohexyl amides were investigated, and
several were found to exhibit hCB-1 Ki val-
ues < 10 nM (Table 1). Some of the observed struc-
ture–activity relationships (SAR) were similar to
those reported for pyrazole hydrazides related to 1,23


imidazole hydrazides related to 2,7,8 and constrained
pyrrolopyridinone analogs.24 The chlorine atom of
the 4-chlorophenyl group in 3 (R1 in Table 1) could
be replaced with other small substituents without sub-
stantial loss in potency (8–10). In contrast, replace-
ment of the 2,4-dichlorophenyl substituent in 3 (R2


in Table 1) with 2,5-dichlorophenyl caused a signifi-
cant decrease in binding affinity (11), and replacement
with unsubstituted phenyl resulted in a further marked
decrease in potency (12). The 2,4-dichlorophenyl
group could be effectively replaced with a 2,4-dimeth-
ylphenyl group (13), but not with a 2,4-difluorophenyl
group (14), presumably due to insufficient steric bulk
at the 2-position. Similar to the SAR reported for
constrained pyrrolopyridinone analogs,24 removal of
the para-chloro substituent in 3 to provide 15 resulted
in comparable or slightly improved CB-1 binding
affinity. Replacement of the ortho-chloro in 15 with
other substituents caused a decrease in potency (19–
21). Finally, replacement of the phenyl ring at R1 in
16 with a cyclohexyl ring as in 22, substitution on
the amide nitrogen in 15 with a methyl group (23),
and replacement of the R1 substituent in 15 with a
3-pyridinyl group (24) all resulted in significant de-
creases in binding affinity (Table 1).


The most potent imidazole cyclohexyl amide com-
pounds were evaluated by pharmacokinetics screening
in male Wistar rats,25 and unfortunately all of these
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Table 1. Binding affinities of imidazole cyclohexyl amides to the human CB-1 and CB-2 receptors


N N


O
N


R1


R2


R3


Compound R1 R2 R3 hCB-1 Ki
a (nM)


3 4-Cl–Ph 2,4-Cl2–Ph H 3.9b


8 4-CH3–Ph 2,4-Cl2–Ph H 1.9


9 4-CH3O–Ph 2,4-Cl2–Ph H 4.9


10 4-F–Ph 2,4-Cl2–Ph H 8.2


11 4-Cl–Ph 2,5-Cl2–Ph H 25


12 4-Cl–Ph Ph H 130


13 4-Cl–Ph 2,4-Me2–Ph H 7.2


14 4-Cl–Ph 2,4-F2–Ph H 36


15 4-Cl–Ph 2-Cl–Ph H 2.2c


16 4-CH3–Ph 2-Cl–Ph H 4.6


17 4-CH3O–Ph 2-Cl–Ph H 9.0


18 4-F–Ph 2-Cl–Ph H 20


19 4-Cl–Ph 2-Me–Ph H 21d


20 4-Cl–Ph 2-Et–Ph H 39


21 4-Cl–Ph 2-MeO–Ph H 95


22 4-Me-cyHex 2-Cl–Ph H 17


23 4-Cl–Ph 2-Cl–Ph CH3 34


24 3-Pyridinyl 2-Cl–Ph H 1100


a hCB-1 = 1.1 nM was determined for 1 in our assay.
b hCB-1 Kb = 18 nM; hCB-2 Ki = 240 nM.
c hCB-1 Kb = 11 nM; hCB-2 Ki = 2300 nM.
d hCB-1 Kb = 7.3 nM; hCB-2 Ki > 1000 nM.


Table 2. Binding affinities of imidazole amino- and hydroxyl-substituted cyclohexyl amides to the human CB-1 and CB-2 receptors


N N


O
N
H


R1


R2


Cl


Compound R1 R2 Cyclohexane isomer hCB-1 Ki (nM)


25 2,4-Cl2–Ph NH2 S,S-trans 270


26 2,4-Cl2–Ph NH2 R,R-trans 940


27 2,4-Cl2–Ph NHCH3 S,S-trans 620


28 2,4-Cl2–Ph NHCH3 R,R-trans 920


29 2,4-Cl2–Ph OH trans–rac 22a


30 2-Cl–Ph OH S,S-trans 29b


31 2-Cl–Ph OH R,R-trans 97c


a hCB-1 Kb = 4.4 nM; hCB-2 Ki = 1100 nM.
b hCB-1 Kb = 7.1 nM; hCB-2 Ki = 5300 nM.
c hCB-1 Kb = 22 nM.
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compounds were found to provide quite poor plasma
exposure from oral dosing (10 mg/kg po, typically in
30% cyclodextrin suspension). For example, imidazole
amide 3 exhibited Cmax � 50 nM. Consistent with this
finding, 3 was also inactive in the fasted–refed rat
model for appetite suppression26 (10 mg/kg po, 30%
CD). In contrast, the corresponding imidazole hydra-
zide 2 exhibited plasma Cmax = 210 nM and caused
50 to 70% reduction in food intake at 0.5–4.0 h time
points in the fasted–refed rat model (10 mg/kg po,
30% CD).


We considered that the introduction of a basic nitro-
gen or polar moiety such as a hydroxyl group to the

cyclohexyl ring might improve the plasma exposure
of this series of compounds. However, incorporation
of either an amino or methylamino moiety was found
to give a substantial reduction in CB-1 binding affinity
(25–28, Table 2). Incorporation of a hydroxyl group
was less detrimental, causing approximately a 10-fold
decrease in potency (29 vs 3, 30 vs 15). The (S,S)-trans
isomers of these derivatives were found to be some-
what more potent than the (R,R)-trans isomers (Table
2). From Wistar rat pharmacokinetics screening, the
2-hydroxy-cyclohexyl amide 30 was found to provide
dramatically improved plasma exposure levels, with
Cmax = 1.64 lM (10 mg/kg po, PEG400/25 mM
methanesulfonic acid (80:20) suspension (PEG/MSA)).
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Brain exposure levels for 30 at 2 h were determined to
be 110 nM. Consistent with these results, compound 30
was found to have a significant effect in the fasted–re-
fed rat model, providing 34–62% reduction in food in-
take measured at 0.5–4.0 h time points (10 mg/kg po).
Likewise, 29 was active in this model, causing 21–
29% reduction in food intake at 0.5–4.0 h time points
(10 mg/kg po).


A diverse variety of additional hydroxyl-substituted
amides was therefore explored,14 with the goal of achiev-
ing greater CB-1 binding affinity while maintaining sig-
nificant plasma (and brain) exposure. Selected
examples of these derivatives are listed in Table 3. The
2-hydroxy-cyclopentyl amide 32 was found to be equi-
potent to the related cyclohexyl analog 30, it exhibited
similar exposure levels (plasma Cmax = 2.11 lM, brain
C(2h) = 330 nM; 10 mg/kg po in PEG/MSA) in PK
screening studies, and it caused a significant reduction

Table 3. Binding affinities of imidazole hydroxyl-substituted alkyl and


arylalkyl amides to the human CB-1 and CB-2 receptors


N N


O
N
H


R


Cl Cl


Compound –NHR Cyclopentane isomer hCB-1


Ki (nM)


32 N
H OH


S,S-trans 29a


33 N
H OH


R,R-trans 75


34


N
H OH


trans–rac 22


35


N
H OH


S,R-cis 6.3b


36


N
H OH


R,S-cis 18c


37
N
H OH


trans–rac 41


38
N
H OH


cis–rac 17


a hCB-1 Kb = 9.7 nM; hCB-2 Ki = 6300 nM.
b hCB-1 Kb = 2.2 nM; hCB-2 Ki = 1200 nM.
c hCB-1 Kb = 9.2 nM; hCB-2 Ki = 5100 nM.

(26–56%) in food intake in the fasted–refed rat model.
Fusion of an aryl ring to the cyclopentyl group resulted
in significantly improved CB-1 binding affinity for ana-
log 35; however, this compound and other promising
aryl alkyl compounds were found to exhibit low plasma
exposure and/or insufficient activity in the fasted–refed
rat model to warrant further study.


Finally, alkyl substitutions were incorporated at the
imidazole 5-position. Introduction of methyl to n-pro-
pyl groups provided single-digit nanomolar hCB-1 Ki


values (39–41), while larger substituents were less effec-
tive (Table 4). Finally, replacement of the 4-chlorophenyl
group with a 4-bromophenyl group provided an appar-
ent further improvement in potency (45, hCB-1 Ki =
3.7 nM).


While compound 45 was found to be equipotent in the
hCB-1 binding assay to the cyclohexyl amide lead 3, it
exhibited considerably greater rat plasma exposure
(Cmax = 2.10 lM, 10 mg/kg po in PEG/MSA) and ro-
bust activity in the fasted–refed Wistar rat model. In this
study, the percent reduction in food intake caused by 45
(10 mg/kg po in PEG/MSA) at 0.5, 1.0, 1.5, 3.0, and
4.0 h time points was 63, 64, 62, 52, and 35%,
respectively.26


The genetically obese Zucker fa/fa rat has been used for
evaluating compound efficacy for the reduction of body
weight, including compounds such as rimonabant (1)
that have been shown to be effective in the management
of body weight in obese humans.27 Following the deter-
mination that 45 causes a significant suppression of
appetite, we also investigated its effect in this Zucker
rat model.28


In the Zucker rat model, imidazole amide 45 was dosed
at 1, 5, and 10 mg/kg qd po, and was observed to cause a
significant and dose-dependent reduction in body weight
gain as compared to vehicle-treated rats (Fig. 1). The
effect on day 13 was �1.9% (not statistically significant),
�6.1%, and �10.6% at 1, 5, and 10 mg/kg, respectively.

Table 4. Binding affinities of imidazole 2-hydroxy-cyclohexyl amides


to the human CB-1 and CB-2 receptors


N N


O
N
H


X Cl


OH
R


(S,S)


Compound R X hCB-1 Ki (nM)


39 Me Cl 6.9


40 Et Cl 5.0a


41 nPr Cl 5.7b


42 nBu Cl 10


43 iPr Cl 18


44 Br Cl 19


45 Et Br 3.7c


a hCB-1 Kb = 0.9 nM; hCB-2 Ki = 2300 nM.
b hCB-1 Kb = 1.4 nM; hCB-2 Ki = 2700 nM.
c hCB-1 Kb = 13 nM; hCB-2 Ki = 2700 nM.
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acid (80:20).
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In a separate study, 45 and rimonabant (1) were both
dosed at 10 mg/kg qd po for eight days, and the com-
pounds were observed to cause 5.6% and 6.5% reduction
in body weight gain, respectively. The difference in the
effects observed for 45 and 1 in this study was not statis-
tically significant.


In summary, imidazole amides were investigated and
optimized as CB-1 antagonists. SAR studies for a series
of cyclohexyl amides highlighted the importance of an
ortho substituent such as chloro or methyl on the phenyl
group at the imidazole 2-position. Although several very
potent examples of these analogs could be identified, they
lacked sufficient plasma exposure from oral dosing to
enable in vivo efficacy. Incorporation of a hydroxyl moi-
ety on the cyclohexyl ring provided a dramatic improve-
ment in oral exposure, together with a ca. 10-fold
decrease in in vitro potency. However, further optimiza-
tion of substituents provided the imidazole 2-hydroxy-
cyclohexyl amide 45, which exhibited hCB-1 Ki = 3.7 nM,
a significant anorexigenic effect in the fasted–refed Wistar
rat model, and robust, dose-dependent reduction in body
weight gain in the chronic Zucker rat model.
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Abstract—In the past few years, a significant effort has been devoted by Pharmacia toward the discovery of novel antibiotics. We
have recently described the identification of an anthranilic acid lead 1 and the optimization resulting in the advanced lead 2. In this
report, we describe the preparation of several selected amide bioisosteres connecting the A- and the B-rings. The E-alkene provided a
rigid analog with equal potency to the corresponding amide. This indicates that the amide is not a recognition element rather acts as
an appropriate spatial linker of the two important aryl A and B rings. The work here clearly demonstrates that the amide linker can
be replaced with several functionalities without significant deterioration in the MIC activity.
� 2007 Elsevier Ltd. All rights reserved.
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Emergence of bacterial resistance is a significant prob-
lem in the treatment of bacterial infections,1–3 and this
has fueled a continuous search for novel antibiotics
resulting in numerous commercially available products.
Pharmacia had significant effort devoted to the discov-
ery of novel antibacterial agents over a period of many
years. We recently reported4 on the optimization of acid
1 resulting in the discovery of the lead compound 2
which displayed potent broad-spectrum antibacterial
activity. Subsequent optimization of 2 targeted reducing
its affinity for human serum albumin (HSA) resulting in
advanced compound 3.5


In the absence of structural information, the relative
importance of each functional group embedded in com-
pounds 2 and 3 was unclear, although prior work
showed that the carboxylic acid was required for activ-
ity. This paper will disclose our work in exploring the
role of the linker connecting the A- and the B-rings.
The design of amide isosteres was guided by two sepa-
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rate hypotheses; (i) that the amide linker had a key inter-
action with the target and disruption would result in
decreased activity or (ii) that the purpose of the amide
linker was to act as a conformational control element
connecting key pharmacophores (Fig. 1).


There are numerous examples where replacing func-
tional groups with alternative bioisosteres was success-
ful.6,7 We selected several functional groups that had
been successfully utilized as amide replacements by
maintaining the key recognition elements of an amide

N
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Figure 1. Progression in lead optimization.
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either by incorporating hydrogen accepting or donating
properties. The design of novel congeners was aided by
extensive modeling overlaying the potential linking moi-
eties. The modeled subunits were overlaid with amide 4
and a similarity score was calculated. The modeling indi-
cated that the linkers that were planned had a conforma-
tion available very similar to the ground state
conformation of 4, Table 1. A priori the importance of
the differences in the similarity scores was hard to judge.
Therefore, a wide range of new linkers were selected and
prepared.


Our goal from the outset was the systematic preparation
of analogs containing a linking unit using comparable
fragments on the A- and the B-rings. It should be noted
that prior work showed that electron withdrawing
groups at the 5-position on the A ring such as –Cl,
–Br, –NO2, and –CN were interchangeable and had sim-
ilar antibacterial activity.4,11 Likewise, prior work had
also indicated that 3- versus 4-substituted B-rings pro-
vide analogs with similar activity, with the 3-substitu-
tion providing slightly improved potency. In addition
the selection of a B-ring substituent was guided by the
fact that the corresponding amide analog had illustrated
reasonable antibacterial activity. For the purposes of
this work, the substitution patterns were selected

Table 1. Selected examples of the overlays utilized in design and selection o
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The minimum energy conformation closest to that of the model compound 2


3 kcal/mol of the lowest energy8 followed by ab initio QM geometry optim


overlaid upon the structure of compound 2 and the pair-wise similarities we

depending on the ease of synthesis, since the initial
objective was to illustrate the ability of the linker to re-
place the amide. It should be recognized that the selected
substitution would not illustrate the full potential of the
corresponding linker.


The thioamide was readily available from the methyl
ester 8 and Lawsson’s reagent in refluxing toluene,
Scheme 1.12 The majority of the Lawsson’s reagent
could be removed by filtration; however, several silica
gel flash chromatographies were required to completely
purify the product. The ester was hydrolyzed under
standard conditions to afford the orange thioamide 9.

f linkers
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was obtained through conformational searching retaining those within


ization at the HF/3-61G level.9 The resulting analog structures were


re evaluated using a field-based similarity technique.10
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Removing the linking group between the A- and the
B-ring results in contracted analogs where the carboxyl-
ate could be positioned on either ring. The analog
containing the A-ring carboxylate (14) was prepared in
excellent overall yield via a Stille coupling followed by
hydrolysis (Scheme 2). Incorporation of the carboxylate
on the B-ring was performed in a similar manner,
Scheme 3. The installment of the carboxylate on the
B-ring and removing the amide allows the location of
the acidic proton in a very similar space while retaining
other features. In this instance, the organometallic part-
ner is boronic acid 16 which was coupled in a Suzuki
reaction affording the core subunit 17 in 80% yield.
Hydrogenation of the nitro group afforded amine 18,
treatment with tolylsulfonylchloride provided 20 which
was deprotected to afford the final analog 21 in excellent
overall yield.


There are a number of amide bioisosteres described in
the literature and among them E-alkenes have been
successfully utilized to replace amides.13 Our approach
accessing a C–C linked A- and B-ring was based on
sequential Sonogashira couplings, Scheme 4. This ap-
proach has the potential of providing a series of analogs
with differing degrees of saturation via sequential selec-
tive hydrogenations. The fully assembled alkynyl analog
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24 was easily prepared in several steps, using sequential
Sonogashira couplings. Unfortunately hydrolysis and
selective partial hydrogenation were unsuccessful, how-
ever elevated pressure (50 psi) and prolonged reaction
time (24 h) afforded the fully saturated ethylene linked
analog 25.


Due to the difficulty with the selective hydrogenation, an
alternative route was designed to provide the E-alkene
linker, Scheme 5. This approach used phosphonylide
chemistry which we had previously enjoyed success with
in efforts to prepare efflux pump inhibitors.14 First
the requisite nitrile was prepared by hydrogenation of
the corresponding nitro compound 26, followed by
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diazotization and cyanation. Bromination and reaction
with triphenyl phosphine provided phosphine 28.
Deprotonation with NaH and condensation with the
fully functionalized aldehyde 29 afforded the desired
alkene 30 as a 1:1 mixture of E/Z isomers. The alkene
30 was hydrolyzed and separated to provide the pure
E (31) and Z (32) isomers.


Since a trans substituted cyclopropane yields a very sim-
ilar spatial arrangement to the amide and the alkene, al-
kene 30 was converted to a cyclopropane. It was
discovered after extensive attempts that alkene 30 was
very unreactive. Screening of over 30 methylene transfer
conditions found that only Pddba with excess diazo-
methane was able to achieve cyclopropanation with
complete conversion of the desired E-alkene.15 The
Z-alkene was found to be inert to cyclopropanation
under any conditions. Attempts to separate the remaining
Z-alkene failed, thus ozonization was utilized to convert
the remaining alkene to readily separated materials. The
desired trans cyclopropane 33 was obtained in poor
yields due to decomposition during the ozonolysis but
with high purity.


Another linker that has been reported in the literature as
a viable bioisostere for amides is a triazole.16 Modeling
indicates that the triazole can occupy similar conforma-
tions as the amide, although the B-ring would be slightly
shifted. In addition the triazole retains the hydrogen
bonding pattern of the amide. In order to prepare this
linker, we initiated a model study for its assembly,
Scheme 6. Fortunately, classical literature observations
were reproduced and depending on whether the hydro-
chloride salt of benzimidate was used or not we obtained
either the triazole or oxadiazole as single isomers out of
each reaction in modest yields.17 Conversion of the
methyl groups to the acids was troublesome and was
achieved with chromium oxidation for the oxadiazole
36, and under basic conditions with KMnO4 for triazole
38.18 The fully functionalized triazole analog was
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prepared in a similar but lower yielding sequence (not
shown but in vitro activity was similar to that of the
truncated analog 39, validating our approach that only
linkers that illustrated the potential to replace the amide
justified the preparation of the more complex analog for
direct comparison across multiple linkers). Unfortu-
nately, the fully functionalized oxadiazole analog
resisted any oxidation.


The ability of the new linker as amide replacement was
monitored by its activity against Staphylococcus aureus.
Not surprisingly we found that the thioamide 9 is equi-
potent with the corresponding amide, Table 2. It is
intriguing that the spectrum of activity for the thioamide
is improved though the reason for that activity improve-
ment is not clear. The conversion of an amide to a thio-
amide represents the smallest possible change in linker
construction. The removal of the linker as in 14 and
21 results in analogs devoid of activity. Likewise, when
the linker is replaced with five-membered ring heterocy-
cles such as 37 and 39 all activity is lost. A flexible linker
such as alkane 25 exhibits faint antibacterial activity.
The alkenes provide a rigid scaffold and the activity of
the E-alkene 31 is equal to the potency of the corre-
sponding amide. This indicates that the amide is not
essential for activity and serves to hold the pharmaco-
phores at the appropriate distances. Therefore, it is
not surprising that the corresponding cyclopropyl linker
found in 33 is nearly as active as the corresponding
E-alkene 31. The Z-alkene 32 possessed poor activity
indicating that the A- and the B-rings were inappropri-
ately positioned.


The work described herein clearly demonstrates that the
purpose of the amide linker is to appropriately position
the aryl rings and it does not have a role as a recognition
element. The amide can be replaced with several
functionalities such as the E-alkene and the trans cyclo-
propyl without significant deterioration in the MIC
activity. These findings have enabled us to propose a

Table 2. Antibacterial activity of new linkers in this report


Compound MICa (lg/mL)


SAURb EFAEc SEPIdd SPNEe HINFf


2 0.5 32 4 4 128


9 0.125 32 0.125 16 64


14 128 >128 128 >128 >128


21 >128 >128 64 >128 >128


25 32 >128 32 32 >128


31 0.25 128 0.5 >128 >128


32g 16 >128 32 64 >128


33 4 >128 8 >128 16


37 >128 >128 >128 >128 >128


39 >128 >128 >128 >128 >128


a Minimal inhibitory concentration.
b Staphylococcus aureus UC 9218.
c Enterococcus faecalis UC 9217.
d Staphylococcus epidermidis UC 12084.
e Streptococcus pneumoniae UC 9912.
f Haemophilus influenzae 30063.
g This is a 97.9/2.1 cis/trans mixture and the activity can be mainly


attributed to the trans impurity.
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pharmacophore model for this series of compounds, de-
tails of which will be the topic of future publication.
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Abstract—Installation of a C2-aminopropyl side chain to the 2,4-diaryl-2,5-dihydropyrrole series of kinesin spindle protein (KSP)
inhibitors results in potent, water soluble compounds, but the aminopropyl group induces susceptibility to cellular efflux by P-gly-
coprotein (Pgp). We show that by carefully modulating the basicity of the amino group by b-fluorination, this series of inhibitors
maintains potency against KSP and has greatly improved efficacy in a Pgp-overexpressing cell line. The discovery that cellular efflux
by Pgp can be overcome by carefully modulating the basicity of an amine may be of general use to medicinal chemists attempting to
transform leading compounds into cancer cell- or CNS-penetrant drugs.
� 2007 Elsevier Ltd. All rights reserved.

The discovery and widespread use of the taxanes and
vinca alkaloids as effective therapies to combat cancer
has led to the recognition of the mitotic spindle as a
well-validated target for chemotherapeutic agents.1 As
effective as these antimitotic agents have been clinically,
they suffer from a number of liabilities, including: (1) the
development of resistance through both tubulin muta-
tions and P-glycoprotein (Pgp)-mediated cellular efflux;
(2) significant dose-limiting toxicities due to drug action
on post-mitotic neurons; and (3) inconvenient dosing
regimes including prophylactic treatment to prevent
vehicle-associated toxicities.2


Small molecule inhibitors of kinesin spindle protein
(KSP, or HsEg5) are part of a new generation of antimi-
totic agents that do not interact directly with the mitotic
spindle, but instead target key regulatory enzymes

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2007.03.006


Keywords: Pgp; Antimitotics; Multidrug-resistance.
* Corresponding author. Tel.: +1 215 652 2411; fax: +1 215 652


7310; e-mail: chris_cox@merck.com

required during mitosis. KSP is a microtubule motor
protein that is essential for the generation of a bipolar
mitotic spindle, and its inhibition leads to mitotic arrest
followed by apoptotic cell death.3 The anticipated clini-
cal benefits of KSP inhibitors relative to the taxanes and
vinca alkaloids include: (1) a different resistance profile
with the potential for activity against refractory tumors;
(2) lack of neuronal toxicity, since KSP is not expressed
in post-mitotic neurons; and (3) simplified dosing for-
mulations. Several companies are currently investigating
KSP inhibitors in the clinic to establish if these benefits
will be realized in practice.4


Dihydropyrazole 1 and dihydropyrrole 2 are small mol-
ecule inhibitors of KSP discovered at Merck that possess
moderate potency, but are not suitable for dosing in an
aqueous vehicle.5 We recently disclosed a structure-
based optimization of 1 that led to the installation of
an aminopropyl side chain to provide dihydropyrazole
3 with improved potency, pharmacokinetics, and good
aqueous solubility.6 In this communication, we describe
how the aminopropyl appendage was incorporated into
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the dihydropyrrole series to provide the potent KSP
inhibitor (KSPi) 4, but that this compound, as well as
its dihydropyrazole analog 3, is not potent in a multi-
drug-resistant (MDR) cell line due to efflux by Pgp.
We then go on to illustrate that careful modulation of
the basicity of the amine in 4 by b-fluorination provides
KSP inhibitors such as 18 that are effective in a Pgp-
overexpressing cell line, and have thus overcome cellular
efflux by Pgp.


Design and synthesis. Our previous studies have estab-
lished that the preferred substitution patterns in the
dihydropyrazole and dihydropyrrole series are very sim-
ilar.5,6 Additionally, X-ray crystallographic evidence
indicates that both series bind in a similar mode to the
same allosteric site of KSP, making effective use of both
hydrophobic and hydrophilic interactions. It was there-
fore a logical extension that aminopropyl substitution at
C2 of dihydropyrrole 2 would lead to a KSPi with a sim-
ilar increase in potency as seen in going from 1 to 3, and
thus 4 became the target of our synthetic efforts (Fig. 1).
Evaluation of the literature revealed no general way to
access 2,2-disubstituted-2,5-dihydropyrroles, so we em-
braced the challenge of designing a route to these tar-
gets. As illustrated in Scheme 1, the methodology we
developed to reach 4 has the advantage of allowing
straightforward SAR investigation of the C4-aryl group,
the C2-alkyl substituent, and the acyl group at N1.


The benzyl imine of racemic phenylglycine methyl ester
(5) was first alkylated with methallyl dichloride under
phase transfer conditions to give the monoalkylation
product (not shown or isolated). The imine was subse-
quently hydrolyzed with aqueous hydrochloric acid,
and during workup a second, intramolecular alkylation
occurred to furnish pyrrolidine 6. Crude 6 was treated
with LAH to afford an amino alcohol, and reaction with
1,1 0-carbonyldiimidazole provided oxazolidinone 7
which was treated with ozone to generate bicyclic ketone
8 in an overall yield of 20% from 5.
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Figure 1. Dihydropyrazole and dihydropyrrole inhibitors of KSP.

The triflate of ketone 8 was generated regioselectively
with PhN(Tf)2 and NaHMDS,5b and converted to 9
via Suzuki reaction in 64% yield for two steps. The ox-
azolidinone was hydrolyzed with NaOH and the resulting
amino alcohol was treated with t-butyldimethylsilyl
chloride to provide 10 in nearly quantitative yield. As
noted in our previous reports, only the (S)-antipode of
compounds in this class of inhibitors exhibits KSP activ-
ity, so a chiral HPLC separation was carried out at this
stage to provide optically pure (S)-10. Pretreatment of
this intermediate with triphosgene, followed by the addi-
tion of dimethylamine and subsequent deprotection, led
to 11 in 90% yield from (S)-10.


Installation of the aminopropyl side chain commenced
with Dess–Martin oxidation of 11 to the corresponding
aldehyde in quantitative yield, followed by Horner–
Wadsworth–Emmons reaction with commercially avail-
able trimethyl phosphonoacetate to provide 12. Since
the nonconjugated double bond in the core of 12 was
reactive to a number of standard hydrogenation condi-
tions, a NiCl2-mediated NaBH4 conjugate reduction of
the a,b-unsaturated ester was carried out to provide
13. Following reduction of the ester to alcohol 14, mes-
ylate formation, azide displacement, and finally Stau-
dinger reduction led to the targeted amine 4.


Table 1 summarizes the key properties of dihydropyr-
azole 3 and the newly synthesized dihydropyrrole 4.
As expected, 4 has excellent potency, both against puri-
fied enzyme and in a cell-based assay, as well as good
solubility in pH 4 water. While 3 displays weak binding
affinity for the hERG potassium channel, 4 shows some-
what greater binding, consistent with earlier reports on
compounds in the dihydropyrrole series.5b Unfortu-
nately, both inhibitors possessed significantly reduced
potency in Pgp-overexpressing cells derived from a
KB-3-1 human epidermoid carcinoma cell line, as mea-
sured by the MDR ratio. This ratio provides a measure
of Pgp-mediated resistance to mitotic arrest, and entails
determining the IC50 for induction of a G2/M block by
the test compound in a cell line that highly overexpresses
Pgp, as well as the IC50 in the parental line that does not
express Pgp. The quotient of these numbers is reported
as the MDR ratio. For instance, a ratio of unity indi-
cates that the KSPi is not effluxed by Pgp because it is
equipotent in both cell lines. Taxol, by comparison,
has an MDR ratio of about 25,000. KSP inhibitors 3
and 4, with MDR ratios of 490 and 1200, respectively,
are therefore subject to Pgp-mediated cellular efflux.7


Optimization of Pgp profile. Pgp is a protein encoded in
the human MDR1 gene that has been extensively stud-
ied as a major aspect of the MDR phenotype.8 Since
many cancer cells have been shown to overexpress
Pgp, and it is assumed that Pgp plays a role in clinical
resistance to Taxol and other important antimitotic
agents,9 good levels of potency in a Pgp-overexpressing
cell line was a selection criterion for advancing com-
pounds in our program. Several small molecule inhibi-
tors of KSP have been reported to retain efficacy in
Pgp-overexpressing cell lines,10 and 1 and 2 both have
an MDR ratio of 1. This knowledge, together with the
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Table 1. Comparison of the key properties of 3 and 4


3 4


N
N


O NMe2


FF
NH2


N


O NMe2


FF
NH2


Property Compound 3 Compound 4


KSP IC50
a (nM) 1.9 ± 1.2 2.2 ± 1.2


Cell potencya (nM) 5.2 ± 0.3 6.0 ± 1.1


logP 1.2 1.1


Solubilityb (mg/mL) >12 >12


hERG IC50
c (lM) 19.3 ± 0.7 7.1 ± 3.7


MDR ratiod 490 1200


a See Ref. 5b for assay details, average of n = 3 or greater.
b Solubility of free-base in 0.1 M citrate, initial pH 4.0.
c See Ref. 5b for assay details, average of n = 2 or greater.
d See text and Ref. 7 for discussion of this assay.
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fact that basic amines are a pharmacophore often found
in Pgp substrates,11 implicated the aminopropyl side
chain for engendering Pgp susceptibility in 3 and 4.


Our previous investigation demonstrated that the pro-
tonated form of the basic amine in dihydropyrazoles
such as 3 is engaged in a hydrogen bonding interaction
with the amide backbone in the allosteric site of KSP.6


Consistent with this observation, a decrease in potency
was noted when the basicity of the amine was signifi-

cantly reduced, eliminating this favorable interaction.
A similar trend has been observed in the dihydropyrrole
series. In light of these observations, namely that KSP
potency is improved by a basic amine while the MDR
ratio is improved by a nonbasic amine (or lack of an
amine altogether), we sought to determine if a middle
ground could be established where both features are
maintained in an optimal range.


To this end, we explored b-fluorination of the amine in 4
to carefully modulate its basicity in a step-wise manner
while imparting minimal steric effects.12 As revealed in
Table 2, substituting the amine with an ethyl group pro-
vides 15a with a slight reduction in potency relative to 4,
but it remains a good substrate for Pgp efflux. Monoflu-
orination of the ethyl group affords 15b with no loss in
KSP potency relative to 15a, but with a significant
improvement in the MDR ratio. Gratifyingly, difluori-
nation provides 15c that again retains good KSP po-
tency but has an MDR ratio of almost unity. Finally,
the nonbasic trifluoroethyl derivative 15d continues the
trend of reduced MDR ratio, but also suffers a substan-
tial reduction in KSP potency. The final two columns in
Table 2 illustrate the dramatic changes to pKa and logP
that b-fluorination imparts across this series of
inhibitors.


The data presented in Table 2 indicate that when the
amine has a pKa of about 7, KSP activity is maintained
while Pgp-mediated efflux is greatly attenuated.







Table 2. Effect of b-fluorination on key properties of C2-propylamino
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Compounda R KSP IC50
b


(nM)


MDR


ratioc


pKa
d logP


4 H 2.2 ± 1.2 1200 10.3 1.2


15a CH2CH3 10.2 ± 2.0 >135 10.7 1.6


15b CH2CH2F 10.2 ± 1.9 32 8.8 2.6


15c CH2CHF2 12.1 ± 2.5 3 7.0 3.4


15d CH2CF3 110 ± 47 1 5.2 >3.2


a The synthesis of analogs 15a-d was performed via Na(OAc)3BH-


mediated reductive amination of the appropriate amine with the


aldehyde generated by Dess–Martin oxidation of 14.
b See Ref. 5b for assay details, average of n = 3 or greater.
c See text and Ref. 7 for discussion of this assay.
d Values were determined with a Sirius GL pKa titrator, average of


n = 3 determinations.
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Extensive literature exists on the rational design of com-
pounds to evade Pgp recognition; however, most pub-
lished examples of altering an amino functionality to
circumvent Pgp efflux do so at the expense of adding
or subtracting hydrogen bond donors or acceptors,
and/or greatly altering the steric environment of the
amine.13 To the best of our knowledge, this is the first
demonstration that b-fluorination of an aliphatic amine
can overcome Pgp-mediated efflux while maintaining
good activity on the target of interest.14


Though 15c possesses a good balance of properties, a
fivefold reduction in KSP potency relative to 4 was ob-
served in the process of enlarging the substituent on the
amine. Several alternative b-difluorination strategies
were therefore undertaken in an attempt to increase po-
tency, the most successful of which resulted in the inte-
rior a-difluoromethyl substituted primary amine 18.
Scheme 2 illustrates how 13 was transformed into 18,
beginning with the addition of diethyl (difluoromethyl)
phosphonate to produce ketone 16, followed by TiCl4-
mediated reductive amination with benzylamine to gen-
erate 17. Conveniently, the desired 3 0R-diastereomer
was easily separated from its 3 0S-isomer at the stage of
17 by flash chromatography.15 Transfer hydrogenation
in acetic acid cleanly unveiled the primary amine 18.


Figure 2 shows the key properties of 18. Both enzymatic
and cell-based potency have been improved relative to
15c. The logP and pKa are dramatically affected by
b-fluorination, but solubility in pH 4 water remains
excellent. Additionally, the hERG binding of 18 is
reduced relative to the starting point 4. Consistent with
this observation, it has been proposed that decreasing
the pKa of a basic nitrogen disrupts p-cation interactions
in the hERG channel binding site due to a reduction in
the percentage of molecules in the ionized form at
physiological pH.16

As expected, the MDR ratio of 18 is very similar to that
observed for 15c. It is significant to note that a standard
monolayer transport assay also indicated 18 is much less
susceptible to Pgp efflux than 4. In an LLC-PK1 cell line
transfected with the human MDR1 gene, 18 has a
B � A/A � B ratio of 2.5 and a passive permeability of
38 · 10�6 cm/s. By comparison, 4 has a B � A/A � B
ratio of 18.5 and a much lower passive permeability of
4 · 10�6 cm/s.17 Thus, 18 represents an optimized KSPi
with good potency, aqueous solubility, and promising
activity in an MDR cell line that highly overexpresses
Pgp.18


Importantly, we have found that modulating the pKa of
a basic nitrogen to the range of 6.5–8.0 to balance Pgp
efflux potential with KSP potency is a general trend that
holds for several diverse series of KSP inhibitors.19


Adjusting the pKa to approximately physiological pH
insures that significant concentrations of both the ion-
ized and neutral forms are available for pharmacological
activity. This may explain the relationship found herein
between pKa and inhibitor activity, because the ability of
the amine to achieve the ionized form is required for
good KSP potency. On the other hand, increasing lipo-
philicity and favoring the neutral form of the amine by
halogenation increases membrane permeability, and
compounds with very good passive permeability can
override the effect of efflux by the Pgp transporter.20
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However, we cannot exclude the possibility that pKa is
simply a surrogate marker for Pgp efflux potential that
is correlated with other physicochemical changes, such
as the increased lipophilicity revealed by logP values,
that occur due to halogenation. While more detailed
studies are required to show how the interaction of
our inhibitors with the Pgp transporter changes as the
basicity of the amine is modified,21 that does not limit
the usefulness of the relationship we have established be-
tween pKa and activity in Pgp-overexpressing cells. Sig-
nificantly, the monolayer transport data for 18
corroborates the information provided by the MDR ra-
tio, and suggest that the correlations established herein
may be of general use to those involved not only in
oncology research, but in CNS drug discovery as well.


In conclusion, we described how addition of a propylami-
no side chain to the 2,4-diaryl-2,5-dihydropyrrole series
provided potent, water-soluble inhibitors of KSP.
Additionally, we illustrated that the efficacy of these
compounds against a Pgp over-expressing cell line can
be dramatically increased by carefully tuning the basicity
of the amine by b-fluorination. In a forthcoming paper,
we will demonstrate how we applied these lessons learned
in balancing Pgp efflux potential with KSP potency to
identify an optimal clinical candidate for the treatment
of cancer.
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Abstract—A series of adamantyl amide 11b-HSD1 inhibitors has been discovered and chemically modified. Selected compounds are
selective for 11b-HSD1 over 11b-HSD2 and possess excellent cellular potency in human and murine 11b-HSD1 assays. Good phar-
macodynamic characteristics are observed in ex vivo assays.
� 2007 Elsevier Ltd. All rights reserved.

Glucocorticoids (e.g., cortisol, corticosterone) are hor-
mones that regulate pathways involved in stress and
metabolic signalling. The effects of glucocorticoid excess
are evident in Cushing’s syndrome, which causes meta-
bolic and cardiovascular abnormalities such as central
obesity, insulin resistance, dyslipidaemia and hyperten-
sion and CNS manifestations such as depression and
cognitive impairment.1 At the tissue level, glucocorticoid
activity is controlled by the 11b-hydroxysteroid dehy-
drogenase (11b-HSD) enzymes, which ‘gate’ access of
these steroids to their nuclear receptors.2 11b-HSD1 is
present predominantly in the liver, adipose tissue and
brain and converts inactive cortisone to cortisol; 11b-
HSD2 is expressed mainly in the kidney and catalyzes
the reverse reaction. 11b-HSD1 knockout mice display
enhanced hepatic insulin sensitivity and reduced gluco-
neogenesis and glycogenolysis, suggesting that inhibi-
tion of 11b-HSD1 will be a useful treatment in type 2
diabetes.3 Furthermore, these mice have low serum tri-
glycerides and increased HDL cholesterol and apo-lipo-
protein A1 levels, suggesting that inhibitors may be
useful in the prevention and treatment of atherosclero-
sis.4 11b-HSD1 knockout mice are also protected
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against age-related cognitive impairment, suggesting
that inhibitors may be of therapeutic use in the treat-
ment of diseases such as Alzheimer’s disease, which
are characterised by cognitive dysfunction.5


In recent years considerable activity in the pharmaceuti-
cal industry has led to the discovery of several classes of
11b-HSD1 inhibitors. Early examples are non-selective
steroidal molecules such as carbenoxolone (1), which is
also a potent inhibitor of 11b-HSD2.6 Numerous exam-
ples of non-steroidal inhibitors have also been dis-
closed.7 These include triazoles such as compound 544
(2), sulfonamides like BVT-14225 (4) and adamantyl
carboxamides such as 3 (Fig. 1).8 Compound 544 has
been shown to produce beneficial effects in animal mod-
els of atherosclerosis and of type 2 diabetes, with lower-
ing of plasma triglycerides, glucose, rate of body weight
gain and food intake.9


We have discovered and modified a series of adamantyl
amides that display inhibition of 11b-HSD1 in vitro and
in vivo. Compounds were tested for inhibition in mam-
malian cells stably transfected with human 11b-HSD1 or
human 11b-HSD2 using a scintillation proximity assay
(SPA).10 Selected compounds were also tested in cells
expressing murine 11b-HSD1.


A primary in vitro compound screen was performed on
a selection of putative 11b-HSD1 inhibitors identified
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Table 1a. Human 11b-HSD1 and 11b-HSD2 inhibition for com-


pounds 9–16


N
N


O


R1


Compound R1 hHSD1


IC50 (lM)


hHSD2


%inh at


10 lM


9 * OH 53 ND


10 * 0.8 11


11
*


4.1 1


12a


*
0.2 39


13a


* 0.2 0


14 * O 0.6 51


O


O


H


H


H


O
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N


N
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Figure 1. Selected 11b-HSD1 inhibitors.
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from a field-based in silico screen.11 From a subsequent
focused screen of selected cyclic amines two closely
related compounds containing a carbonyl group adja-
cent to an adamantane were identified as 11b-HSD1
inhibitors. Both compounds display sub-micromolar po-
tency in cellular assays and are selective for 11b-HSD1
(Fig. 2).


The adamantyl moiety appears to be a privileged struc-
ture present within many 11b-HSD1 inhibitors disclosed
in the patent and scientific literature.12 However, the
moiety is known to be metabolically labile due to
hydroxylation at the 3- and 5-positions.13 Initial medic-
inal chemistry focused on the synthesis of modified ada-
mantanes (Table 1a). Hydroxylated analogues were
prepared to evaluate the potency of the likely primary
metabolites formed after first pass metabolism in the
liver. Analogues were prepared according to Scheme 1.
For compounds 12, 13 and 16, ethyl piperazine was re-
placed by piperidine. The initial hit (5) contains a 4-tolyl
group at the 5-position of adamantane and it is more
potent than unsubstituted adamantane in the ethyl
piperazine series (10). Replacement of methyl with a
methoxy group at the para position of the phenyl group
(14) results in a slight loss of potency and selectivity
compared to the screening hit (5). Introduction of a
methylene unit between the adamantyl and phenyl
groups (11) also leads to a significant decrease in
potency, suggesting that the distance between these
two groups is key to retaining potency. Attachment to
the 1- and 2-positions of adamantane was explored
and the resulting piperidine compounds were equipotent

O
N


O


N
N


O 5 6


hHSD1 IC50 = 82nM hHSD1 IC50 = 660nM


Figure 2. Hits from focused screen.


15
*


1.0 0


16a


* OH 7.3 9


a Ethyl piperazine replaced by piperidine.

(12 and 13) and approximately fourfold more potent
than the adamant-1-yl derivative from the ethyl pipera-
zine series (10). The corresponding adamant-2-yl







Table 1b. Human 11b-HSD1 and 11b-HSD2 inhibition for com-


pounds 17–27


N
N


O


R1


Compound R1 hHSD1


IC50 (lM)


hHSD2


%inh at


10 lM


17
*


>100 0


18 * 53 0


19 * >100 0


20 * 20 0


21


*
48 0


22
*


>100 40


23 * 44 0


24 * 15 0


25 * >100 0


26 * 7.2 11


27 *


F


12 0


R1 OH


O
N N N N


R1


O
+


7 8


Scheme 1. Reagents and conditions: 7, DMF, CDI, 60 �C, 1 h, then 8,


60 �C, 4 h (20–80%).


Table 2. Human 11b-HSD1 and 11b-HSD2 inhibition of compounds


5, 10 and 28–51


*


N
N


R2


O


R1


*


R1=A R1=B


Compound R1 R2 hHSD1


IC50 (lM)


hHSD2


%inh at


10 lM


10 A CH2CH3 0.8 0


5 B CH2CH3 0.08 0


28 A H 8.2 31


29 A CH3 0.7 13


30 A CH2Ph 7.2 7


31 B CH2Ph 1.5 80


32 A Ph >100 0


33 B Ph 7.3 ND


34 A COPh >100 20


35 B COPh 36 0


36 A CH(CN)Ph 24 39


37 B CH(CN)Ph 2.1 48


38 A CH(CN)CH(CH3)2 20 45


39 B CH(CN)CH(CH3)2 10 56


40 A SO2Ph >100 35


41 B SO2Ph 64 48


42 A SO2CH2Ph 13 39


43 B SO2CH2Ph 7.7 26


44 A CH2pyridin-4-yl 7.2 0


45 B CH2pyridin-4-yl 8.1 0


46 A CH2CH2OH 1.5 31


47 B CH2CH2OH 0.5 40


48 A CH2CH2OCH3 12 7


49 B CH2CH2OCH3 2.1 41


50 A CH2CH2Ph 47 0


51 B CH2CH2Ph 1.9 53


ND, not determined.
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compound in the ethyl piperazine series was not
prepared. Hydroxylation of the adamantyl group at
the 5-position led to a dramatic reduction in cellular
potency in the ethyl piperazine series (9), suggesting that
this position would have to be blocked by a suitable
group to maintain potency in vivo.

We explored whether the adamantyl group could be re-
placed by a selection of saturated and unsaturated
groups. A series of acyl piperazine analogues were pre-
pared by coupling substituted carboxylic acids to ethyl
piperazine (Scheme 1).


The results suggest that adamantane or a similar satu-
rated fused ring system is a favoured group adjacent
to the carbonyl of the piperazine amide (Table 1b). All
of the replacements tested resulted in substantial loss
of potency and selectivity (e.g., compared with 5 or
10), suggesting that the adamantyl group occupies a spe-
cific lipophilic pocket within the enzyme active site.


Our initial efforts to replace the adamantyl group were
unsuccessful. However, since compounds containing
an adamantane display good cellular potency, we ex-
plored whether it was possible to improve potency by
modifying the 4-position of the piperazine in both the
adamantyl and p-tolyl series (Table 2). Our initial
screening hit (5) contains an ethyl group at this position
suggesting that a similar small alkyl group may be
favoured. We explored whether the addition of H-bond
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Scheme 2. Reagents and conditions: (a) ZnCl2, reflux, 2 h (80%); (b) R2 = PhCH2CH2, 4-py: EtOH, KI, reflux, 50–72 h; (c) HCl, reflux, 2–5 h


(50–70%); (d) R2 = CH3OCH2CH2: i-PrOH, rt, 30 min, then Et3N, KOH; (e) EtOH, NEt(i-Pr)2, D, 72 h, then Et3N, KOH; (f) MeOH, gaseous HCl,


rt, then Et3N, KOH; (g) see Scheme 1.
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acceptors and aromatic groups could increase potency.
A range of analogues containing alkyl, phenyl and
pyridinyl groups fused to linkers were prepared accord-
ing to Scheme 2. The majority of analogues were pre-
pared directly from commercially available starting
materials. Nitrile substituted analogues were prepared
by reacting the appropriate aldehyde with piperazine
in the presence of KCN (Scheme 3).


In both the adamantyl and p-tolyl series only the addi-
tion of small unbranched alkyl groups to the piperazine
is tolerated. Replacement of ethyl by methyl in the ada-
mantyl series (29) led to a modest increase in potency.
However, the addition of phenyl, benzyl or phenylethyl-
ene was detrimental to potency. Introduction of H-bond
acceptor groups such as carbonyl, sulfonyl or nitrile
generally reduced potency, suggesting this region of
the parent molecule sits within a tight hydrophobic
binding site. Compounds containing H-bond acceptors
at the 4-position of the piperazine also displayed

NH NH
H R2


O


N


R2


N
+


a


Scheme 3. Reagents and conditions: (a) R2 = i-Pr, Ph: HCl, aq KCN, i-PrO

increased inhibition of 11b-HSD2. In general, the p-tolyl
series displayed greater potency than the adamantyl ser-
ies, suggesting that further modification of the group at
the 5-position of the adamantane may yield selective
compounds with good potency and enhanced metabolic
stability.


In the adamantyl series, replacement of the ethyl piper-
azine with piperidine led to a significant increase in po-
tency and retention of selectivity (Table 1a, e.g., 13 vs 10
and 16 vs 9). Further replacement of the ethyl piperazine
was investigated by purchasing commercially available
analogues (Table 3). Replacement of ethyl piperazine
with pyrrolidine (52) marginally increased cellular
potency compared with 10, while replacement with octa-
hydroisoquinoline (55) was approximately equipotent.
Replacement with dihydroisoquinoline (54) significantly
reduced potency, further suggesting that only alkyl
groups are favoured substituents at the 3- and 4- posi-
tions of the piperazine or piperidine rings. These results

NH


N


R2


N
N


O


R3b


H, rt, 1 h, then CCl4 (70–80%); (b) see Scheme 1.







Table 4. Comparison of inhibition between human and murine


11b-HSD1


Compound hHSD1 IC50 (nM) mHSD1, IC50 (nM)


5 82 81


13 193 134


10 756 300


20 20,000 1200


46 1470 494


47 498 43


53 1860 481


55 846 230


Table 5. Ex vivo pharmacodynamic data for compound 5


% Inhibition


of HSD1


in liver 1 h


% Inhibition


of HSD1


in fat 1 h


% Inhibition


of HSD1 in


brain 1 h


% Inhibition


of HSD2


in kidney 1 h


63 54 39 0


Compound was administered at 10 mg/kg i.p.


Table 3. Modifications to piperidine


X


O


Compound Supplier X hHSD1


IC50 (nM)


hHSD2


%inh at 10 lM


52 Chembridge N * 498 37


53 Chembridge
N
*


1860 0


54 Chembridge
N *


5600 ND


55 Enamine N
*


846 18


13 see Scheme 1 N
*


193 0


ND, not determined.
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suggest that the cyclic amine ring binds to the enzyme in
a hydrophobic pocket.


Since in vivo efficacy is typically assessed in murine
models of metabolic disease, the potency of selected
compounds was determined for murine 11b-HSD1
(Table 4). In general, compounds display greater po-
tency against the murine enzyme. Of particular note
are compounds 46 and 47, which display significantly
greater potency for murine than human 11b-HSD1.
Both compounds contain a hydroxyethyl substituent at
the 4-position of the piperazine, suggesting that the
polar hydroxyl group may make a favourable interac-
tion in the murine 11b-HSD1 active site. The active sites
of murine and human 11b-HSD1 are reasonably
conserved, although key residues involved in substrate
binding are significantly different. Tyrosine 177 in hu-
man is replaced by glutamine in murine, while alanine
226 is replaced by glutamic acid. It is possible that the
hydroxyl present in 46 and 47 makes a hydrogen bond-
ing interaction with one of these groups.


Compound 5 displays good in vitro potency against
both human and murine 11b-HSD1. We examined tissue
inhibition in a mouse ex vivo pharmacodynamic assay

(Table 5).14 In metabolic disease, 11b-HSD1 is dysregu-
lated in adipose tissue and liver, so it is likely that any
therapeutic agent to treat type 2 diabetes will have
to display inhibition in both tissues. Inhibition of
11b-HSD1 also has an impact on cognition, so we deter-
mined whether 11b-HSD1 was inhibited in the CNS.
Compound 5 displayed significant inhibition in each of
the tissues of interest, but did not inhibit 11b-HSD2 in
the kidney. The greatest inhibition was observed in liver
and fat, suggesting that optimised compounds of this
type may be useful therapeutic agents.


In summary, we have discovered potent and selective
adamantyl amides that display inhibition in liver, adi-
pose and brain following in vivo administration. Opti-
mised analogues may prove to be useful tools to assess
the effect of 11b-HSD1 inhibition in vivo.
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Abstract—As part of a Lead Optimisation programme to identify small molecule antagonists of the human CXCR2 receptor, a
series of substituted thiazolo[4,5-d]pyrimidines was prepared via the application of a novel tandem displacement reaction.
� 2007 Elsevier Ltd. All rights reserved.

Table 1. Lead profile of thiazolopyrimidine 1


F


F


SN


NH


NS


N


OH


NH2
2


5


7


Assay Thiazolopyrimidine 1


Binding CXCR2 pIC50 7.6


Functional pIC50 7.8a


Human plasma protein binding % 98.4


Solubility (pH 7.4) lg/ml 2.5b

Chemotatic cytokines (Chemokines) are a class of po-
tent inflammatory mediators. Interaction of chemokines
with specific cell populations is mediated by G-protein
coupled receptors. These receptors are divided into four
subtypes (CC, C, CX3C and CXC), depending upon the
position of the N-terminal cysteine residues within the
protein. Interleukin 8 (IL-8, CXCL8) and growth-re-
lated oncogene a (GROa) are members of the CXC che-
mokine subfamily and play a role in the activation and
recruitment of neutrophils to sites of inflammation med-
iated through the CXCR2 receptor.1,2 Elevated levels of
CXCL8 have been observed in diseases such as arthri-
tis,3 chronic obstructive pulmonary disease (COPD),
asthma,4 ulcerative colitis and psoriasis.5 In the light
of this finding small molecule antagonists of the CXCR2
receptor are attractive biological targets.


As part of a Hit-to-Lead study, our laboratory has pre-
viously disclosed the identification of a series of novel
thiazolopyrimidines as potent CXCR2 receptor antago-
nists.6 Early evaluation had indicated that S-benzyl sub-
stitution at the 5-position and hydroxy-alkylamino
substitution at the 7-position are preferred, exemplified

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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by compound 1, Table 1, which formed the basis of a
new Lead Optimisation (LO) project. This paper will
disclose a further programme of synthetic work towards
primarily increasing potency and highlighting further
structure activity relationship (SAR) within this series.


Simple variation of the 7-substituent of 1 used the same
methodology applied during the Lead Identification (LI)

Rat iv Cl ml/min/Kg 25


Rat iv Vss 0.5 L/Kg 1.9


Rat iv T1/2 h 1.2


Hu CaCo2 cm/s · 106 3.6


Rat po bioavailability % 15


a Functional antagonism was shown by blockade of GROa stimulated


intracellular calcium mobilisation in isolated human neutrophils


using a fluorescence imaging plate reader (FLIPR).7


b Solubility corrected from value given in reference 1, Table 5.
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phase, which involved treatment of the chloro com-
pound 2 with a range of primary and secondary amines
at elevated temperatures8 to give compounds 3–9,
Scheme 1. The development of a new tandem displace-
ment reaction permitted the independent exploration
of the SAR at both the 2- and 7-positions via a ‘‘one
pot’’ procedure. This route exploits the difference in
reactivity of positions 2 and 7 in compound 10 towards
nucleophiles.


Diazotisation of 2 with iso-amyl nitrite in the presence
of bromoform at 50 �C9 afforded 10. This intermediate
was treated with an array of amines at room tempera-
ture affording the mono-substituted intermediates 11
efficiently. After an hour, a second set of amines was
added and the temperature increased to 100 �C to give
the disubstituted compounds 12–18. Purification of the
final compounds was performed using automated high
performance liquid chromatography. The isolated prod-
ucts were quantified using Chemi-luminescent Nitrogen
Detection (CLND)10 and the purified samples were sol-
ubilised to a pre-determined concentration for in vitro
biological screening (affinity data and in vitro DMPK
data obtained). The biological activity of key com-
pounds was confirmed using re-synthesised solid, fully
characterised samples.


Two synthetic approaches were employed to explore the
SAR at the 5-position. Both routes started with the ben-
zylthio ethers 19–20, Scheme 2. This strategy allowed
the opportunity to increase the diversity of substitution
of the products 25–34 by not limiting the synthesis to a
single reagent class.


Hydrogenolysis of 19–20 with sodium in liquid ammo-
nia11 gave the thiols 21–22. Subsequent treatment of

21–22 with sodium hydride, followed by reaction with
a range of activated halides, gave an array of sulfides
25–34. The second approach involved reaction of the
benzylsulfones 23–24 prepared by oxidation of 19–20
with Oxone�, with a range of thiols. Due to the propen-
sity of thiols to form disulfides, the optimised conditions
involved treatment of sulfone with a thiol under an inert
atmosphere, using degassed solvent, and in the presence
of a stoichiometric quantity of sodium borohydride.


Previous SAR studies around the 7-position had shown
that a hydroxylated alkylamino substituent is beneficial
for potency. In our follow up programme based on this
structural knowledge we treated compound 2 in a com-
binatorial manner with a designed set of amines in order
to explore the favoured steric and electronic parameters
of this motif, Scheme 1. From over 290 compounds syn-
thesised, only compounds that had a hydroxyethyl ami-
no core had binding affinity (pIC50) of >7.0 Table 2.
Further hydroxyl substitution of the alkyl side chain is
also tolerated as exemplified by the diols 3–5. Explora-
tion of substitution upon the hydroxyethyl amino group
showed that small alkyl groups are preferred, compare,
for example, the (R)-alaninol derivative 6 with 8, giving
the alaninol series a 6-fold advantage in potency over 1.
Moreover comparison of 6 with 7 shows a 100-fold pref-
erence for (R) enantiomer over the (S). Introduction of a
secondary cyclic amine at the 7-position was less well
tolerated as shown by 9, a cyclic analogue of 6.


Turning our attention to varying both the 2- and 7-sub-
stituents using a 2-dimensional matrix via the tandem
displacement protocol, the results further reinforced
the importance of substitution in the 7-position by
hydroxyalkyl amines. Investigation of the substituent
at the 2-position showed that amino was most preferred,
small secondary alkyl amines, for example, methyl 16,
isopropyl 14–15 and cyclopropyl 12–13, led to a 2- to
5-fold drop in potency and small tertiary amines 17–18
a 100-fold drop when compared to 6. The (R)-alaninol
substituent was found to confer most potency regardless







Table 3. Substitution at the 5-position


N


NS


N S


R


NH2 R'


R R 0 CXCR2 Bindinga pIC50


1 NH
OH


F
F


7.6


6 NH
OH


F
F


8.4


25 NH
OH


F
7.9


26 NH
OH


F


7.8


27 NH
OH


Cl
7.5


28 NH
OH


Cl


7.9


29 NH
OH


F
Cl


8.4


30 NH
OH


Cl
Cl


7.8


31 NH
OH


O
7.0


32 NH
OH


O
7.5


33 NH
OH


S


N
6


34 NH
OH


S


N
6.9


a Binding affinity was determined via a scintillation proximity assay


(SPA) using [125]IL-8 and human recombinant CXCR2 (hrCXCR2)


receptor expressed in HEK 293 membranes.7


Table 2. Substitution at the 2- and 7-positions


N


NS


N S


Y


X


F
F


Y X CXCR2 Bindinga pIC50


3 OH


OH


HN
NH2 7.8


4
HN


OH


OH


NH2 7.1


5
NH


OH


OH


NH2 7.5


6 NH
OH NH2 8.4


7 NH
OH NH2 7.2


8 NH
OH NH2 7.6


9 N
OH NH2 <6.0


12 NH
OH


NH 7.7


13
NH


OH


OH


NH 7.0


14 NH
OH


NH 7.5


15 NH
OH NH 7.0


16 NH
OH


N
H


8.1


17 NH
OH


N 6.4


18
NH


OH


OH


N 5.8


a Binding affinity was determined via a scintillation proximity assay


(SPA) using [125I]IL-8 and human recombinant CXCR2 (hrCXCR2)


receptor expressed in HEK 293 membranes.7
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of the 2-substituent. Variation to the 5-position was
undertaken by one of two synthetic routes, reaction of
the thiols 21–22 with a range of benzyl and heteroaro-
matic halides, or through the treatment of the sulfones
23–24 with thiolates Scheme 2. Screening results gave
good correlation between the measured binding affinity
of the compound with substituent size and substitution
pattern, with a preference for small substituents at the

ortho and/or meta positions, of such groups lipophilic
and electron withdrawing substituents were the most po-
tent Table 3, fluorine and chlorine being most preferred.


There was an increase in potency observed for 2,3-disub-
stitution with fluorine over both ortho and meta substi-
tution, compare 6–25 and 26, however this did not
transfer to the 2,3-dichloro analogue 30. Combining
the substitution of an ortho fluoro with a meta chloro
29 gave a compound equipotent with 6. Replacement
of the benzyl moiety with heteroaromatic rings is gener-
ally less well tolerated. Again best potency is observed
when the 7-position is substituted by the (R)-alaninol
motif as shown by 31–34.


In summary, our SAR investigation designed to opti-
mise all three substitution positions on compound 1







Table 4. Profile of thiazolopyrimidine 6


SN


NH


NS


N


OH


NH2


F
F


Assay Thiazolopyrimidine 6


Binding CXCR2 pIC50 8.4


Functional pA2 9.0


Human plasma protein binding % 97.4


Solubility (pH 7.4) lg/ml 1.5


Rat iv Cl ml/min/Kg 17


Rat iv Vss L/Kg 1.03


Rat iv T1/2 h 1.2


Hu CaCo2 mean A to B cm/s · 106 2.47


Hu CaCo2 mean B to A cm/s · 106 13.68


Mean efflux ratio 5.5


Rat po bioavailability % 9
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led to the identification of 6, a more potent CXCR2
receptor antagonist. This was achieved in part through
the development of a novel tandem displacement reac-
tion allowing the opportunity to rapidly explore two
points of diversity on the thiazolopyrimidine hetero-
cycle. A key finding from this programme of work high-
lighted that the (R)-alaninol substituent is the best
7-substituent regardless of the variations at the 2- and
5- positions. The in vitro metabolic stability and
in vivo pharmacokinetics were determined for 6 and
the results are shown in Table 4. Compound 6 is more
stable in vivo and less plasma protein bound than 1,
however the rat oral bioavailability of 6 is lower, which
could be attributed to a poorer absorption due to the
decrease in its measured aqueous solubility, and/or the
possibility of being a substrate for the efflux transporter
P-glycoprotein (pGp). CaCo2 permeability measure-
ments showed a modest but significant efflux component
with a mean efflux ratio of �6, which was not com-
pletely reduced in the presence of verapamil a known
competitive inhibitor of pGp. Investigation of replace-

ments for the thiazolopyrimidine heterocycle with a view
to addressing the factors influencing the low bioavail-
ability will form the basis of a new programme of work.
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Abstract—Methylenedisalicylic acid derivatives were synthesized and their inhibitory activities against protein tyrosine phospha-
tases (PTPases) examined. Two of the compounds, 8 and 9, showed Ki values of 9.4 and 6.3 lM against PTP1B, 4- and 7-fold lower
values compared to those against TC-PTP. They were reversible and slow-binding inhibitors against PTP1B. When compound 8 was
fed to a mouse model, the weight gain and adipocyte fat storage induced by a high-fat-diet were significantly suppressed.
� 2007 Elsevier Ltd. All rights reserved.

Reversible tyrosine phosphorylation of cellular proteins
is a pivotal mechanism for the control of a diverse range
of cellular processes including the maintenance of
homeostasis.1 Hydrolytic cleavage of the phosphoryl
group from the phosphotyrosine residue of a protein is
catalyzed by the protein tyrosine phosphatase (PTPase)
family of enzymes, which is composed of 107 highly
homologous members.2 Physiological substrates of the
PTPases have been the focus of research, with PTP1B
being one of the most intensively studied enzymes.3


PTP1B is known to dephosphorylate the insulin recep-
tor (IR) in skeletal muscle and liver, and Jak2 in the
hypothalamus.4 These substrate proteins are involved
in the control of IR and leptin signaling, respectively,
and these signaling events eventually result in the
homeostatic regulation of the blood glucose level and
body weight.5 Based on these research results, the inhi-
bition of PTP1B has emerged as a novel therapeutic
strategy for the treatments of type 2 diabetes and
obesity.


Numerous active site-directed PTPase inhibitors have
been reported, and their chemical structures include a
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diverse range of the imaginable pharmacophores that
mimic phosphotyrosine residues.6 Of these, Ertiprotafib
(1) progressed to clinical trials but these were discontin-
ued in the second phase.7 Because of the high homology
of the PTPase family of enzymes, the design of inhibi-
tors that discriminate the active site of each of the PTP-
ases is a challenging hurdle. To achieve selectivity
toward PTP1B, a second phosphate-binding site near
the PTP1B active site has been utilized.8 The noncom-
petitive inhibitors that bind to the surface region of
PTP1B, not conserved between PTPases, were also
reported.9 Another issue is the bioavailability of the
drug candidate, but many of the reported phosphotyro-
sine mimics are highly charged, which makes them less
attractive in this respect. Recently, (E,E)-1-iodo-2,5-
bis(3-hydroxycarbonyl-4-hydroxy) styrylbenzene (ISB),
which contains two salicylate moieties, has been used
as a brain imaging reagent, and is known to penetrate
the plasma membrane by diffusion and, to a lesser
extent, the blood-brain-barrier.10 This result drew our
attention to the use of disalicylic acid derivatives as ther-
apeutically promising PTP1B inhibitors. In this study,
various derivatives of methylenedisalicylic acids
(MDSAs, 3–10) were synthesized and their in vitro
inhibitory activity against PTP1B and in vivo efficacy
to prevent diet-induced weight gain in animal model
tested (Fig. 1).


The MDSA derivatives were synthesized as depicted in
Scheme 1.11 Treatment of methyl 3-phenylsalicylate with
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Table 1. Inhibitory effect of the compounds on PTP1Ba


Compound IC50
b (lM) Ki


c (lM)


3 3600 ± 800


4 242 ± 56


5 78 ± 9


6 >1000


7 >1000


8 20 ± 1 9.4


9 15 ± 4 6.3


10 39 ± 7


1, Ertiprotafib 1.4 ± 0.1 1.5


2 500 ± 100 102d


a The enzyme reaction was initiated by the addition of pNPP to the


PTP1B in assay buffer, preincubated for 10 min with inhibitors dis-


solved in DMSO. The final assay mixture contained: 2 mM pNPP,


40 nM PTP1B, 100 mM Hepes, and 5 mM EDTA, at pH 7, plus 10%


enzyme dilution buffer (25 mM Hepes, 5 mM EDTA, 1 mM DTT,


and 1 mg/mL bovine serum albumin, at pH 7.3). After incubation at


37 �C for 3 min, 0.5 M NaOH (0.95 mL) was added, and the A405


measured to determine the amount of p-nitrophenol released. The


IC50 values of the inhibitors were determined by measuring the


PTPase activity in a range of different inhibitor concentrations.
b Values are means ± standard deviations of three experiments. The


kinetic data were analyzed using the GraFit 5.0 program (Erithacus


Software).
c Ki values of compounds 1, 8, and 9 were determined using the rela-


tionships: Kapp
i ¼ ð½S� þ KmÞ=ðKm=K i þ ½S�=aK iÞ and ts=to ¼ 1=ð½I �=


Kapp
i þ 1Þ. For 2, Kapp


i ¼ K ið1þ ½S�=KmÞ.17,18


d The Ki value of 5.5 lM at pH = 7.0 was reported previously by


Anderson et al.19 We observed Ki = 11.5 lM under their assay


conditions.
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Figure 1. Compounds used or referred in this study.
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1,3,5-trioxane, in presence of glacial acetic acid at 95 �C,
afforded compound 8.12 Applying similar procedures,
compounds 3–7 and 9 were synthesized from the methyl
esters of their corresponding salicylate derivatives.13 For
the preparation of 10, Stille coupling14 procedure was
adopted. The protected form of 14 was treated with
2-(tributylstannyl)furan to introduce a furanyl func-
tional group.


Compounds 3–10 were then tested for their ability to
inhibit PTP1B, using p-nitrophenyl phosphate (pNPP)
as a substrate. The enzyme and compounds were prein-
cubated for 10 min prior to initiation of the enzyme
reaction by addition of the substrate. The IC50 and Ki


values for each compound determined under these con-
ditions are presented in Table 1. Salicylic acid is known
to be a weak competitive inhibitor of PTP1B, with an
inhibition constant of 19.4 mM.15 As previously
reported in our laboratory, MDSA was not a good
inhibitor of PTP1B (IC50 = 3600 lM).16 The dihalogen-
ated compounds, 4 and 5, were found to be more potent
than MDSA, but substitution with electron-donating
substituents, such as methyl or methoxy group, resulted

R
OH


CO2CH3


Br
OH


CO2H


R


HO
CH3O2C CO


Br


HO
HO2C


Br


OH
CO2H


a


c


11 12


13 14


Scheme 1. Synthetic strategy for the synthesis of methylenedisalicylic acid


CH3CO2H, 95 �C; (b) 10% aq. NaOH, dioxane, 80 �C; (c) 37% aq. CH2O, H


reflux, 5 h, 57%; (e) 2-(tributylstannyl)furan, Pd(PPh3)2Cl2, dioxane, 100 �C,

in a significant loss of potency, as shown with 6 and 7
(IC50 > 1 mM). Compounds 8 and 9 were found to be
the most potent of the series of MDSA derivatives, with
Ki values of 9.4 and 6.3 lM, respectively. The Ki values
were compared with those of reference compounds, 1
and 2. Under our assay conditions, Ertiprotafib showed
a Ki value of 1.5 lM. However, compound 2 exhibited a
Ki value of 102 lM, proving that compounds 8 and 9
were 11- and 16-fold more potent than 2. Compound
2 has previously been reported as a potent PTP1B inhib-
itor, with a Ki = 5.5 lM at pH = 7.0.19 The inhibitory
activities of compounds 8 and 9 against other PTPases,
including TC-PTP, were also tested in order to verify
their specificities. As shown in Table 2, both compounds
8 and 9 demonstrated P10-fold selectivities against the
most homologous TC-PTP, with excellent to modest

R
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2CH3


R


HO
HO2C


R


OH
CO2H


HO
HO2C


OH
CO2H


OO


b


d, e, f


3 - 9


10


derivatives (3–10). Reagents and conditions: (a) (CH2O)3, H2SO4,


2SO4, CH3OH, H2O; (d) Ac2O, H3PO4, 80 �C; CH3I, K2CO3, acetone,


7 h, 76%; (f) 1 M NaOH, 1,4-dioxane, H2O, reflux, 1 h, 99%.







Table 2. Inhibition of PTPases by compounds 8 and 9


Compound IC50
a (lM) (Ki


b,lM)


PTP1B LAR-D1 TC-PTP SHP-1cat YPTP1


8 20 ± 1 (9.4) >2000 291 ± 9 (64) 51 ± 2 (17) 234 ± 11


9 15 ± 4 (6.3) >2000 146 ± 5 (25) 32 ± 6 (14) 103 ± 10


a Values are means ± standard deviations of three experiments.
b Values are from a single measurement.


Figure 3. Reversibility of the PTP1B inhibition due to compound 8.


PTP1B was preincubated for 20 min at 25 �C in the absence (h) or


presence of 700 lM 8 (j) in enzyme dilution buffer (PTP1B 15 lg/mL).


A 12 lL aliquot of the mixture was then added into a solution


containing 120 lL of 5· buffer A (500 mM Hepes, 25 mM EDTA, pH


7), 60 lL of 100 mM pNPP, and 408 lL H2O. After incubation at


25 �C for specified times, a 50 lL aliquot of the mixture was taken,


quenched with 0.95 mL of 0.5 M NaOH, and the A405 measured.
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selectivities against LAR-D1 and YPTP1. Less selectiv-
ity was observed against SHP-1cat. Of the compounds 8
and 9, the former was used for further study due to the
convenience of its chemical synthesis.


The nature of PTP1B inhibition was also investigated
using kinetic experiments. The inhibition by compound
8 exhibited mixed-type patterns in Lineweaver-Burk plot
analysis (data not shown). Continuous assay of the
enzyme reaction in the presence of 8 showed a time-
dependent decrease in the reaction rate, followed by a
steady-state reaction rate, characteristic of slow-binding
or irreversible inhibition (Fig. 2). To distinguish the
mode of inhibition between these potential possibilities,
PTP1B was incubated in the presence of compound 8;
therefore, essentially all of the enzymes would form
complexes with compound 8. This mixture was then
diluted 50-fold into the assay buffer, containing pNPP,
to reduce the inhibitor concentration to 14 lM, lower
than the IC50 value of compound 8.


After incubation for specified time periods, aliquots of
the mixture were removed at different times to measure
the progress of the enzyme reaction (Fig. 3). Rapid res-
toration of the enzyme activity to about 30% of the con-
trol reaction suggested the inhibition was reversible.
Taken together, these results indicated that compound
8 was a reversible slow-binding inhibitor of PTP1B.


Kapp
i values were obtained for various pNPP concentra-


tions, using the relationship: ts=to ¼ 1=ð½I �=Kapp
i þ 1Þ,

Figure 2. Progress curves for the inhibition of PTP1B due to


compound 8. Hydrolysis of pNPP by PTP1B was continuously


monitored in the absence (d) and presence of 100 lM (s), 200 lM


(m), and 300 lM ($) of 8. The PTP1B and pNPP concentrations were


0.7 lg/mL and 0.1 mM, respectively.

where ts/to was approximated by ratio of the enzyme
activities in the presence/absence of the inhibitor when
the inhibitor-binding reached equilibrium.17 The Kapp


i


values were virtually unchanged with changes in the
pNPP concentration, which was indicative of the non-
competitive nature of the inhibition (Fig. 4).18 Structural

Figure 4. Noncompetitive nature of PTP1B inhibition due to com-


pound 8. Kapp
i values were obtained using the relationship:


ts=to ¼ 1=ð½I�=Kapp
i þ 1Þ where ts/to was approximated by the ratio


of the enzyme activity after prolonged incubation with an inhibitor/


uninhibited PTP1B activity.17







Table 3. In vivo effect of compound 8 in diet-induced obese micea


Body weightb (g) Liver weightc (g) Adipose tissue weightc (g)


Initial Final Epididymal Retroperitoneal


LFDd 25.2 (±1.4) 26.2 (±1.4)* 0.99 (±0.10) 0.52 (±0.09)* 0.15 (±0.04)*


HFDe 27.9 (±2.4) 33.4 (±2.8) 1.14 (±0.12) 1.80 (±0.49) 0.51 (±0.11)


HFD + 8f 27.9 (±2.9) 29.2 (±2.5)* 1.03 (±0.13) 0.86 (±0.24)* 0.26 (±0.08)*


a Three groups (8 mice each) of 4-week-old mice (C57BL/6J Jms Slc male, Japan SLC, Inc. Haruno Breeding branch) were acclimatized for 1 week.


One and two groups were fed LFD and HFD, respectively, for 8 weeks. The three groups were then fed LFD, HFD or HFD + 8 for 4 weeks. The


LFD was provided in pellet form throughout the experiment. On the other hand, HFD and HFD + 8 groups were fed HFD in pellet form for 8


weeks of obesity-developing period and HFD or HFD + 8 in powdered form during inhibitor-feeding period. Mice were individually housed and


maintained in a 12 h light/dark cycle at 22 ± 2 �C and fed ad libitum. All values are mean values ± SEM.
b Body weights were recorded after feeding LFD or HFD for 8 weeks (initial) and after 4 weeks of drug treatment (final).
c Liver and adipose tissue weights were determined at the end of the study.
d Low-fat-diet control group; maintained on LFD (16 kcal % fat, 3.9 kcal/g, D10012G, Research Diets, New Brunswick, NJ, USA) throughout the


study.
e High-fat-diet control group; maintained on HFD (45 kcal % fat, 4.7 kcal/g, D12451, Research Diets, New Brunswick, NJ, USA) throughout the


study.
f Drug test group: maintained on HFD for the first 8 weeks and then HFD + 8 for 4 weeks. The concentration of 8 in the diets was 5 g/kg (0.5% w/w).
* Significantly different from the HFD group (p < 0.005, one-way ANOVA).
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analysis of the complex of PTP1B and 8 might provide
further information for the design of selective PTP1B
inhibitors.


To examine the effect of compound 8 on an animal
model, 5 week-old obesity-prone mice (C57BL/6J Jms
Slc) were fed a high-fat-diet (HFD) for 8 weeks, fol-
lowed by a HFD + 8 for 4 weeks. For lean and obese
controls, two groups of mice were fed a low-fat-diet
(LFD) or HFD for the entire study period. As shown
in Table 3, feeding of a HFD + 8 for 4 weeks resulted
in an increase of 1.3 g in the body weight compared
to a 5.5 g increase in the obese control, which was
comparable with the 1.0 g increase observed in the lean
control group. Consistent with these observations, a
reduction in the adiposity was observed in both the epi-
didymal and retroperitoneal fat weights of the drug-fed
mice. The adipose tissue weight was significantly lower
than in the obese control group and, moreover, was
only marginally higher than in the lean control group,
where a LFD had been provided for the 12 week
feeding period. The liver weights were not significantly
different between the obese and lean control groups
and the outward appearance of liver showed no overt
toxicity upon treatment with compound 8. The in vivo
results demonstrated the potential of compound 8 as a
lead for the development of an anti-obesity drug.


In summary, methylenedisalicylic acid derivatives exhib-
ited inhibitory activities against PTP1B, of which, com-
pound 8 was the second most potent, showing a 7-fold
PTP1B selectivity against TC-PTP, and was a reversible
and slow-binding inhibitor of PTP1B. Compound 8 was
found to significantly suppress the weight gain and adi-
pocyte fat storage induced by a HFD.
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Abstract—Further structure–activity relationships of a novel series of fungal efflux pump inhibitors with respect to potentiation of
the activity of fluconazole against strains of C. albicans and C. glabrata over-expressing ABC-type efflux pumps are systematically
explored. Rat protein binding and pharmacokinetics of selected analogues are reported.
� 2007 Elsevier Ltd. All rights reserved.

The incidence of systemic fungal infections due to
organisms that are not susceptible to commonly used
antifungal agents such as fluconazole continues to in-
crease, and the association of this phenomenon with
overproduction of multidrug transporters of the ABC
and Major Facilitator superfamilies is now well estab-
lished.1,2 We have previously reported the discovery of
a series of inhibitors of efflux pumps in Candida spp.
exemplified by MC-5805 (1, Fig. 1).3 Structure–activity
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Figure 1. Prototypical leads.

relationships for in vitro potentiation of fluconazole
(FLU) versus Candida albicans and Candida glabrata
for 3-(N 0-methyl-piperazinyl)quinazolinones of this class
have also been described.4 These studies demonstrated
that incorporation of an N-methyl-piperazine motif into
early screening hits broadened the spectrum of inhibi-
tion of ABC-type transporters to include all clinically
relevant Candida spp., and culminated in the identifica-
tion of 2 as a 3-(N-methyl-piperazinyl)quinazolinone
with optimal activity for the potentiation of fluconazole
in vitro.


Herein the results of further studies of analogues vary-
ing the N-methyl-piperazine moiety are reported, both
in terms of their in vitro activity and with regard to
pharmacokinetics in rats.


All but one of the analogues reported were synthesized
by acylation of the piperazine that is the product of
the route shown in Scheme 1.


The route developed for the synthesis of earlier ana-
logues4 was adapted to allow for facile variation of
piperazine substituents by demethylation of the pipera-
zine and protection prior to functionalization of the
2-ethyl substituent on the quinazolinone. Acylations
were accomplished using conventional reagents.
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Table 1. Variants of the N-methyl-piperazine moiety in 1
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Scheme 1. Reagents and conditions: (a) ClCO2CH(Cl)Me, PhCH3,


95 �C, 38%; (b) 6N HCl, 80 �C; (c) BOC2O, THF, 45 �C; (d) Br2,


NaOAc, AcOH, 50 �C, 80% over 3 steps; (e) 2,4-dimethoxyaniline,


EtOAc, reflux; (f) 4-fluorophenylisocyanate, ClCH2CH2Cl, rt, 84%; (g)


TFA, CH2Cl2, rt, 94%.
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The piperidine derivative 5 was made by the route
reported earlier,3 using 1-aminopiperidine instead of
1-amino-4-methylpiperazine.


New compounds were initially synthesized as isomeric
mixtures via the racemic bromide. The single isomer
32 was generated using lactic acid (instead of propionic
acid) as the ultimate starting material, by an analogous
route to that previously described.3


The activity of analogues was conveniently expressed as
the minimum potentiation concentration (MPC8), which
is the lowest concentration achieving an 8-fold reduction
in FLU MIC. An initial survey of the activity of variants
of the N-methyl-piperazine moiety is summarized in
Table 1.


Both the des-methyl analogue 4 and the piperidine 5 are
significantly less active than 3, but the activity is restored
in amide or carbamate derivatives, exemplified by 6 and
7. The urea variant 8 of the ethyl carbamate also shows
good activity, but removal of the ethyl group (as in 9)
causes a reduction in potency. These data demonstrate
the benefit of incorporating an acyl motif as an H-bond
acceptor on the piperazine 4-position for retaining activ-
ity against both C. albicans and C. glabrata. Unfortu-
nately, this tactic removes the basic entity that
provides the solubility benefit in 1 relative to earlier
leads.


It is also notable that in analogues 3–9 the SAR in
C. glabrata parallels that in C. albicans. In the proline
derivative 10, by contrast (and unlike in earlier screening
hits,3) the activity in C. glabrata is retained selectively.
This intriguing profile, coupled with the solubility bene-
fit arising from the re-introduction of a basic entity, led
us to explore related analogues in more detail (Table 2).


Once again it is evident that in order to achieve good
potency against C. albicans, a strong H-bond acceptor

distal to the piperazine is required, and that a basic
nitrogen (particularly a primary or secondary amine)
is disadvantageous even in analogues where this
requirement is fulfilled. Thus, the most potent ana-
logues against both organisms are the amide 16 and
urea 18. Even in C. glabrata, where a basic nitrogen
is better tolerated, the activity is optimal in neutral
compounds.


Accepting this design constraint, we were attracted to
the profile of the alanine derivative 23, which exhibited
good activity against both organisms while retaining
reasonable physical characteristics, and explored closely
related variants of this compound (Table 3).


Activity is only marginally dependent upon the alanine
stereochemistry, but branching at this position is re-
quired (25 vs 23/24). As the lipophilicity increases, the
activity improves (26–29). The combination of the urea
motif with the methyl carbamate again gives better po-
tency (30), with C. albicans showing greater sensitivity
to the stereochemical disposition of the hydrophilic
entity (31). Overall, we concluded that 23 represents
the preferred piperazine substituent, based upon its po-
tency, balanced spectrum, and reasonable lipophilicity.







Table 2. Variants of 10
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Table 3. Non-basic variants of 10
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In parallel with measurement of fluconazole potentia-
tion in vitro, pharmacological assays expected to be pre-
dictive of pharmacokinetic profiles were also performed
and are summarized in Table 4.

The protein binding of the analogues measured was in a
reasonable range, but the sensitivity to metabolic degra-
dation varied widely. The more lipophilic (and more ac-
tive) compounds (18, 30) tended to be less stable upon
microsomal incubation. Notably, the rate of degrada-
tion was sensitive to the stereochemistry of the side
chain (23 vs 24; 30 vs 31).


The superior activity and pharmacological properties of
the (LL)-alanine carbamate in 23 were combined with the
structural features of other regions of the lead that had
previously been shown to be optimal,4 culminating in
the synthesis of 32. The in vitro and in vivo characteris-
tics of this compound are compared with those of the
original lead 1 in Table 5.


The increased potency and improved pharmacokinetic
profile of 32 over 1 translated into better efficacy as a







Table 4. Rat serum protein binding and hepatocyte stability data for


selected analogues
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bindinga (%)
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ND, not determined.
a See Serum protein binding and hepatocyte stability.
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potentiator of the activity of fluconazole in vivo. These
experiments will be the subject of a future publication.


In this and the previous studies,3,4 the absolute struc-
tural requirements for satisfactory efflux pump inhibi-
tion leading to potentiation of the antifungal activity
of fluconazole in vitro by 3-(piperazinyl)quinazolinones

Table 5. In vitro and in vivo profiles of 1 and 32


O


N


N
N


N


N


O


H
N


OO


Cl
F


1


Compound MPC8 (lg/mL) Rat protein


C. albicans C. glabrata


1 1 4 98


32 0.5 0.0625 87

such as 1 have been outlined and optimized. By carefully
modulating the hydrophilicity of the piperazinyl substi-
tuent, it proved possible to identify potent analogues
with a balanced spectrum of activity in clinically rele-
vant Candida spp., combined with reasonable protein
binding and metabolic stability. These studies culmi-
nated in the synthesis of 32, an excellent tool for studies
into the feasibility of potentiation of the activity of
fluconazole in animal models of fungal infection.


Chemicals. All analogues were purified by reverse-phase
MPLC using a Phenomenex Synergy Hydro-RP
50 · 21.2 mm column, eluting with MeCN/water (10–
100%, ramped over 20 min) at 20 mL/min, and tested
as the TFA or methanesulfonic acid salt; no precipita-
tion was observed at the test concentrations employed
for assessment of antifungal activity. The structural
identity of each compound was confirmed by 1H
NMR and MS.


The purity of the single isomer 32 was assessed as >95%
by chromatography using a Chiralpack AD
250 · 4.6 mm column, eluting with 30% 2-propanol in
hexanes.


In vitro potentiation of fluconazole. FLU MICs for
C. albicans strain YEM15 (over-expressing both
CDR1 and CDR2) and C. glabrata strain YEM19
(over-expressing both CgDR1 and CgDR2) were mea-
sured in the presence and absence of varying concentra-
tions of efflux pump inhibitor (checkerboard format).
Drugs were tested in RPMI 1640 according to CLSI ref-
erence methods.5 None of the analogues displayed
intrinsic antifungal activity (MIC > 32 lg/ml). Not all
of the analogues reported in this study were assessed
in full checkerboard format; an abbreviated method of
evaluation involved testing varying concentrations of
efflux pump inhibitor in the presence of fixed concentra-
tions of FLU equivalent to 1/8 and 1/32 MIC. This
method was validated on a set of eight analogues by
comparison with the MPC8 values derived from full
checkerboard studies; the results were identical.


Serum protein binding and hepatocyte stability. Serum
protein binding was measured by adding compounds
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FOO
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NHCO2Me


32


binding (%) Rat CL (L/h/kg) Rat CLfree(L/h/kg)


5 225


7.5 60
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to fresh rat serum at three concentrations then separat-
ing bound from unbound by ultrafiltration using an
Amicon Centrifree Micropartition device. Unbound fil-
trates were assayed using LC/MS/MS.


Freshly isolated rat hepatocytes attached to collagen
coated 24-well plates were purchased from Cedra
Corporation (Austin, TX) and maintained in nutrient
culture medium. Dosing solutions of each compound
were prepared at 1 and 5 lg/mL, and added to dupli-
cate cultures. At 3, 6, and 24 h after the start of
exposure, samples of the culture medium were taken
and added to methanol, vortexed, and centrifuged.
The supernatant was quantified using an LC/UV
system.


Pharmacokinetic studies in rats. Serum pharmacokinet-
ics were evaluated in male Sprague-Dawley rats (3 per
compound) with implanted femoral and jugular vein
cannulas. Compounds were administered by bolus injec-
tion via the femoral vein cannula at dose of 5 mg/kg.
Blood samples were collected for up to 8 h from the jug-
ular vein cannula and were assayed for concentration of
compound using LC/MS/MS. Total clearance (CL) val-
ues were determined using a two-compartment pharma-
cokinetic model.
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Abstract—N-Hydroxysulfamide is a 2000-fold more potent inhibitor of the zinc enzyme carbonic anhydrase (CA, EC 4.2.1.1) as
compared to sulfamide. It also inhibits other physiologically relevant isoforms, such as the tumor-associated CA IX and XII
(KIs in the range of 0.865–1.34 lM). In order to understand the binding of this inhibitor to the enzyme active site, the X-ray crystal
structure of the human hCA II–N-hydroxysulfamide adduct was resolved. The inhibitor coordinates to the active site zinc ion by the
ionized primary amino group, participating in an extended network of hydrogen bonds with amino acid residues Thr199, Thr200
and two water molecules. The additional two hydrogen bonds in which N-hydroxysulfamide bound to hCA II is involved as com-
pared to the corresponding adduct of sulfamide may explain its higher affinity for the enzyme, also providing hints for the design of
tight-binding CA inhibitors possessing an organic moiety substituting the NH group in the N-hydroxysulfamide structure.
� 2007 Elsevier Ltd. All rights reserved.

In the last years, all 12 catalytically active human isoforms
of the metalloenzyme carbonic anhydrase (CA, EC
4.2.1.1)1,2 have been investigated in detail for their inhibi-
tion profile against the most important classes of inhibi-
tors, the sulfonamides, sulfamates, and sulfamides.3–10


Some of these agents have clinical applications for the
treatment or prevention of several diseases, such as glau-
coma, cancer, obesity, epilepsy, and some other neuro-
logical disorders.1–5 Screening various classes of new
inhibitors against many diverse isoforms is critically
important in the search of isozyme-selective compounds.
Such putative candidate drugs would possess reduced side
effects as compared to the presently available derivatives,
most of which indiscriminately inhibit many CA
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isoforms.1–5 Indeed, physiologically relevant isozymes,
such as hCA I, II, IV, VA, VB, VII, IX, XII, XIII, and
XIV, have been investigated in detail for their inhibition
with many types of sulfonamides as well as some sulfa-
mates and sulfamides. Several drug design studies have
also been reported in which compounds with selectivity
for one or other such isozymes were obtained.5–13 Fur-
thermore, many novel representatives of CAs belonging
to other gene families were isolated and characterized in
organisms such as bacteria (e.g., Helicobacter pylori, Neis-
seria gonorrhoeae, Escherichia coli, Mycobacterium tuber-
culosis),14–16 fungi (Candida albicans, Cryptococcus
neoformans),17,18 or in the protozoa causing malaria
(Plasmodium falciparum).19 Several inhibition studies of
these enzymes are also available.20,21 Inhibitors of such
parasite enzymes may have important therapeutic appli-
cations for treating infections caused by these agents
(some of which developed high level resistance to the clas-
sical antibiotics/antifungal agents),22 in case that potent
and selective inhibitors for the pathogenic over the host
enzymes could be detected/designed.23
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There are several clinically used drugs/orphan drugs
reported to possess significant CA inhibitory properties
(compounds 1–16) and many other such derivatives
belonging to the sulfonamide, sulfamate or sulfamide
classes are constantly being reported.1–12 Some of the
clinically used compounds, such as acetazolamide 1,
methazolamide 2, ethoxzolamide 3, the orphan drug
benzolamide 4 and dichlorophenamide 5, are known
for decades, and were initially developed in the search
of novel diuretics, in the 1950s.23 Although their diuretic
use was not extensive, it has been observed that such
enzyme inhibitors may be employed for the systemic
treatment of glaucoma.23 Thus, many such drugs (e.g.,
acetazolamide, methazolamide, and dichlorophenamide)
are still presently used in ophthalmology, whereas two
novel derivatives, dorzolamide 6 and brinzolamide 7,
have been developed in the late 1990s as topically

acting antiglaucoma agents.23 Other representatives of
the class are the antitumor sulfonamide indisulam 8, in
Phase II clinical development for the treatment of solid
tumors,24 the antiepileptic sulfamate topiramate 925 and
sulfonamide zonisamide 10,26 which were recently
shown to possess significant inhibitory properties
against many physiologically relevant CA isozymes.
The same is true for the antipsychotic sulpiride 11.27


The sulfamates possessing steroidal-like scaffold
COUMATE-667 1228 and EMATE 1329 were initially
discovered as steroid sulfatase (STS) inhibitors and sub-
sequently shown to be low nanomolar CA inhibitors
(CAIs) too. These compounds are also in clinical devel-
opment for the treatment of breast tumors in which both
STS and some CA isozymes are overexpressed.28 The
sulfonamide COX-2 ‘selective’ inhibitors celecoxib 147b


and valdecoxib 1530 also act as potent inhibitors of
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many CA isozymes, and some of their clinical applica-
tions (such as, e.g., the prevention of some gastrointesti-
nal tumors) are correlated with the strong inhibition of
some CAs.7b,30 The sulfimine artificial sweetener saccha-
rin 16 is also a very potent inhibitor of several physio-
logically relevant mammalian CA isoforms.31


It may be observed that all the clinically used com-
pounds are sulfonamides or sulfamates. However,
among the various classes of CAIs reported in the last
years, there are also several classes of compounds
incorporating modified sulfonamide/sulfamate moieties,
such as N-hydroxysulfamides,32 phosphorylated and
N-hydroxylated sulfonamides,33 or phosphorylated sul-
famates34 among others. Recently, it has been claimed35


that sulfamides are ineffective as zinc binding groups
(ZBGs) for the design of CAIs, based on two examples
of sugar sulfamates and their corresponding sulfamides
(topiramate 9, its cyclic sulfate analogue RWJ-37947
and their corresponding sulfamide derivatives), and
two simple bicyclic compounds possessing the general
formula RCH2–XSO2NH2 where X@O or NH, and
R = benzofuran and benzodioxolan. We recently
proved13 that this claim35 is not true, as we have demon-
strated by means of X-ray crystallography that the
diminished binding of the topiramate sulfamide ana-
logue to the hCA II active site (as compared to the cor-
responding sulfamate 9) is due to a clash between one
methyl group of the inhibitor with the methyl of Ala65
from the enzyme active site.13 At the same time, the sul-
famide/sulfamate moieties of the two inhibitors bind
superimposably to the active site metal ion, interacting
also with residues Thr199 and Thr200.13


Here we examine another example of CAI recently re-
ported by this group,32 that is, N-hydroxysulfamide,
which acts as a rather efficient inhibitor itself (although
being such a simple molecule), but also leads to much
more potent CAIs, when an organic scaffold is attached
to this novel ZBG.32 Here we report the X-ray crystal
structure of the adduct of the dominant cytosolic human
isozyme hCA II with N-hydroxysulfamide. These data
may be useful for the design of novel classes of CAIs,
with inhibition profiles and selectivity features distinct

Table 1. Inhibition of isozymes hCA I, II, IX, and XII with sulfate, sulfami


compounds calculated by using the ACD Labs 8.0 pKa dB software42


S
NH2 NH2


O O


pKa 10.9 pKa 15.7 pK


Inhibitor


hCA Ib hCA


SO2�
4


d 63. 106 >300


H2NSO3Hd 0.21.105 0.39.


H2NSO2NH2 0.31 · 106 1.13 ·
H2NSO2NHOH 4050 566


a Errors in the range of 5–10% of the shown data, from three different assay
b Human recombinant isozymes.
c Catalytic domain of the human recombinant isozyme, CO2 hydrase assay m
d As sodium salt.

from those of the clinically used sulfonamides/sulf-
amates, and possessing a much less investigated ZBG.


Inhibitors generally bind in ionized form, as anions, to
the metal ion within the CA active site.1–5 For example,
the sulfate ion is a very ineffective anion inhibitor of
most CA isozymes36 (Table 1). Data of Table 1 show
that sulfate has an affinity in the range of
0.77!300 mM against some of the physiologically rele-
vant isoforms, such as CA I, II, IX, and XII (the last
two being tumor-associated CAs).8 However, the iso-
structural/isoelectronic sulfamic acid and sulfamide, in
which one or both oxygen atoms of sulfate were
replaced by NH2 groups, show increased affinity for
these CA isozymes, and their X-ray crystal structures in
adduct with hCA II have been in fact reported.4c These
weak inhibitors were successfully used as lead molecules,
and afforded much more potent, low nanomolar inhibi-
tors, when various organic scaffolds have been attached
to the sulfamate/sulfamide ZBGs.4c,13,28,29 Indeed, some
of the clinically used drugs/compounds in clinical devel-
opment, such as 9, 12, and 13 among others, contain sul-
famate as ZBG, and not the classical sulfonamide
moiety, these compounds being low nanomolar inhibi-
tors of many CA isozymes.4c,13,28,29 Thus, it is critical
to explore new ZBGs for the design of novel classes of
CAIs, in order to identify both new types of tight-binding
derivatives, as well as compounds with a diverse inhibi-
tion profile as compared to the clinically used drugs,
which generally indiscriminately inhibit many CA
isoforms, leading thus to various side effects.1–3,23,13 One
such new ZBG was recently shown to be the N-hydro-
xysulfamide one.32 Indeed, the simple N-hydroxysulfa-
mide showed a highly enhanced CA inhibitory activity
as compared to both sulfamide and sulfamic acid, com-
pounds with which it is structurally related (Table 1).
Thus, N-hydroxysulfamide was approximately a 75-fold
better hCA I inhibitor as compared to sulfamide, an
approximately 2000-fold better hCA II inhibitor as com-
pared to sulfamide, whereas these factors were 11 for the
inhibition of hCA IX, and 9.8 for the inhibition of hCA
XII (Table 1). In order to understand the highly enhanced
affinity of N-hydroxysulfamide as compared to sulf-
amide4c for hCA II, we resolved the 3D crystal structure

c acid, sulfamide, and N-hydroxysulfamide, and pKa values of the two


S
NH2 N


H


O O
OH


a 13.9 pKa 20.7


pKa 8.3


KI
a (nM)


IIb hCA IXc hCA XIIc


· 106 >300 · 106 7.7 · 105


106 9.2 · 103 10.7 · 103


106 9.6 · 103 13.2 · 103


865 1340


s.


ethod.32
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of the hCA II–N-hydroxysulfamide adduct (Table 2 and
Figs. 1–3).


Analysis of the three-dimensional structure of the hCA
II–N-hydroxysulfamide complex37 revealed that the
overall protein structure remained largely unchanged
upon binding of the inhibitor. As a matter of fact, an
rms deviation value of 0.26 Å was calculated over the
entire Ca atoms of the enzyme–inhibitor complex, with

Table 2. Crystallographic parameters and refinement statistics for the


hCA II–N-hydroxysulfamide adduct


Parameter Value


Crystal parameter


Space group P21


Cell Parameters a = 42.10Å


b = 41.39 Å


c = 72.30 Å


b = 14.38 �


Data collection statistics (20.0–2.1 Å)


No. of total reflections 64872


No. of unique reflections 14225


Completeness (%)a 99.0 (97.2)


F2/sig(F2) 8.0 (1.5)


R-sym (%)b 16.9 (42.9)


Refinement statistics (20.0–2.1 Å)


R-factor (%)c 20.8


R-free (%) 26.6


Rmsd of bonds from ideality (Å) 0.012


Rmsd of angles from ideality (�) 1.48


a Values in parentheses relate to the highest resolution shell


(2.17–2.10).
b R-sym = RjIi � <I>j/RIi.
c R-factor = RjFo � Fcj/RFo; R-free calculated with 5% of data.


Figure 1. 2Fo � Fc electron density map contoured at 1r level for


N-hydroxysulfamide bound within the hCA II active site. The Zn(II)


ion, its three protein ligands (His94, 96, and 119), residues Thr199 and


Thr200, and water molecules w74 and w143 which interact with the


inhibitor are also shown.

respect to the unbound enzyme. The electron density of
the inhibitor bound in the neighborhood of the zinc ion
is very well defined (Fig. 1). Unexpectedly, as shown in
Figures 1 and 2, the inhibitor is coordinated to the
Zn(II) ion by the ionized, terminal H2N moiety of the
N-hydroxysulfamide molecule, although this is not the
most acidic moiety present in N-hydroxysulfamide. In-
deed, theoretic calculation of pKa in this compound42


afforded a pKa value of 13.9 for the terminal amino moi-
ety, a pKa of 8.3 for the OH moiety (the most acidic
one), and a pKa of 20.7 for the NH group (Table 1).
The amino group of sulfamide (which is coordinated
to Zn(II) in the hCA II–sulfamide complex4c) gave on
the other hand a pKa of 10.9 by the same method (which
is in excellent agreement with the experimental pKa


value reported earlier).4c Obviously, the preference of
Zn(II) for binding nitrogen over oxygen in ligands

a


NH


O


O


Zn
2+


S
O


NH
H O


N


OH


N
H


O H


O
H


H


H


O


H


H


-


His119
His96


His94


Thr199


Wat74


Thr200


Wat143


2.73


2.88


3.24 3.06


3.56


3.58


1.86


b


Figure 2. (a) Overall view of the hCA II–N-hydroxysulfamide adduct.


The Zn(II) ion (pink sphere), its three ligands (His94, 96, and 119, in


green), and the inhibitor molecule (yellow) are shown. (b) Schematic


representation of the interactions and hydrogen bonds in which


N-hydroxysulfamide participates when bound to the hCA II active site.


Figures represent distances (in Å).







Figure 3. Superposition of the hCA II–N-hydroxysulfamide complex


(gray) with the hCA II–sulfamate (blue)4c and hCA II–sulfamide4c


(yellow) complexes. The three inhibitors are almost entirely superpos-


able except for the extra OH moiety of N-hydroxysulfamide. The


Zn(II) ion (violet sphere) and its three histidine ligands are also shown.


Table 3. Distances between various atoms in the hCA II–N-hydro-


xysulfamide adduct


N-Hydroxysulfamide hCA II residue Distance (Å)


N1 Zn 1.86


O1 Zn 3.19


N1 Oc1Thr199 2.73


O2 N Thr199 2.88


O3 Oc1Thr200 3.06


O3 w143 3.56


N2 w74 3.58


N2 Oc1Thr200 3.24
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possessing both these heteroatoms governs the interac-
tion between the metal ion and the inhibitor in this com-
plex and not merely the pKa value and thus the
ionization order of the various acidic groups present in
the inhibitor. As a matter of fact, this is the first ever
observation of an inhibitor which binds to CA by means
of a less acidic functionality, in the presence of another
more acidic moiety, which potentially would be able to
bind easier to the metal ion due to its ionized character.
Thus, N-hydroxysulfamide and sulfamide both bind the
metal ion with the same functionality, the deprotonated
H2N group, although the last inhibitor is three pKa units
more acidic than the first one. In fact, as seen from
Figure 3, the adducts of hCA II with N-hydroxysulf-
amide, sulfamide and sulfamate are quite superposable
except for the extra OH moiety of the first inhibitor.


At this point, why is N-hydroxysulfamide a 2000 times
better hCA II inhibitor than sulfamide, since it was pos-
tulated23 for a long period that the pKa of the sulfon-
amide group is one of the main determinants for the
potency of such a compound as CAI (with more acidic
sulfonamides better CA inhibitors as compared to the
less acidic ones)? A reply to this question may be

obtained by analyzing in more detail the structure
(Table 3). Thus, the deprotonated primary amino group
of the inhibitor is coordinated to the zinc ion, at a dis-
tance of 1.86 Å, intermediate between the very short dis-
tance evidenced for the sulfamide adduct (Zn–N of
1.76 Å)4c and the longer one evidenced for sulfamic acid
(Zn–N of 2.07 Å).4c The NH moiety coordinated to
Zn(II) also participates in a strong hydrogen bond with
the OH moiety of Thr199 (of 2.73 Å), whereas one oxy-
gen of the SO2 moiety makes a second hydrogen bond
(of 2.88 Å) with amide NH of the same amino acid res-
idue. The other oxygen of the SO2 moiety is at about
3.2 Å from the metal ion, as in many other sulfon-
amide–CA II adducts, including the sulfamide and sulfa-
mic acid ones.1–4 The NH moiety of the NHOH
functionality also participates in two hydrogen bonds,
similarly to the second H2N moiety of sulfamide.4c


Thus, a strong hydrogen bond with the OH moiety of
Thr200 is observed (of 3.24 Å), and a second, weaker
one with a water molecule (w74), of 3.58 Å. The OH
group of the inhibitor molecule establishes again two
hydrogen bonds, one with the same OH of Thr200
which participates in the hydrogen bond with the NH
moiety of the inhibitor, this time of 3.06 Å, whereas
the second one with another water molecule present
within the active site, w143, of 3.56 Å. Thus, the
presence of extra two hydrogen bonds in the hCA II–
N-hydroxysulfamide adduct as compared to the hCA
II–sulfamide adduct seems to be the main factor respon-
sible for the enhanced affinity of the first inhibitor for
the enzyme. In fact these supplementary interactions
are due to the presence of the additional OH moiety in
the molecule of the tight-binding inhibitor. In addition,
N-hydroxysulfamide possesses a higher surface area and
probably also a higher solvent accessible surface area as
compared to sulfamide, which allows it to participate in
better contacts with amino acid residues within the
active site cavity. All these factors may explain its much
better inhibitory activity against hCA II as compared
to the structurally related sulfamide.


Another important aspect for drug design is related to
the orientation of the inhibitor molecule when bound
to the active site. In fact (Fig. 2a) the NHOH moiety
is oriented toward the exit of the cavity, with both
the groups interacting with the OH of Thr200, but with
the NH exposed to the solvent. It is thus quite envis-
ageable that a derivatization of this moiety, by means
of a bulky aromatic/heterocyclic R moiety, in com-
pounds of the type H2N–SO2N(R)OH will afford a
similar binding to the �HN–SO2NOH fragment of
the inhibitor to the enzyme, whereas the R groups will
be able to participate in hydrophobic and polar inter-
actions with the internal part of the active site extend-
ing after Thr200, in which the organic scaffolds of
aromatic/heterocyclic sulfonamides bind.1–4,43 This
would undoubtedly lead to quite potent CAIs. Work
is in progress to test this hypothesis.


In conclusion, we understand why N-hydroxysulfamide
is a 2000-fold more potent CA inhibitor as compared
to the structurally related sulfamide. The X-ray crystal
structure of the hCA II–N-hydroxysulfamide adduct
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showed the inhibitor to be coordinated to the active
site zinc ion by the ionized primary amino group, also
participating in an extended network of hydrogen
bonds with amino acid residues Thr199, Thr200 and
two water molecules. The additional two hydrogen
bonds in which N-hydroxysulfamide bound to hCA
II is involved as compared to the corresponding adduct
of sulfamide may explain its higher affinity for the
enzyme, also providing hints for the design of tight-
binding CA inhibitors possessing an organic moiety
substituting the NH group in the N-hydroxysulfamide
structure.
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Abstract—A series of water-soluble fluorinated cationic porphyrins were designed, synthesized, and characterized. In vitro photo-
cytotoxicity of these compounds was evaluated by MTT assay on HeLa cells. Their photocytotoxicity was dependent on the posi-
tions of the cations and the fluorines in the pyridine ring, and 5,10,15,20-tetrakis-(N-methyl-2-fluoro-pyridin-3-yl)-porphyrin (8)
showed the most potent photo-induced cytotoxicity without photobleaching. PDT-induced ROS inside HeLa cells was measured
with flow cytometry using ROS-sensitive fluorometric probe, 2,7-dichlorofluororescin (DCF), which revealed high correlations of
ROS with cellular cytotoxicity. FACS analysis shows that PDT with porphyrin 8 induced apoptosis in HeLa cells. In summary,
efficient generation of ROS, biological effectiveness, and good photostability of porphyrin 8 indicate its potential application in pho-
todynamic therapy (PDT) in the near future.
� 2007 Elsevier Ltd. All rights reserved.

Photodynamic therapy (PDT) is a cancer treatment
leading to the selective destruction of malignancies by
visible light in the presence of a photosensitizer and oxy-
gen.1 Upon the irradiation of visible light with appropri-
ate wavelength, the photosensitizer can drive molecular
oxygen into excited triplet state, transferring energy into
ground state molecular oxygen to produce singlet molec-
ular oxygen.2 Activated singlet oxygen, or reactive oxy-
gen species (ROS) in general, plays an important role in
cytotoxic effects on tumor tissues. PDT can be applied
as an effective cancer treatment due to enhanced perme-
ability and retention (EPR) effect in tumors in compar-
ison with normal tissues and is easily controlled by
limiting the area of light irradiation.3 Therefore, diver-
gence in selective distribution to tumors and efficiency
in visible light energy transfer to an intermediate are
important properties of photosensitizers.
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Porphyrin is a heterocyclic natural ligand of heme
groups in hemoglobin or electron carriers such as cyto-
chromes. Porphyrin-based macrocycles are one of the
most frequently used photosensitizers and have been in
the center of interest for the development of more sensi-
tive analogues,4 due to its excellent properties, especially
selective association with membranes of malignant cells
in vitro or in vivo studies. They also have low toxicity
since they are easily cleared from tissues and blood flu-
ids.5 Furthermore, porphyrin-based compounds are effi-
cient generators of reactive oxygen species (ROS) by the
absorption of photons in visible region.6a In addition,
porphyrin-based compounds showed diverse patterns
of intracellular localization, predominantly at lysosomes
and mitochondria, based on their structures, lipophilic-
ity, and charges.6b However, a number of challenges are
ahead of us to develop efficient porphyrin-based photo-
sensitizers; longer retention time in tumor tissue, better
water-solubility, and high quantum yield of reactive
oxygen species. To address this issues, cationic porphy-
rins gained attentions in scientific community due to
their advantages as a photosensitizer, such as improved
water-solubility and selectivity to malignant tumor
cells.7 They also intercalate with DNA and inhibit the
production of telomerase associated with the prolifera-
tion and immortality of cancerous cells.8 In this report,
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Figure 1. Porphyrin analogues.


2790 Y.-J. Ko et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2789–2794

we replaced some of the hydrogen atoms on cationic
porphyrin system with fluorine to obtain high quantum
yields and effective energy absorption. Generally, the
fluorinated porphyrins have greater triplet quantum
yields,9 and their fluorine substitution is known to play
a key role in anti-tumor activity.10 For systematic com-
parison of the structure–activity relationship, non-fluo-
rinated cationic porphyrin 5 and three fluorinated
cationic porphyrin analogues (6–8) were synthesized in
our laboratory. The structures of these compounds are
shown in Figure 1.
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In this paper, we reported the synthesis, photophysical
properties, and photostability of fluorinated cationic
porphyrin derivatives. The results of photocytotoxicity
studies as well as cellular location and efficiency of reac-
tive oxygen species (ROS) generation in HeLa cells
in vivo are also presented.


The porphyrins were prepared through a typical reac-
tion between equimolar amounts of fluoropyridine carb-
aldehyde and pyrrole in refluxing propionic acid.11


Porphyrins 112 and 213 were prepared from pyridine-4-
carbaldehyde and 3-fluoropyridine-4-carbaldehyde,
respectively. The synthesis of 3 was achieved in five steps
(Scheme 1). After formylation of 3,5-dibromopyridine at
the 4-position, the formyl group was converted into a
1,3-dioxolane group via a conventional protection pro-
tocol. The NFSi-mediated difluorination and subse-
quent deprotection of the 1,3-dioxolane group to an
aldehyde yielded compound 9.14 The typical reaction
of aldehyde 9 with pyrrole in propionic acid generated
an 8% yield of porphyrin 3 purified by silica gel flash col-
umn chromatography (MeOH/CHCl3, 1:40). Porphyrin
4 was successfully obtained from highly volatile 2-flu-
oropyridine-3-carbaldehyde15 at a 6% yield which was
purified by silica gel flash column chromatography
(MeOH/CHCl3, 1:40). Methylation of porphyrins (1–4)
with trimethyloxonium tetrafluoro-borate afforded an
excellent yield (>90%) of the water-soluble cationic por-
phyrins (5–8). Porphyrins 3 and 4 and their salts, 7 and
8, are novel compounds. These compounds were charac-
terized by conventional spectroscopic techniques
(NMR, HRMS).16 19F NMR signals of the fluorinated
porphyrins 5–8 showed a single peak at around d
150 ppm in DMSO-d6.


The fluorescence emission and UV–visible spectral
data of these cationic porphyrins in water are listed in
Table 1. The fluorescence maxima show two bands
(�660 and 720 nm) upon the excitation by visible light
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Table 1. Fluorescence emission and UV–vis data of porphyrin derivatives


Compound kem (nm) kmax (nm) (e · 10�4, M�1 cm�1)


Soret band Visible bands


5 660 720 422 (17.2) 515 (1.5) 550 (0.6) 589 (0.6) 647 (0.3)


6 658 717 424 (21.1) 513 (2.0) 563 (1.2) 582 (1.2) —


7 665 721 420 (9.7) 513 (1.3) — 587 (0.6) 659 (0.3)


8 662 726 424 (28.3) 516 (1.9) 552 (0.6) 593 (0.6) 648 (0.2)
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with absorption maxima wavelength in Q bands. Their
UV–visible spectra were consisting of the intense Soret
band around 420 nm and weaker Q bands in the 510–
660 nm intervals with very little difference in extinction
coefficients. Based on our observation, fluorinated sub-
stituents on cationic porphyrins do not significantly
influence their fluorescence emission maxima (626–
630 nm) as well as UV–vis absorption maxima (Fig. 2).


To evaluate the biological functions of our novel com-
pounds, we initiated an in vitro cytotoxicity assay with
photodynamic activity of porphyrins (5–8) on HeLa
cells.16 Cells were pre-incubated with various concentra-
tions of porphyrins (5–8) for 1 h followed by irradiation
with fluorescent lamp (530–620 nm) at a fluence rate
of 1.6 J/cm2 (0.44 mW/cm2 for 1 h) without washing.
Then, HeLa cells were incubated for 48 h at 37 �C. The
cell survival fraction was measured for photo-induced

a


b


Figure 2. (a) UV–vis absorbance spectra of cationic porphyrin


derivatives (5–8); (b) Emission spectra of cationic porphyrin deriva-


tives (5–8).

growth inhibition by photosensitizers using MTT assay.
Figure 2 shows the concentration-dependent survival
curves for porphyrins 5–8. Most of the survival rates
ranged up to 90% in the absence of light under the wide
range of concentration, which revealed the minimal or
moderate cytotoxicity in darkness (Fig. 3).

Figure 3. Photocytotoxic effect of porphyrin derivatives on HeLa cells


in the absence of light and the irradiation of visible light for 1 h.


Figure 4. Porphyrins induce the generation of ROS. HeLa cells were


incubated in the presence or absence of 30 lg/mL porphyrins for 2 h.


DCF fluorescence was detected by flow cytometry after 2 h of


porphyrin treatment.
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As shown in Figure 3, porphyrins 7 and 8 exhibit sig-
nificantly higher photocytotoxic effects on HeLa cells.
IC50 values are 0.87 lM for porphyrin 7 and 1.1 lM
for porphyrin 8, while IC50 values for porphyrin 5
and 6 are 3 lM and 40 lM, respectively. Particularly,
porphyrin 8 showed a remarkable difference in photo-
sensitizing activity from porphyrin 6, which led us to

Figure 5. Intracellular localization images of porphyrin 8 captured by Axio


30 lM porphyrin 8 for 24 h. (Left) Phase contrast image; (Right) Fluorescen
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the conclusion that the position of positive charges
on pyridyl moieties exerts a strong influence on the
photosensitizing activity. Among 7 and 8, although
both porphyrins give a significantly high photocyto-
toxicity, porphyrin 8 turned out to be a more effective
PDT photosensitizer based on the studies with HeLa
cells.
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The cytotoxicity of photosensitizer is caused by reac-
tive oxygen species (ROS), generated upon the irradi-
ation. ROS has been demonstrated to be an early
signal mediating apoptosis.17 To investigate whether
intracellular ROS is involved in cationic porphyrin-
mediated cell death, we next measured the level of
ROS within the cells using a ROS-sensitive fluoromet-
ric probe, 2,7-dichlorofluororescin (DCF), that detects
a wide range of ROS by flow cytometric analysis.18 As
shown in Figure 4, the basal level of DCF-sensitive
ROS in HeLa cells was not readily detectable,
however significant generation of ROS was observed
upon the treatment of 30 lg/mL porphyrins followed
by visible light irradiation. The PDT-induced ROS
generation was highly correlated with the cytotoxic
data of porphyrins 5–8 in HeLa cells. Especially,
porphyrins 7 and 8 showed significant enhancement
of ROS inside HeLa cells, which is consistent with
the data of cytotoxicity assay. In addition, cellular up-
take image of porphyrin 8 indicates that porphyrin 8
is localized to the cytoplasm (possibly to the mito-
chondria) as previously reported (Fig. 5).19 Therefore,
we can conclude that ROS generation in the
cytoplasm by PDT-sensitizers is the key element for
cellular cytotoxicity.


We also performed a photobleaching experiment with
cationic porphyrins under the same irradiation condi-
tions used for photocytotoxicity in the HeLa cells.
However, we observed minimal decay of emission inten-
sity at kem = 662 nm even with extensive irradiation (up
to 500-fold light dosage of PDT cytotoxicity study) of
visible light at 516 nm (see Supporting information). It
is noteworthy that porphyrins 8 and 7 showed high
photostability, which is the desired property of a PDT-
sensitizer.


To address the cell death caused by porphyrin
8-mediated PDT, the extent of apoptotic death was
assessed using FACS flow cytometry through the
determination of sub-G1 cell population by propidium
iodide (PI) staining (Fig. 6). Analysis of the sub-G1
peak on DNA content frequency histograms revealed
that there was a significant dose-dependent increase
in the number of cells undergoing apoptotic cell death
in HeLa cells (Fig. 6b). These results indicate that
porphyrin 8 induced cell death mainly by apoptosis,
in agreement with the suggestions of other authors.20


In conclusion, a series of water-soluble fluoro-substi-
tuted porphyrins has been designed, synthesized, and
characterized. The potentials of fluorinated cationic por-
phyrin derivatives as PDT-sensitizers were evaluated by
in vitro photocytotoxicity measurement using MTT as-
say on HeLa cells. Notably, porphyrin, 7 and 8 show
significantly higher photocytotoxicity, presumably due
to the efficient generation of reactive oxygen species
(ROS) in the cytoplasm and their photostability. FACS
analysis also showed that PDT with porphyrin 8 in-
duced apoptosis in HeLa cells. Further developments
and improvements using water-soluble fluorinated por-
phyrins are in progress and more extensive biological
studies are on going.
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Abstract—Novel bis(indolyl)maleimide pyridinophanes 3, 9a, 9b, 10a, 10b, and 11 were prepared by cobalt-mediated [2+2+2] cyclo-
addition of an appropriate a,x-diyne with an N,N-dialkylcyanamide. These macrocyclic heterophanes were found to be potent,
selective inhibitors of glycogen synthase kinase-3b. An X-ray structure of a co-crystal of GSK-3b and 3 (IC50 = 3 nM) depicts
the hydrogen bonding and hydrophobic interactions in the ATP-binding pocket of this serine/threonine protein kinase.
� 2007 Elsevier Ltd. All rights reserved.

Biologically active macrocyclic compounds have at-
tracted much interest from synthetic and medicinal
chemists, as exemplified by macrolide antibiotics,1 inhib-
itors of proteases,2 and Taxol analogues.3 Some notable
inhibitors of protein kinases (PKs) also possess a macro-
cyclic motif, such as bis(indolyl)maleimide 1 (ruboxi-
staurin; LY-333351), which is related to the natural
product staurosporin (2).4 In contrast to the promiscu-
ous kinase inhibitory activity of staurosporin, 1 is a rel-
atively selective inhibitor of the PKC-b isozyme, with a
reported IC50 of 5 nM.5 The much improved kinase
selectivity for 1 is probably attributable to its nonplanar
bis(indolyl)maleimide pharmacophore and conforma-
tionally constrained macrocyclic structure.6 Our studies
of novel inhibitors of protein kinases,7 such as macrocy-
cles related to 1,7a,b led us to explore the construction of
such compounds by a different synthetic route. Thus, we
decided to apply our cobalt(I)-mediated [2+2+2] macro-
cyclization method8 to the synthesis of novel bis(indo-
lyl)maleimide pyridinophanes, such as 3, which retain
the critical pharmacophore for key interactions within
the kinase ATP binding pocket. It is noteworthy that
we are forming the macrocycle and the pyridine ring
simultaneously, and that all three heteroaryl rings are

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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in a ‘phane’ arrangement (2 meta-indoles and 1 para-
or meta-pyridine). We found that these novel-format,
pyridine-containing, macrocyclic bis(indolyl)maleimides
(‘multiheterophanes’) are potent, highly selective inhibi-
tors of glycogen synthase kinase-3b (GSK-3b), a serine/
threonine protein kinase that plays a critical role in glu-
cose homeostasis, CNS function (via the proteins tau
and b-catenin), and cancer (via angiogenesis, apoptosis,
and tumorigenesis).9,10


We obtained the target compounds in the following man-
ner. Indole-3-acetamide was treated with NaH in DMF
followed by 5-chloro-1-pentyne or 6-chloro-1-hexyne to
afford 4a or 4b (Scheme 1). Indole-3-glyoxylate 5 was con-
verted to N-alkylated derivatives 6a or 6b by treatment
with 5-chloro-1-pentyne or 6-chloro-1-hexyne in the pres-
ence of cesium carbonate. The maleimide condensation of
4a and 6a proceeded smoothly in the presence of KO-t-Bu
at 0–23 �C11 to give a,x-diyne substrate 7a in 63% isolated
yield. We subjected 7a to cobalt-mediated [2+2+2] cyclo-
addition with cyanamide 8 using our improved reaction
protocol.8c,d Thus, 7a in 1,4-dioxane (0.005 M) was
reacted with N,N-dimethylcyanamide (8a) or N-cyano-
pyrrolidine (8b) (5 mol equiv) and CpCo(CO)2 (0.5 mol
equiv; Cp = cyclopentadienide) under argon at 105–
110 �C for 24 h. The volatiles were removed in vacuo
and the residue was separated by flash-column chroma-
tography (silica gel) to afford two pyridine-containing
multiheterocyclophanes, 17-membered meta-pyridino-
phanes (9a or 9b) and 18-membered para-pyridinophanes
(10a or 10b), in 20–25% isolated yield. These structures
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were assigned on the basis of one- and two-dimensional
1H and 13C NMR spectral data.8


Unsymmetrical a,x-diyne 7b was prepared in 40% yield
via maleimide condensation of 4b and 6a. The cobalt-
mediated [2+2+2] cycloaddition of 7b and N,N-dimeth-
ylcyanamide under the above conditions afforded

4 6+


H
N OO


N N


RR'N-CN


H
N OO


N N


N


NRR'
9a: R = R' = Me
9b: R, R' = (CH2)4
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4b: x = 2
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(8)


x y


7a: x = 1, y = 1
7b: x = 2, y = 1
7c: x = 2, y = 2


7a


Scheme 1. Reagents and conditions: (a) 5-chloro-1-pentyne, NaH, DMF, 0–


KO-t-Bu, THF, 0–23 �C, 63%; (d) CpCo(CO)2, 1,4-dioxane, 105–110 �C, 24

19-membered para-pyridinophane 3 in 10% isolated yield
(Scheme 2). Other minor isomer(s) were also observed in
the reaction mixture, but the isolation of them as pure
materials proved to be difficult.


A longer chain, symmetric a,x-diyne 7c was prepared in
42% isolated yield from maleimide condensation of 4b
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h. Yields: 9a and 10a, 9% and 12%; 9b and 10b, 10% and 15%.
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and 6b. Treatment of 7c with N-cyanopyrrolidine under
cobalt-mediated [2+2+2] cycloaddition conditions pro-
vided 20-membered para-pyridinophane 11 (Scheme 3).

Table 1. Enzymatic activity of pyridine-containing macrocyclesa


H
NO


N


N


m


x


Compound R x y meta o


9a Me2N 1 1 meta


9b (CH2)4N 1 1 meta


10a Me2N 1 1 para


10b (CH2)4N 1 1 para


3 Me2N 1 2 para


11 (CH2)4N 2 2 para


SB-216763b


a Compounds were characterized by mass spectral and NMR (1D and 2D 1H


(n P 2). Assays were performed at Upstate Biotech (www.upstate.com) us


peptide derived from glycogen synthase as the substrate; recombinant huma


determined.
b GSK-3 inhibitor reference compound (Coghlan, M. P., et al. Chem. Biol. 2

Isolation of the other minor isomer(s) from the reaction
mixture proved to be difficult.


The cobalt-mediated cycloaddition, as used here, gener-
ated a macrocycle (17–20 members) and a heteroaryl
ring (i.e., 2-aminopyridine) simultaneously, providing
considerable molecular complexity in a single step.
However, the isolated yields (10–25%) in the above
examples ought to be better. Indeed, the same protocol
was previously shown to provide products from the
cycloaddition of cyanamide with a,x-diynes with
good-to-excellent yields,8c,d suggesting that the lower
yields may be due to the complex ‘multiphane’ bis(indo-
lyl)maleimide template. To address this issue, we ex-
plored the effect of Lewis base, donor additives on the
multiphane-forming reaction and discovered that the
addition of PPh3 can deliver a marked improvement.
For example, a solution of 7a, N,N-dimethylcyanamide
(5 mol equiv), PPh3 (0.5 mol equiv), and CpCo(CO)2


(0.5 mol equiv) in 1,4-dioxane (0.005 M, relative to 7a)
was stirred at 110 �C for 36 h. After flash-column chro-
matography, we obtained two multiphane products, 9a
and 10a, in 69% isolated yield with a ratio of 3:4. We
are in the process of studying this enhanced cobalt-med-
iated [2+2+2] cycloaddition process in more detail.


The biological activity of the target compounds was
investigated with an emphasis on kinase inhibition
in vitro. Ruboxistaurin (1; 14-membered macrocycle)
was reported to be a selective inhibitor of PKC-b
(IC50 = 5 nM, PKC-bII).5 We reported that macrocyclic
bis(indolyl)maleimides with 16-membered to 22-mem-
bered rings, and linkers bearing multiple heteroatoms,
also exhibit potent inhibition of PKC-bII (IC50 =
6–200 nM). However, unlike ruboxistaurin, our larger

O


N


R


p


y


r para GSK-3b IC50 (lM) PKC-bII IC50 (lM)


0.007 2.4


0.011 1.2


0.037 ND


0.030 2.2


0.003 1.4


0.024 ND


0.007 ND


and 13C)8 data. IC50 values are an average of multiple determinations


ing a filtration assay. Recombinant human GSK-3b was used with a


n PKC-bII was used with histone H1 as the substrate. ND denotes not


000, 7, 793).
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macrocycles also potently inhibit GSK-3b, with low-
nanomolar IC50 values.7a,b The pyridinophanes synthe-
sized herein were first tested in enzymatic assays involv-
ing PKC-bII or GSK-3b to determine potency and
selectivity for these kinases (Table 1). Although the
compounds showed excellent potency against GSK-3b
(IC50 values in the low nanomolar range), their ability
to inhibit PKC-bII was greatly attenuated (IC50 values
in the low micromolar range). For example, 19-mem-
bered macrocycle 3 inhibited GSK-3b and PKC-bII with
IC50 values of 3 and 1400 nM, respectively (460-fold
selectivity for GSK-3b over PKC-bII). Such potency
and selectivity between PKC-bII and GSK-3b has not
been observed for any previously reported bis(indo-
lyl)maleimide-containing macrocycles (with ring sizes
ranging from 14 to 22), indicating that the pyridine-con-
taining linker in 3 may be playing an important role in
the surprising shift in selectivity.


To further assess the selectivity over other kinases, mac-
rocycles 9a, 9b, 10b, and 3 were screened against an Up-
state panel of 100 kinases (KinaseProfilerTM service) for
their ability to inhibit phosphorylation of the appropri-
ate peptide/protein substrates in the presence of 1 lM
compound and 10 lM ATP (Table 2). Very significantly,

Table 2. Activity in assays involving diverse protein kinases (% of control)a


Protein kinase 9a 9b 10b 3 Protein kinase 9a


Abl(h) 98 107 108 105 Fms(h) 101


Abl(m) 108 104 110 98 Fyn(h) 106


Abl(T315I)(h) 79 77 103 100 GSK3a(h) 3


ALK(h) 55 58 74 103 GSK3b(h) 1


AMPK(r) 101 105 99 101 IGF-1R(h) 37


Arg(m) 129 121 130 113 IKKa(h) 133


Aurora-A(h) 111 111 106 109 IKKb(h) 124


Axl(h) 104 106 100 97 IR(h) 102


Blk(m) 70 74 91 109 JNK1a1(h) 105


Bmx(h) 159 173 176 101 JNK2a2(h) 106


BTK(h) 106 106 104 105 JNK3(h) 107


c-RAF(h) 87 92 85 103 Lck(h) 100


CaMKII(r) 107 109 98 92 Lyn(h) 76


CaMKIV(h) 113 112 99 92 Lyn(m) 102


CDK1/cyclinB(h) 98 80 98 78 MAPK1(h) 86


CDK2/cyclinA(h) 80 88 88 120 MAPK2(h) 104


CDK2/cyclinE(h) 84 88 88 54 MAPK2(m) 95


CDK3/cyclinE(h) 89 86 106 59 MAPKAP-K2(h) 101


CDK5/p35(h) 105 99 104 99 MEK1(h) 93


CDK6/cyclinD3(h) 74 82 92 86 Met(h) 132


CDK7/cyclinH(h) 108 107 111 89 MKK4(m) 119


CHK1(h) 101 110 106 105 MKK6(h) 86


CHK2(h) 94 84 91 91 MKK7b(h) 78


CK1d(h) 111 112 109 107 MSK1(h) 58


CK1(y) 98 99 98 91 MST2(h) 84


CK2(h) 111 108 113 107 NEK2(h) 102


CSK(h) 133 125 129 95 p70S6K(h) 91


cSRC(h) 105 97 113 81 PAK2(h) 103


EGFR(h) 96 108 104 94 PAR-1Ba(h) 100


EphB2(h) 114 110 114 125 PDGFRa(h) 119


EphB4(h) 103 109 100 89 PDGFRb(h) 101


Fes(h) 133 139 130 107 PDK1(h) 104


FGFR3(h) 84 114 117 75 PKA(h) 95


Flt3(h) 71 77 85 86 PKBa(h) 114


a These kinase inhibition assays were performed at Upstate Biotech (1 lM test


abbreviations, and details on the assay conditions used can be found at the

GSK-3 (a and b isozymes) clearly stood out among all
kinases in the panel as being effectively targeted by all
four compounds, with 1–9% of control (i.e., 91–99%
inhibition). Furthermore, these compounds were highly
selective over the other kinases examined except for
MSK1 (36–104% of control), PKC-h (21–33% of con-
trol), and Rsk1–3 (5–85% of control). IC50 values for
those kinases with <50% of control data were deter-
mined. Thus, 3 inhibited MSK1, PKC-h, Rsk1, Rsk2,
Rsk3, and TrkB with IC50 values of 510, 98, 1900,
850, 48, and >3000 nM, respectively.


An X-ray structure of a co-crystal of 3 and GSK-3b was
obtained by Proteros Biostructures.12 The diffraction
data show the inhibitor ligand (3) within the ATP bind-
ing pocket (Fig. 1). The maleimide portion of 3 makes
key hydrogen bonding contacts with residues Asp-133
(amide C@O) and Val-135 (Na), as expected.13 The
other maleimide C@O hydrogen bonds with a water
molecule that bridges to Asp-200 (Na). Ligand 3 makes
hydrophobic contacts with the side chains of Ile-62, Phe-
67, Thr-138, Leu-188, and Cys-199. The 2-dimethylami-
nopyridine unit is largely solvent-exposed, and not
involved in important interactions. Perhaps, the para-
pyridinophane subunit may determine the conformation

9b 10b 3 Protein kinase 9a 9b 10b 3


99 106 94 PKBb(h) 118 104 102 86


106 103 103 PKBc(h) 106 103 105 93


4 9 4 PKCa(h) 74 82 83 68


3 7 1 PKCbII(h) 68 74 77 64


42 106 84 PKCc(h) 107 99 102 91


132 121 92 PKCd(h) 100 104 91 73


125 130 128 PKCe(h) 83 93 97 72


110 87 91 PKCg(h) 109 102 97 85


108 104 102 PKCi(h) 117 121 90 104


114 110 96 PKCh(h) 27 29 33 21


103 102 96 PKCl(h) 118 118 113 110


99 90 96 PKCf(h) 105 99 116 98


87 78 107 PKD2(h) 97 103 115 100


99 104 90 PRAK(h) 96 101 102 88


99 110 97 PRK2(h) 113 110 126 106


92 88 102 ROCK-II(h) 103 107 104 110


103 99 95 ROCK-II(r) 92 83 91 101


108 95 98 Ros(h) 108 117 105 79


91 98 76 Rsk1(h) 15 15 85 39


129 132 121 Rsk1(r) 7 5 67 37


119 113 130 Rsk2(h) 10 12 63 32


91 85 102 Rsk3(h) 5 5 25 33


97 85 88 SAPK2a(h) 92 92 93 108


38 104 36 SAPK2b(h) 119 114 99 104


100 86 103 SAPK3(h) 115 103 114 78


105 99 104 SAPK4(h) 104 102 102 101


95 84 98 SGK(h) 105 109 93 93


100 102 93 Syk(h) 101 105 109 86


96 101 94 Tie2(h) 109 96 107 110


126 113 107 TrkB(h) 98 105 106 Fail


103 105 147 Yes(h) 79 58 43 96


107 100 115 ZAP-70(h) 103 115 121 113


104 102 90


112 106 94


compound; 10 lM ATP). A description of the kinases, along with their


website http://www.upstate.com (h, human; m, mouse; r, rat; y, yeast).
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Figure 1. (a) Ribbon-and-tube diagram of the structure of 3ÆGSK-3b, as determined by X-ray crystallography (2.8 Å), showing the ligand in the ATP


binding pocket. (b) Two views of the complexed ligand, 3, rotated 90� relative to each other, depicting the electron density of the ligand.
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of the macrocycle, thereby conveying the high inhibitory
potency for GSK-3b and influencing the selectivity over
PKC-bII and the other kinases.


In conclusion, by using our cobalt-mediated [2+2+2]
cycloaddition methodology,8 we assembled novel
bis(indolyl)maleimide pyridinophanes (3, 9a, 9b, 10a,
10b, 11), which were found to be potent, selective inhib-
itors of GSK-3b. This macrocyclic multiheterophane
format is quite unique for bis(indolyl)maleimide-based
kinase inhibitors, and would not be easy to access via
standard macrocyclization processes that rely on alkyl-
ation, esterification, or amidation reactions.


The X-ray structure of 3ÆGSK-3b does not immediately
reveal the source of the high kinase selectively for 3, as
the 2-dimethylaminopyridine unit in the macrocyclic lin-
ker is not involved in important contacts with the pro-
tein, and is largely solvent-exposed. However, we
suggest that the conformation of the macrocyclic linker
may be governed to some degree by the pyridinophane
unit, which may impart the high inhibitory potency for
GSK-3b and the selectivity over many other kinases.
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Abstract—Self-protecting Ti6Al4V alloy pins were prepared by covalent bonding of bis(ethylene glycol) linkers, then vancomycin to
the oxidized, aminopropylated Ti6Al4V alloy surface. Fluorescence modification-enabled estimation of yields of free amines on the
metallic surface monolayer at each reaction step. The vancomycin-protected Ti6Al4V pins were not colonized by Staphylococcus
aureus, even after 44 days storage in physiological buffer. These results provide a basis for testing self-protection against S. aureus
colonization in animal models.
� 2007 Elsevier Ltd. All rights reserved.

Millions of patients who receive implant devices experi-
ence biomaterial-associated infections as one of the most
destructive complications. The formation of a biomate-
rial-associated biofilm often leads to inflammation and
degradation of surrounding bone, despite aggressive
antibiotic treatment, and the necessity for removal of
the affected device or implant.1–3 As an alternative to
antibiotic-impregnated bone cement,4 which is the cur-
rent standard of care or antibiotic-eluting biodegradable
materials,5–7 we are studying permanent covalent bond-
ing of antibiotics to implants to achieve self-protection.
In our initial studies,8 we utilized the last resort glyco-
peptide antibiotic vancomycin (VAN), which acts at
the inner leaflet of Gram-positive bacterial cell walls to
block peptidoglycan synthesis.9,10 Previously we re-
ported the coupling of VAN via a silane connector11,12


and hydrophilic oligoethylene glycol linkers8 to particles
of titanium (Ti), a highly reactive metal with excellent
biocompatibility that is commonly used either in its pure
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state or as an alloy in the fabrication of orthopedic and
dental implants.


We then hypothesized that VAN could also be coupled
to Ti6Al4V alloy, which is well established as a primary
metallic biomaterial used to fabricate orthopedic im-
plants.13 The primary interaction between Ti6Al4V al-
loy and the surrounding biological environment
depends on the surface properties, not on the bulk prop-
erties of the alloy. Ti6Al4V alloy has excellent biocom-
patibility compared with other metals, and enjoys
improved ductility and fracture toughness relative to
pure Ti.14 While pure Ti particles exhibit 6.0 OH/nm2


on their surfaces,15 the crowding of the Ti6Al4V alloy
surface with excess Al and V in preference to Ti16 greatly
reduces the availability for conjugation reactions of
reactive OH groups to 1.5 OH/nm2 on the Ti6Al4V alloy
surface.17 Indeed, we were unable to bond a detectable
amount of VAN onto Ti6Al4V alloy pins under the con-
ditions we used for pure Ti particles.8 As a result, it was
necessary to oxidize the surfaces of the Ti6Al4V alloy
pins to produce a Ti-OH layer that could be aminopro-
pylated sufficiently (Scheme 1), as others have found for
bonding of alkoxy, amino or chloro moieties to Ti6Al4V
alloy surfaces, yielding a surface-bound monolayer of
organosiloxane under ideal conditions.11,18 The cou-
pling of flexible hydrophilic bis(ethylene glycol) spacers
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Scheme 1. Reaction scheme for synthesis of VAN bonded to Ti6Al4V. Reagents and conditions: (a) acetone, Alconox, 0.1 M NaOH, MeOH/HCl,
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and selective N-terminal conjugation of VAN to acti-
vated Ti6Al4V alloy pin surfaces (Scheme 1) resulted
in a surface layer that was capable of killing S. aureus
on contact, precluding the possibility of biofilm forma-
tion, even after 44 days of exposure to physiological buf-
fer. As shown in Scheme 1, (a) Ti6Al4V wire, diameter
1 mm (#264-155-36, Goodfellow, Oakdale, PA, USA)
was cut into 1 cm length pins, then washed twice with
acetone (5 mL), and once each with saturated aqueous
Alconox (3 mL), 0.1 M NaOH (3 mL),19 then concen-
trated HCl/MeOH (1:1, 5 mL) for 30 min at room tem-
perature with 20 s periods of sonication at 0, 5, 12, 15,
and 20 min. The Ti6Al4V alloy forms a surface oxide
layer much more slowly than the 325 mesh pure Ti par-
ticles we studied previously.8 Therefore, we washed the
cleaned pins twice with double-deionized H2O (5 mL),
oxidized them with H2O2/H2SO4 (1:1, 5 mL) (‘piranha’
solution)20 for 4 h, and then washed them with double-
deionized H2O. Finally the oxidized pins were washed
four times with anhydrous Me2NCHO (5 mL), dried
overnight under vacuum, and placed in the argon atmo-
sphere chamber of an MO-20M glove box (Vacuum
Atmospheres, Hawthorne, CA).


(b) Oxidized pins were refluxed in toluene (10 mL) with
azeotropic removal of H2O (Dean-Stark trap). Then 5%
NH2PrSi(OEt)3 (Aldrich, Milwaukee WI, USA) in
anhydrous toluene (v/v, 0.5 mL) was added to the flask
under an argon atmosphere to minimize the attack of
H2O on NH2PrSi(OEt)3. The flask was closed with a
septum and the pins were heated at 100 �C for 5 h. After
cooling to room temperature, the pins were washed
thrice with anhydrous toluene (10 mL), four times
with anhydrous Me2NCHO (10 mL), once with
PBS (10 mL) to remove nonbonded adsorbed
NH2PrSi(OEt)3, then dried under vacuum overnight.
The pins were then baked at 110 �C for 20 min in a con-
vection oven to establish stable crosslinked attachment
of NH2PrSiO at the Ti6Al4V alloy surface.21 (c)
NH2PrSiO–Ti6Al4V pins (10 cm length of wire) were
washed twice with anhydrous Me2NCHO (5 mL), then
coupled with a fourfold molar excess of 8-fluorenyl-
methoxycarbonyl-aminoethoxyethoxyacetate, (Fmoc-
AEEA) linker (Peptides International, Louisville, KY,

USA), activated with a fourfold molar excess of 2-(7-
aza-1H-benzotriazole-1-yl)-1,1,3,3-tetra-methyl-uronium
hexa-fluorophosphate (HATU) (Applied Biosystems,
Foster City, CA, USA) in anhydrous Me2NCHO
(5 mL), catalyzed by i-Pr2EtN, followed by Fmoc depro-
tection with 20% piperidine in anhydrous Me2NCHO
(5 mL). (d) A second AEEA linker was coupled to ex-
posed terminal amines and deprotected. All Fmoc
deprotection solutions and washes were collected for
analysis of coupling yields by measuring the absorbance
of released dibenzofulvene at 301 nm (e570 = 7.8 · 103/
M cm). (e) Finally, a fourfold excess of VAN (US Bio-
chemicals, Cleveland, OH, USA) was coupled by the
same protocol. After the VAN coupling step, the
Ti6Al4V pins were washed twice with anhydrous
Me2NCHO (5 mL) and then dried under vacuum over-
night. For the determination of the surface monolayer
loading value of amino functionalized Ti6Al4V pins at
each reaction step (3–6), we first washed the pins three
times with toluene (6 mL), Me2NCHO (6 mL), and
PBS (6 mL) at room temperature with 1-min periods
of sonication, in order to avoid multilayers on the sur-
face. The same process was repeated until the Ti6Al4V
pins yielded a negative assay with ninhydrin,8 measuring
the absorbance at 570 nm (e570 = 1.5 · 104/M cm).


Washed Ti6Al4V pins at each reaction step (3–6) were
assayed for amino derivatization on their surfaces by
conjugation with AlexaFluor 532 succinimidyl ester
(Molecular Probes, Eugene OR, USA), freshly dissolved
at 1 mg/mL in anhydrous Me2NCHO (0.6 mL) to max-
imize the lifetime of the ester, at a fourfold molar excess,
stirred at room temperature for 2 h. The AlexaFluor 532
conjugates are highly photostable and remain fluores-
cent over a broad range of pH from 4 to 10.22 The
Ti6Al4V pins were then washed with Me2NCHO
(1 mL) and then treated with 1.0 M Bu4F in tetrahydro-
furan (0.6 mL) (Aldrich) at room temperature for 4 h to
cleave the AlexaFluor 532 conjugation products from
the surface. Bu4F is a convenient source of fluoride
ion that cleaves and replaces the Ti–O–Si bond under
neutral conditions. The pins were removed from the
Bu4F solutions. From each cleavage solution, 200 lL
was pipetted into each well of a 96-well opaque black







Figure 2. MALDI-TOF mass spectrum in positive mode showing the


products cleaved from VAN-AEEA-AEEA-Ti6Al4V pins by 1.0 M


Bu4NF in tetrahydrofuran. The fragments were desorbed and ionized


from a matrix of a-cyano-4-hydroxycinnamic acid.
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microplate (Matrix Technologies, Hudson, NH, USA),
used to protect the light sensitive AlexaFluor 532, with
minimum background, crosstalk, and scattered light.
The fluorescence intensities in each well were measured
in an FL 600 microplate reader (Biotek Instruments,
Winooski, VT, USA) running KC4 software, with filters
for excitation at 485 ± 25 nm, and emission at
530 ± 25 nm. Quantitation of fluorescence intensity data
was based on a calibration curve (Fig. 1) prepared with
solutions of AlexaFluor 532 succinimidyl ester (0.2–
10 lg) in Me2NCHO. Each measurement was carried
out in triplicate; the average and standard deviation of
the linear regression slope and intercept were calculated,
with p < 0.05. By AlexaFluor 532 conjugation we identi-
fied the loading value of amino groups on the Ti6Al4V
pins at each stage, first after NH2PrSi(OEt)3 conjugation
to the Ti oxide surface (0.131 ± 0.042 nmol/cm2), second
after the first AEEA linker (0.139 ± 0.01 nmol/cm2),
third after the second AEEA linker (0.163 ±
0.041 nmol/cm2), and finally after VAN coupling
(0.195 ± 0.046 nmol/cm2), indistinguishable from the
initial bonding of NH2PrSi(OEt)3 onto the surface,
implying a monolayer. Hence, quantification of Alexa-
Fluor 532-conjugated surface amines after cleavage
showed that loading of VAN was indistinguishable from
the initial bonding of NH2PrSi(OEt)3 onto the surface.
Our results agree with a previous report of
NH2PrSi(OEt)3 derivatization measured by H14CHO
radiolabeling (0.22 nmol/cm2). 23 The AlexaFluor 532-
conjugated surface showed unchanged fluorescence
intensity after storage for 2–3 days at room temperature.
MALDI-TOF mass spectroscopy on a SELDI spec-
trometer (Ciphergen, Fremont. CA, USA) was used to
test for covalent linkage of VAN to the Ti6Al4V surface.
Analysis of material stripped from the pins with Bu4F
(Fig. 2) showed a peak corresponding to VAN-AEEA-
AEEA-NH-Pr-SiF3 + 3 Na at 1934 Da. Other cleavage
products were identified at 1796 Da (VAN-AEEA-
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Figure 1. Calibration curve obtained from fluorescence measurements


of AlexaFluor 532 succinic ester (0.2–10 lg) in Me2NCHO upon


excitation at 485 ± 25 nm and emission at 530 ± 25 nm. Based on the


linear regression fit of the data to the linear equation y = mx + b, the


number of amines on the surface of Ti6Al4V was quantified by


AlexaFluor 532 conjugation.

AEEA-NH- Pr-OH), 1640 Da (VAN-AEEA-COOH +
2 Na), 1561 Da (VAN-AEEA-AEEA-NH-Pr-SiF3,
VAN lacking one sugar), 1499 Da (VAN-AEEA-
AEEA-COOH + 3 Na, VAN lacking two sugars). Some
of the fragments showed VAN without one or two sug-
ars because the pure VAN starting material included
some VAN without one sugar at 1305.1 Da, and VAN
without two sugars at 1143.2 Da, along with the com-
pletely glycosylated VAN at 1450.1 Da.


To determine the distribution of VAN on the modified
Ti6Al4V pins, they were exposed to anti-VAN antibod-
ies, mouse monoclonal anti-VAN IgM (1:300) or anti-
fibronectin IgG (1:300) (US Biochemicals), followed by
a fluorescent secondary antibody, AlexaFluor 488-cou-
pled donkey anti-mouse IgG (1:300), then examined by
confocal fluorescence microscopy on a Fluoview 300
(Olympus, Center Valley, PA, USA) (Fig. 3). After the

Figure 3. Immunofluorescent detection of VAN bonded to Ti6Al4V


pins. (A) Background staining with mouse anti-VAN mAb followed by


AlexaFluor 488-coupled donkey anti-mouse IgG on an underivatized,


control pin. (B) Nonspecific staining by anti-fibronectin antibody on


VAN-Ti6Al4V pins (no FBS coating). Specific anti-VAN staining was


observed on VAN-Ti6Al4V pins after (C) no incubation, (D) 24 h


incubation in PBS, (E) 24 h incubation in S. aureus, or (F) 5 weeks


incubation in S. aureus.
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Me2NCHO washes, VAN-specific immunofluorescence
was intense over the Ti6Al4V pin surface. After 24 h
of incubation in PBS, the immunofluorescence de-
creased, presumably due to elution of adsorbed nonco-
valent VAN. Importantly, no further decline in
fluorescence was observed, even after 5 weeks of contin-
uous incubation with S. aureus subspecies Rosenbach
(#25923, American Type Culture Collection, German-
town, MD, USA) in Luria–Bertani Miller broth (Bec-
ton–Dickinson, Sparks, MD, USA) at 37 �C. In a
simple baseline test of long-term stability, control
Ti6Al4V pins and VAN-Ti6Al4V pins were incubated
in PBS at room temperature for up to 44 days. On se-
lected days, pins were removed from PBS, weighed, dis-
infected with 70% EtOH, and washed five times with
PBS. The washed pins were cultured with 1 · 104 cfu/
mL of S. aureus in Luria–Bertani Miller broth at
37 �C for 24 h, washed three times with PBS to remove
loosely adherent bacteria, and assessed for bacterial/
adhesion viability with the BacLightTM Live/Dead� via-
bility assay (Molecular Probes, Eugene, OR, USA),
which fluorescently labels viable bacteria green and dead
bacteria red. After labeling, the Ti6Al4V pins were
washed three times with PBS to remove nonspecific stain
and visualized by confocal laser fluorescence microscopy
on a Fluoview 300.


Only sparse green fluorescence was observed on VAN-
Ti6Al4V pins over 4 days (Fig. 4) indicating minimal
colonization. At 5 days, colonization of the control
pin was abundant with some punctate staining appar-
ent in the background aura. Punctate staining could

Figure 4. Evaluation of VAN-Ti6Al4V bactericidal activity after


44 days of exposure to PBS at room temperature over 44 days. A


control Ti6Al4V pin (A) was incubated with S. aureus for 24 h,


followed by staining with the Live/Dead� BacLightTM viability kit, and


visualization of live bacteria by confocal fluorescence microscopy.


Similarly, VAN-Ti6Al4V pins were incubated for 24 h with S. aureus


after 0 days (B), 1 day (C), 2 days (D), 3 days (E) or 4 days (F) of


incubation in PBS. For longer experiments, control (G, I) or VAN-


Ti6Al4V pins (H, J) were incubated in PBS for 5 (G, H) or 44 (I, J)


days, followed by detection of live bacteria by confocal fluorescence


microscopy.

have been caused by surface reflectivity or incomplete
coverage by VAN. Importantly, after 44 days in PBS,
24 h of incubation with S. aureus yielded abundant
colonization of the control pin, while the VAN-
Ti6Al4V pin showed only background fluorescence.
Future tests of stability will be carried out at 37 �C
in PBS and a pH 5 buffer, to reflect physiological con-
ditions, and in animal models. The RSi–O–Ti bond
has been found stable in a wide variety of applica-
tions,24 including dental implants in the oral cavity,
typically pH 5. Furthermore, we recently reported that
VAN-Ti6Al4V pins prevented bacterial colonization
in vitro (1) after exposure to supra-physiological doses
of S. aureus over time, (2) after extended incubation in
physiological buffers, and (3) after repeated bacterial
challenges.25 In addition, we have observed that when
murine MC3T3 pre-osteoblastic cells were seeded on
the VAN-Ti6Al4V surface, the cells exhibited no
change in viability, indicating that the VAN-Ti6Al4V
surface supports bone cell adhesion.26


As we discussed previously,8 selection for VAN-resistant
mutant bacteria requires high bacterial titers, as in the
mouth and intestines. In contrast, peri-prosthetic infec-
tions start with very few bacteria. Furthermore, only
those bacteria that actually land on the VAN-implant
surface will be subject to selection for resistance. This
situation enormously reduces the probability of a muta-
tion that confers resistance, because the bacteria will not
encounter a subclinical VAN concentration that permits
continued growth of a few resistant cells.27 On a solid
phase surface covered with 0.2 nmol VAN/cm2 or
1.2. · 106 VAN residues/lm2, each landing bacterium
(�1 · 2 lm) will dock simultaneously and cooperatively
with 0.5–1 · 106 VAN residues. Even in the case of a
mutant peptidoglycan that binds weakly to VAN,5


cooperative binding will be lethal.


In conclusion, we have demonstrated covalent bonding
of a monolayer of VAN to the surface of Ti6Al4V alloy
pins, quantitated by fluorescence modification of reac-
tive amines. Mass spectroscopy indicated that AEEA
linkers and VAN had indeed been coupled to each other
and to the Ti6Al4V surface. Immunofluorescence assays
illustrated long-term resistance of covalently bound
VAN to aqueous hydrolysis at neutral pH, necessary
for retention of an active biofilm-resistant implant sur-
face. Bacterial live/dead fluorescence assays revealed
long-term bactericidal activity of the VAN-Ti6Al4V
pin surfaces for up to 44 days storage in physiological
buffer. These results are consistent with our hypothesis,
and support progress into animal studies. This covalent
bonding strategy might prevent Gram-positive bacterial
infections of orthopedic implants, increasing their useful
lifetime.
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Abstract—Two different benzimidazole analogues act as multimodal agent, first one as novel non-peptidic CCK-B receptor antag-
onist and similarly as potent anti-fungal agent, designated as [Bz-Im]. These compounds were synthesized and characterized by spec-
troscopic techniques such as FT-IR, NMR, EI-MS and also evaluated for specific radiopharmaceuticals. Preliminary radiolabeling
results with 99mTc and biological evaluation studies showed promising results for further evaluation in vivo. The efficiency of label-
ing was more than 97% and complex was stable for about 12 h at 30 �C in the presence of serum. Both ligands showed binding to
most of the organs, known to express CCK receptors in biodistribution studies. Cholecystokinin (CCK1 andCCK2) receptor binding
affinities of these analogues are, IC50, 0.942 ± 0.107 for compound C and 0.665 ± 0.211 for compound D in rat pancreatic acini. The
anti-fungal activity has shown inhibitory activity against Aspergillus flavus and Aspergillus niger. These studies have provided a new
template for further development of non-peptidic ligands for diagnostic and therapeutic purposes of diseases related with CCK
receptors as well as anti-microbes.
� 2007 Elsevier Ltd. All rights reserved.

Benzimidazole derivatives are reported to be physiolog-
ically and pharmacologically active and find application
in the treatment of several diseases like epilepsy, diabe-
tes, anti-fertility, etc.1,2 Recently several researches elu-
cidated that benzimidazole analogues can be suitably
modified by the introduction of different hetero-cyclic
moieties to exhibit a broad spectrum of biological activ-
ities such as potent anti-cancerous and anti-fungal
drugs.3–6 Keeping this view in our mind, we have mod-
ified benzimidazole analogues in such a way that it
would bring them into preferred orientation. This might
provide a more potent CCK (cholecystokinin)
antagonist.


The importance of CCK has been implicated in various
regulatory functions; as neurotransmitters in the brain
and as regulators of various functions of the gastrointes-
tinal tract, primarily at the level of the stomach, pan-
creas, and gallbladder.7 In addition, they can act as
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physiological growth factors in most parts of the gastro-
intestinal tract.8–10 Gastrin and CCK possess the same
five amino acids at their COOH terminus which is a bio-
logically active site. Their actions are mediated by two
different receptor types, CCK1 and CCK2.11,12 CCK2


receptors are present in the gut mucosa and in the
brain,7,13,14 whereas, CCK1 receptors are present in the
gallbladder, pancreas, and brain.7,15,16


The importance of selective CCK antagonist as
potential tools is to visualize malignant tumors.17,18


Receptor autoradiography studies have shown that
cholecystokinin CCK-B/gastrin receptors are expressed
not only in more than 90% of medullary thyroid car-
cinomas (MTC)19 but also in high percentage of small
cell lung cancer, some ovarian cancer, astrocytomas,
and potentially in a variety of adinocarcinomas, gas-
trointestinal tumors, and colorectal cell lines. In this
work, we have synthesized multimodal analogues of
benzimidazoles [Bz-Im] and its intermediate is synthe-
sized according to previous literatures20 and labeled
with 99mTc to explore binding aspect with CCK recep-
tor. The initial studies have shown good results for
further evaluation.



mailto:vinayk2003@rediffmail.com





Table 1. CCK receptor binding data of the target compounds


Complexes (R) Rat pancreatic


acini (CCK1),


IC50 (lM)


Guinea pig


brain cortex


(CCK2), IC50 (lM)


Ref. (VL-0494) Ph 0.197 ± 0.107 16.40


Compound (C) H 0.942 ± 0.141 4.32


Compound (D) OH 0.665 ± 0.211 2.94
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All chemicals used in the present study of analytical
grade were purchased from Sigma, and all the details
of materials and methods are given in reference and
short notes part.21 Synthesis of benzimidazole analogue
[Bz-Im] is presented in Scheme 1 for the synthesis of [A–
D]. The first two steps are performed as per,20a and syn-
thesis and spectral characterization of [C] and [D] are
mentioned as short notes.22


Compounds C and D were evaluated for their ability to
displace [125I] (BH)-CCK8 (sulfated) from isolated rat
pancreatic acini (CCK1) and guinea pig cerebral cortex
membranes (CCK2) according to established proto-
cols.23 Binding affinities expressed as IC50 are reported
in Table 1 along with reference compound 3-ureido-
1,4-benzodiazepine (Merck L-365260) and (VL-0494)
without standard errors were obtained from no more
than two experiments.


[125I]BH-CCK-8 receptor binding assay in isolated rat
pancreatic acinar cells was performed prepared by enzy-
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Scheme 1. Scheme A–D: representative scheme for the synthesis of [A–D].

matic digestion of pancreas as previously described by
Makovec et al.24 Drug displacing experiments were car-
ried out by incubating acinar cells, [125I]BH-CCK-8
(25 pM final concentration), and competitors in
0.5 mL total volume at 37 �C for 30 min, in shaking bath.
At the end of incubation, 1 mL of ice-cold Hepes–Ringer
buffer (10 mM Hepes, 118 mM NaCl, 1.13 mM MgCl2,
1.28 mM CaCl2,1% BSA, and 0.2 mg/mL soybean
trypsin inhibitor, pH 7.4) was added and the tubes were
centrifuged for 5 min at 12,500g. The supernatant was
aspirated and the radioactivity associated to the pellet
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Table 3. Determination of composition of the compound (Bz-Im) [D]


with the 99mTc


S. No. Molar ratio (Bz-Im 99mTc) % Labeling


1 1:1 98.5


2 0.9:1 87.3


3 0.8:1 79.1


4 0.6:1 64.7


5 0.2:1 24.8


6 0:1 100% reduced


7 1.2:1 98.7


8 1.5:1 98.1


9 2.0:1 97.6
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measured. The non-specific binding was estimated in the
presence of 1 jjM CCK-8, accounting for 15% of total
binding.


[125I]BH-CCK-8 receptor binding assay was performed
in membranes from guinea pig cerebral cortices, pre-
pared as previously described.25 Protein concentration
was determined by using bovine serum albumin (BSA)
as standard. The binding experiments were performed
in assay buffer containing 10 mM Hepes, 118 mM NaCl,
4.7 mM KCl, 5.0 mM MgCl2, and 1.0 mM EGTA, pH
6.5, supplemented with 0.2 mg/mL bacitracin. The incu-
bation of membrane suspension with labeled ligand and
inhibitors was carried out in a microtiter 96-well filter
plate (Multiscreen, Millipore Inc., Bedford, MA) with
integral Whatman GF/B membrane filters. Aliquot of
membranes (0.5 mg of protein per mL) was added to
each well, containing [125I]BH-CCK8 (25 pM), in a final
volume of 250 jjl. The non-specific binding of iodinated
peptide was determined in the presence of 1 pM CCK-8,
accounting for 20% of total binding. Non-specific bind-
ing of [125I]BH-CCK-8 to membrane filters (blank),
measured in wells containing an equal amount of labeled
ligand, but no membranes, was 0.2% of total radioli-
gand added. After 120 min at 25 �C, the 96-well plate
was placed on the vacuum filtration apparatus (Milli-
pore Inc.).


Radiolabeling of the compounds [Bz-Im] has been done
by taking 100 ll of 0.03 nM solution of the compound
[Bz-Im] dissolved in DMSO in a shielded vial and
60 ll of 1 · 10�2 M Sncl2. 2H2O (dissolved in 1 mL of
N2 purged 10% acetic acid) was added followed by addi-
tion of (<1 h) freshly eluted saline solution of sodium
pertechnetate (NaTcO4) (74 MBq, 100 mL). The pH of
the reaction mixture was adjusted to 6.5 with 0.1 M
NaHCO3 solution and the mixture was shaken to mix
the contents. The vial was allowed to stand for 45 min
at room temp. Labeling of the compound, radiochemi-
cal purity as well as Rf of the 99mTc (Bz-Im) complex
were determined by ITLC-SG strips using 0.9% NaCl
aqueous solution (saline) as developing solvent and
simultaneously in acetone and PAW (pyridine, acetic
acid, and water in 3:5:1.5 ratio).24 Each TLC was cut
in 0.1 cm segments and counts of each segment were ta-
ken. By this appropriate method, the percentage of com-
plex formed between 99mTc and (Bz-Im) could be
calculated as mentioned in Tables 2 and 3. The compo-
sition stability is mentioned only with compound (D)
which is showing more appropriate results. The scinti-
graphic studies of the 99mTc-labeled [Bz-Im] in presence
and absence of the CCK,the natural agonist, also

Table 2. Rf values


Complexes Saline (Rf) Acetone (Rf) PAW (Rf)


Complex (C) 0 0.6 ND


Complex (D) 0 0.4 ND


Na99mTcO4 1 1 ND


Labeled complex (C) 0.3 0.3 1


Labeled complex (D) 0.1 0.1 1

confirm the nature of the labeled compound as CCK
antagonist.


In vitro serum stability assay was performed in fresh
human serum, which was prepared by allowing blood
collected from healthy volunteers to clot for 1 h at
37 �C in a humidified incubator maintained at 5% car-
bon dioxide, 95% air. Then the sample was centrifuged
at 400 and the serum was filtered through 0.22 lm syr-
inge filter into sterile plastic culture tubes. The above
freshly prepared technetium radiocomplex was incu-
bated in fresh human serum under physiological condi-
tions, that is, at 30 �C at a concentration of 100 nM/mL,
and then analyzed by ITLC-SG at different time inter-
vals to detect any dissociation of complex. Percentage
of free pertechnetate at a particular time point that
was estimated using saline and acetone as mobile phase
represented percentage dissociation of the complex at
that particular time point in serum.


The other activity analysis such as anti-fungal activity of
compounds was performed by agar plate method26 using
the concentrations of 10, 20, 50, and 100 lg/mL of the
test compounds. In order to perform the anti-fungal
activity assay, 1 mL of each test compound was poured
into a Petri dish having about 20–25 mL of molten po-
tato dextrose agar medium. As the medium solidified,
Petridishes were inoculated separately with the fungal
isolates and kept at 27 �C for seven days. Percent inhibi-
tion in fungal zones was recorded after that. The solu-
tions of the test compounds were prepared in
dimethylsulfoxide (DMSO) and the required concentra-
tions were achieved by diluting the solutions and stir-
ring. Any turbidity if obtained was removed by quick
filtration through fluted filter paper. Anti-fungal activity
data are recorded in Table 4. The control is taken from
amphotericin B.


In general, it has been observed that anti-fungal activity
against Aspergillus flavus is superior to that against
Aspergillus niger except in a few cases. Thus, compound
[C] (Table 4) having R = hydrogen showed compara-
tively better anti-fungal activity against A. niger than
A. flavus at two concentrations out of three concentra-
tions. As well as, compound [D] having R = hydroxyl
was shown the same nature.


Albino mice strain was used for the tissue distribution
studies. Animal handling and experimentation was







Table 4. Anti-fungal activity data of Novel Benzimidazole derivatives [C, D]


Compound R Concentration (lg/mL) Aspergillus flavus Aspergillus niger


Colony diameter Inhibition (%) Colony diameter Inhibition (%)


[C] H 10 0.8 73.3 1.0 60.3


20 0.6 76.7 0.8 76.8


50 0.5 88.3 0.5 84.6


[D] OH 10 1.2 60.8 0.8 60.7


20 1.1 73.4 0.7 83.2


50 0.7 92.1 0.7 83.6


Control


(amphotericin)


20 3.0 86.4 2.0 79.9
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carried out as per the guidelines of the Institutional
Animal Ethics Committee. For biodistribution studies
albino mice strain (A) was used as animal model and
complex of 99mTc-labeled (Bz-Im) was used. An equal
dose of 10 lCi of labeled test compound was injected
in mice through tail vein of each animal. Similarly in
another group of animals CCK-B (1 mg/kg by weight
of animal model) was injected 10 min before injection
of the radiolabeled test compound and biodistribution
was studied under receptor saturation conditions. At
different time intervals mice were sacrificed, blood
was collected, and different tissue and organs were dis-
sected and analyzed as shown in Tables 5 and 6. The
radioactivity was measured in a gamma counter. The
actual amount of radioactivity administered to each
animal was calculated by subtracting the activity left
in the tail from the activity injected. Radioactivity
accumulated in each organ was expressed as percent-
age administered dose per gram of tissue. Total vol-
ume of the blood was calculated as 7% of the body
weight.

Table 5. CCK-B receptor expressing organs (at the time intervals of 1, 2, 4,


Organs


After 1 h After 2 h


Stomach 1 2.5


Intestine 0.5 0.5


Brain 0 0.2


Liver 18 25


Spleen 10 15


Kidney 5 7


Blood 3 2


Heart 1 0.4


Table 6. CCK-B receptor expressing organs (at the time intervals of 1, 2, 4,


Organs


After 1 h After 2 h


Stomach 1 2.0


Intestine 0.5 0.5


Brain 0 0.2


Liver 16 23


Spleen 10 15


Kidney 5.5 6.0


Blood 2.5 2


Heart 0.8 0.5

Blood kinetics studies. The blood clearance study was
performed in albino New-Zealand rabbits weighing
approximately 2.5–3.0 kg after administration of 30 piCi
of the 99mTc-labeled [Bz-In] in 0.3 mL via the ear vein.
At different time intervals about 0.5 mL blood samples
were withdrawn from the dorsal vein of the other
ear and radioactivity was measured in the gamma
counter. The data from the experiment are expressed
as percentage of administered dose at each time interval
in Figure 1.


The synthesized compound was characterized by IR
(CO near 1600 cm�1, OH 3200–3600, and aromatic be-
low 900 cm�1), NMR (aromatic proton in the range of
6–8.5 ppm and hetero functional group via D2O ex-
change), and MASS spectroscopic studies, and also by
the Rf values of the relevant 99mTc complexes (Rf values
in Table 2). Labeling efficiencies were more than 97%
and complex was stable about 12 h at 30 �C. Results
of serum stability studies showed that the metal ion
was intact under physiological conditions and unbound

6, 8 h) for compound [C]


Uptake (% ID/g)


After 4 h After 6 h After 8 h


3 7 9.5


0.2 3 3


0.45 1 1


18 15 15


14 12 11


2 5 5


2 0.5 0.5


0.3 0.3 0.2


6, 8 h) for compound [D]


Uptake (% ID/g)


After 4 h After 6 h After 8 h


3 7 7.5


0.2 1 1


0.45 1 1


14 15 15


17 16 16


3 4.5 4.5


2 2.5 2.5


0.2 0.1 0.2
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Figure 1. Blood kinetics study in rabbit.


A. K. Tiwari et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2749–2755 2753

radioactivity was less than 0.5% in 8 h. Complex forma-
tion between 99mTc and benzimidazole analogues was
determined by using ITLC method. Various molar ra-
tios were taken and ITLC was run simultaneously in
two different solvent systems to determine the labeling.
The data show more than 97% of labeling as the increas-
ing ratio of (Bz-Im) is more than one, but in a very slight
manner (Table 3). So 1:1 complex ratio was appropriate.
The intactness of this compound is due to the fact that
99mTc molecules might occupy rest of the valency of
the 99mTc left.
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Figure 2. Pretreatment studies of 99mTc-labeled compound [C].
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Figure 3. Pretreatment studies of 99mTc-labeled compound [D].

Biodistribution studies were performed by injecting
radiolabeled compound, intravenously as a function of
time, differentiating those tissues which are known or ex-
pected to express CCK receptors, organs involved in
blood pool and excretion of the ligand. Higher uptake
was found in liver, spleen, and stomach but retention
was longer in stomach (Tables 5 and 6). Very low activ-
ity was found in brain probably due to inability of cross-
ing the blood–brain barrier. The rapid blood clearance
was also evident from the blood kinetics study.


The result of pretreatment studies of 99mTc-labeled [Bz-
Im] shows that blocking with 1 mg/kg of CCK2, 15 min
before the injection of radiocomplex, reduced the accu-
mulation in stomach, whereas the activity in the intes-
tine was reduced Figures 2 and 3. There was increased
accumulation of activity in liver, but reduction in case
of rest of the organs studied.


Thus, the benzimidazole ring structure fused to pyri-
dine ring might provide lead for new type of
compounds having CCK-B receptor affinity. Some
non-specific uptake in other tissues can be overcome
by changing the basic skeleton by different R groups.
The therapeutic potential of these complexes can be
further extended by applying these in different animal
models and cell lines.
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refluxing one hour, the dark colored solution was left
under refrigeration overnight and after that poured into
cold water (250 mL). A solid separated out was filtered off
and washed with water and a small portion treated with
sodium bicarbonate solution (10%) to ensure the comple-
tion of reaction by ceasing of effervescence. The crude
material was recrystallized by glacial acetic acid (yield
72%) mp 153 �C. IR (KBr pellets, cm�1) 3385, 3290, 1640,
1715, 1196, 782;
1HNMR (200 MHz, CDCl3) d ppm; 7.69–8.13(m 4H,
phthalamide aryl ring), 4.89 (S, 2H, N-substituted meth-
ylene), 5.00 (S, 1H, OH exchanged with D2O), 6.57–7.27
(m, 3H, coumarin ring), 1.71 (S, 3H, coumarin ring).Anal.
Calculated for C15H13NO5, 67.8% C (theoretical C

66.52%), 3.89% H (theoretical H 4.03%), 5.02% N
(theoretical N 4.88%). Found: m/z 334[M]+, 160, 105, 77;
Synthesis of 4-methyl,7-hydroxy-8(N-methyl phthalamide)
quinoline(1,5c) benzimidazole [B] was carried out mixing
4-methyl,7-hydroxy [N-(methyl phthalamide)] benzo-
[1,2,b] pyrane 2 one [A] (0.01 mol) and o-phenylenedi-
amine (0.015 mol) in dry pyridine (50 mL). The refluxing
reaction mixture was stirred for 6–7 h. This reaction was
monitored by TLC and on completion of reaction the
solvent was removed in vacuo and the reaction mixture
was cooled and then poured into ice-cold diluted HCl
(50 mL). On neutralization it was purified by column
chromatography [column of Sio2 (80 g), pre-adsorption of
the residue at SiO2 with ethyl acetate, elution with
petroleum ether/ethyl acetate = 60:40 (v/v)] to obtain the
product. (Yield 81%) mp 101 �C. IR (KBr pellets cm�1)
3461, 3355, 2988, 1657,1278,742; 1H NMR (200 MHz,
CDCl3)d ppm; 7.69–8.13 (m, 3H, quinoline ring). 5.02 (S,
1H, OH exchanged with D2O), 6.4–7.39 (m, 8H, aromatic
rings). Anal. Calcd for C25H17N3O3, 71.42% C (theoretical
C 73.71%), 4.1% H (theoretical H 4.18%), 9.87% N
(theoretical N 10.12). Found: m/z 404 [M]+, 405, 254, 77;
(b) Qun li, T. Li.; Keith, W. Bioorg. Med. Chem. Lett.
2006, 15, 2918; (c) Miyuki, Tatsuta; kataokal, M. Bioorg.
Med. Chem.Lett. 2005, 14, 2265; (d) Zhang, Wei; Tempest,
Paul Tetrahedron Lett. 2004, 45, 6757.


21. All the solvents were used after distillation. TLC was run
on the silica gel coated aluminum sheets (silica gel 60 F254,
E. Merck, Germany) and visualized in UV light. Melting
points were determined by using Thomas Hoover appa-
ratus in repetitive manner. IR spectra were recorded on
the FT-IR Perkin-Elmer spectrum BX spectrophotometer
with KBr discs. NMR spectra were measured in CDCl3 by
Bruker 200 MHz apparatus with Me4Si as an internal
standard. EI-MS spectra were recorded on a JEOL SX102/
DA (KV 10 mA) instrument. Elemental analysis was done
on elemental analyzer GmbH variable system. Radiocom-
plexation and radiochemical purity were checked by
instant strip chromatography (silica gel impregnated paper
chromatography) with ITLC-SG (Gellman sciences, Ann
Arbor, MI, USA). The gamma scintillation counting was
done at ECA (Electronic Corporation of India Ltd.) with
Gamma ray spectrometer K 2700 B. All the reaction steps
were monitored by thin layer chromatography (TLC)
[chloroform/methanol/hexane: 4:3:1]. Distilled water is
used during whole of the procedure.


22. Synthesis of 4-styryl,7-hydroxy 8[(N-methyl phthalamide)]
quinoline-(1,5c) benzimidazole [C] was carried out by
heating equimolar quantity of (B) and benzaldehyde in
glacial acetic acid (40 mL) heating under refluxing condi-
tion for 2 h. on a sand bath. Reaction mixture was poured
onto crushed ice and extracted with ether. The crude
material was washed by Na2CO3 solution and dried over
Na2SO4. Yield (66%) mp 216–218�C. IR (KBr pellets
cm�1) 3461, 2988, 1754, 1576, 1306, 742 . 1H NMR
(200 MHz, CDCl3) d ppm; 7.7–8.3 (m, 4H, phthalamide
aryl ring). 6.4-7.1 (m, 12H, other aromatic rings). Anal.
Calcd for C32H21N3O3, 76.21% C (theoretical C 77.56),
4.93% H (theoretical H 4.74%), 7.90% N (theoretical N
8.18%). Found: m/z 481 [M]+, 335, 105, 77. Similarly
synthesis of 4-(P-hydroxyl)-styryl-7-hydroxy-8[(N-methyl
phthalamide)] quinoline-(1,5c) benzimidazole [D] was by
taking (0.05) mole of (B) and P-hydroxy benzaldehyde in
glacial acetic acid (0.09) mole as refluxing mixture and
heating for 3 h. The crude material was extracted in the
same manner as non-substituted styryl benzimidazole
derivatives were obtained. The solvent was removed under
reduced pressure. The purity of compound was confirmed
by thin layer chromatography. Yield (59.6%) mp 149.8 �C.
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IR (KBr pellets cm�1) 1670, 3400–3672, 3363, 1660, 826.
1H NMR (200 MHz, CDCl3) d ppm; 7.2–8.2 (m, 4H,
phthalamide aryl ring). 6.9–7.4(m, 11H, other aromatic
rings). Anal. Cald for C32H21N3O4, 73.8% C (theoretical C
75.15%), 3.9% H (theoretical H 4.01%), 13.07% N
(theoretical N 12.72%). Found: m/z 496 [M]+.

23. Giovanetti, L. C.; Mennuni, J. Med. Chem. 1992, 35, 28.
24. Makovec, F.; Bradford, M. M. Anal. Biochem. 1976, 72,


248.
25. Kumari, S.; Kalra, Neetu; Mishra, P.; Mishra, A.;


Chopra, M. Nucl. Med. Biol. 2004, 31, 1087.
26. Verma, R. S.; Imam, S. A. Ind. J. Microbiol. 1997, 13, 45.
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Abstract—We have previously reported a novel class of tetrahydroindazoles that display potency against a variety of Gram-positive
and Gram-negative bacteria, potentially via interaction with type II bacterial topoisomerases. Herein are reported SAR investiga-
tions of this new series. Several compounds possessing broad-spectrum potency were prepared. Further, these compounds exhibit
activity against multidrug-resistant Gram-positive microorganisms equivalent to that against susceptible strains.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Selected inhibitors of bacterial type II topoisomerases.

Bacterial type II topoisomerases are essential enzymes
with roles in DNA replication, chromosome segrega-
tion, and DNA compaction. Among the type II topo-
isomerases are DNA gyrase and topoisomerase IV.
DNA gyrase is a tetramer composed of two GyrA and
two GyrB subunits that catalyzes the ATP-dependent
introduction of negative supercoils into bacterial DNA
as well as the decatenation and unknotting of DNA.
Topoisomerase IV has a similar structure and is com-
posed of two ParC and two ParE subunits. Topoisomer-
ase IV relaxes supercoiled DNA and has a primary role
in decatenation of daughter chromosomes following
DNA replications.1 The quinolone class of antibacterial
agents, including such marketed drugs as levofloxacin
and ciprofloxacin (Fig. 1), is widely used for the treat-
ment of bacterial infectious diseases and targets these
two distinct topoisomerases.2,3 Quinolones inhibit the
DNA breakage-reunion cycle by binding to the gyrase
subunit A and by locking the gyrase–DNA complex.
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Naturally occurring agents such as coumarins, though
generally plagued by toxicity limitations, are also known
to achieve good antibacterial activity through inhibition
of DNA gyrase.3–6 Specifically, coumarins inhibit
ATPase activity of DNA gyrase by competing with
ATP for binding to subunit B of the enzyme.7,8 A
significant obstacle to antibacterial therapy is posed by
multidrug-resistant Gram-positive bacteria, such as
methicillin-resistant Staphylococcus aureus (MRSA),
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Table 1. Biaryl left-hand side SAR


N
N


N
H


O


S


H
N OR1


Compound R1 DNA gyrase/


Topo IV


IC50 (lg/mL)


E.c.a/S.a.b/


S.p.c MIC


(lg/mL)


1
N


N


H3CO
0.25/0.25 >128/0.06/4


2


N


H3CO
0.12/0.125 4/0.25/2


3 2/0.125 >128/0.5/8


4


NCl


16/ > 0.5 >128/2/ > 128


5 N 2/0.125 16/0.25/4


6


N CH3


F
4/0.5 >128/8/ > 128


Norfloxacin ND/ND ND/l/ND


Sparfloxacin ND/ND ND/0.062/ND


Ciprofloxacin ND/ND ND/0.25-0.5/ND


a E.c.,E.coli KL-16 (GSC strain 4245).
b S.a., S. aureus ATCC13709.
c S.p., S. pneumoniae ATCC49619.
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penicillin-resistant Streptococcus pneumoniae (PRSA),
and vancomycin-resistant enterococci (VRE). These spe-
cies are typically resistant, as well, to quinolone agents
such as norfloxacin, sparfloxacin, and ciprofloxacin.
Thus, interest in developing a new class of DNA
gyrase/topoisomerase IV inhibitors, preferably with
broad-spectrum (Gram-positive and Gram-negative)
antibacterial activity, has grown.


In the preceding paper,9 the synthesis and biological eval-
uation of a novel class of pyrazoles led to the identification
of a series of tetrahydroindazoles (e.g., 1, Fig. 1) with
activity against type II topoisomerases and good Gram-
positive and Gram-negative anti-microbial potency.10


In an effort to improve potency, investigations into the
SAR of this template were undertaken. Variation of
the left-hand side biaryl architecture was explored in
accord with the racemic synthetic route previously re-
ported,9 represented in Scheme 1, employing commer-
cially available biaryl hydrazines or biaryl bromides,
which were converted to the corresponding hydrazines
using standard procedures.10 All bicyclic right-hand side
fragments were prepared according to literature
procedures.10


Generally, a variety of biaryls display good enzymatic
activity against topoisomerase IV and acceptable activ-
ity against DNA gyrase (Table 1). This trend does not
translate well to activity against Gram-positive and,
especially, Gram-negative organisms; whereas Gram-
positive activity is retained with various changes to the
left-hand side, only the methoxy-substituted quinoline
2 shows any activity against a Gram-negative strain.
Subsequent investigations employed exclusively the
quinoline and naphthyridine moieties of compounds 1
and 2, respectively, given the combination of their good
enzymatic activities and MIC values.


Initial variation of the bicyclic right-hand side identified
a number of molecules with potency against DNA gyr-
ase and topoisomerase IV as well as substantial antibac-
terial activity (Table 2). The benzodioxanes 7 and 8 are
not as potent as the benzothiazinones 1 and 2, yet con-
nection of the benzodioxane to the indazole core via an
amine linker increases both enzymatic and antimicrobial
activity (9 and 10). Increasing or decreasing the ring size
of the benzodioxane analogs (compounds 11 and 12)

O
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Scheme 1. Reagents and condition: (a) [(CH3)2N]2CH(OtBu), THF,


65 �C; (b) 1 N HCl; (c) 6-methoxyquinoline-hydrazine, THF then


p-TsOH; (d) 4 M HCl, dioxane; (e) RCHO, NaBH3CN, CH3CN or


RCOOH, EDC, HOBt, DMF.

brings no significant change to enzymatic activities and
MIC values. The amine-linker variants of lead com-
pounds 1 and 2, benzothiazinones 13 and 14, display
the same in vitro enzymatic activity, but have increased
potency against Escherichia coli. Removal of the thiazi-
none oxygen, as in the thiazine analogs 15 and 16, is tol-
erated, albeit with degradation in Gram-negative
activity. The pyridooxazinone analogs 17 and 18, in
which the sulfur is replaced by oxygen and a nitrogen
atom is incorporated into the aromatic ring, behave sim-
ilarly to the benzothiazinones 13 and 14. Compared to
the amide-linked benzothiazinone lead compounds 1
and 2, the benzooxazones 19 and 20 show similar enzy-
matic activity, and, again, increased Gram-negative po-
tency. Fully aromatic bicyclic architectures typically
show loss of antimicrobial activity, as represented by
the indole analog 21. With these dramatic structural
changes to the right-hand side of compounds 1 and 2
affording no significant improvements, it was decided
next to pursue finer alterations to the amide-linked
thiazinones.







Table 2. Bicyclic right-hand side SAR


N
NN


X


OMe


R2


Compound R2 DNA gyrase/


Topo IV IC50


(lg/mL)


E c.c/S.a.d/


S.p.e MIC


(lg/mL)


7a


8b
HN


O


O


O >32/>1


4/ND


>128/0.5/8


>128/2/8


9a


10b


HN


O


O
1/0.25


2/0.06


32/0.03/0.5


128/0.5/1


11a HN


O


O
0.25/0.25 32/0.5/2


12a HN


O


O
4/1 >128/l/4


13a


14b
HN


S


H
N O 0.125 /0.03


0.06/0.16


1/0.25/1


2/0.5/2


15a


16b
HN


S


H
N


0.5/0.03


0.5/0.0625


8/<0.125/0.25


8/0.5/0.5


17a


18b
HN


N


O


H
N O


<0.125/0.016


0.06/0.016 0


2/0.25/2


2/1/2


19a


20b
HN


O


H
N O


O


1/0.25


0.25/0.5


4/0.125/8


2/0.125/4


21b H2N


O H
N >16/1 >128/l/8


a X = N.
b X = CH.
c E. c., E. coli KL-16 (GSC strain 4245).
d S.a., S. aureus ATCC13709.
e S.p., S. pneumoniae ATCC49619.


Table 3. Thiazinone right-hand side SAR


N
NN


X


OMe


N
H


S


H
N O


O


R3


R4


Compound R3 R4 DNA gyrase/


Topo IV


IC50 (lg/mL)


E. c.c/S. a.d/


S. p.e MIC


(lg/mL)


22a F H 0.12/0.125 128/0.25/2


23b F H 8/0.25 4/0.03/1


24a F F 1/ND >128/0.125/4


25b F F 1/ND 8/0.125/1


26a Cl H 0.12 /ND 2/<0.125/4


27b Cl H 0.5/ND 2/<0.125/2


28a Br H 0.25/0.25 2/0.125 /2


29b Br H 0.5/0.125 2/0.125/2


30a CF3 H 0.25/ND 4/0.125/8


31b CF3 H 1/0.25 8/0.125/8


32a OCH3 H ND/ND >16/2/16


33a CH3 H ND/ND >16/0.25/>16


34b CH3 H ND/ND 8/0.5/16


35a CO2Et H ND/ND >16/0.5/>16


36b CO2Et H ND/ND >16/2/>16


37a CO2H H ND/ND >16/0.5/16


38b CO2H H ND/ND >16/1/>16


a X = N.
b X = CH.
c E. c., E. coli KL-16 (GSC strain 4245).
d S.a., S. aureus ATCC13709.
e S.p., S. pneumoniae ATCC49619.
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As such, substitutions on this right-hand side thiazinone
bicyclic framework were explored (Table 3). Comparing
analogs 1 and 2 to analogs with fluorine substitution
(22–25) revealed similarities in MIC values, with the
quinoline analog of each showing improved activity
against Gram-negative species relative to the naphthyri-
dines. Significantly, the bromine and chlorine substi-
tuted analogs 26–29 (and, to a lesser degree, the
trifluoromethyl-substituted analogs 30 and 31) show
broad-spectrum antimicrobial activity for both the quin-
oline and the naphthyridine analogs. Larger electron
withdrawing functional groups such as esters and acids

(35–38) lead to retention of activity against S. aureus,
though also to a general decline in Gram-negative anti-
bacterial activity; a similar trend is observed with simple
methyl substitution (33 and 34). Introduction of an elec-
tron-donating methoxy substituent (32) is deleterious to
MIC values.


Unconstrained, monocyclic variants of the bicyclic ben-
zothiazinone right-hand side analogs were prepared
using commercially available carboxylic acids and alde-
hydes (Table 4). Notably, these compounds possess
similar potency against S. aureus and S. pneumoniae to
their bicylic counterparts, though they exhibit a loss of
activity against Gram-negative organisms (e.g., com-
pound 39, MIC > 128 lg/mL against E. coli). These pre-
liminary results indicate that the bicyclic functionality
may not be crucial in achieving DNA gyrase/topoiso-
merase IV inhibition as well as reasonable MICs; rather,
some flexibility with regard to the right-hand side ring
positioning and substitution is allowed and warrants
further investigation.


Importantly, several of these tetrahydroindazole-based
antibacterial agents display potency against various
quinolone resistant strains (Table 5). MIC values of cip-
rofloxacin, norfloxacin, and sparfloxacin against methi-
cillin-susceptible S. aureus (MSSA) are 0.5, 1.0, and
0.062 lg/mL, respectively. Against several quinolone-
resistant isolates, though, these agents prove wholly







Table 4. Monocyclic right-hand side SAR


N
NN


X


OMe


R5


Compound R5 DNA gyrase/


Topo IV


IC50 (lg/mL)


S. a.c/


S.p.d MIC


(lg/mL)


39a


40b HN


O


8/ND


16/0.5


0.25/2


1/4


41a


42b HN
0.12/<0.015


4/ND


0.06/<0.125


0.5/1


43a


HN
0.8/ND 0.25/<0.125


44a


45b
HN


O


CH3


NO2
ND/ND


>16/ND


0.25/8


0.25/4


46a HN


O


Cl


F


Cl


ND/ND 0.25/8


a X = N.
b X = CH.
c S.a., S. aureus ATCC13709.
d S.p., S. pneumoniae ATCC49619.
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ineffective. In contrast, a variety of the tetrahydroin-
dazole-based compounds demonstrate equal potency
against susceptible and resistant strains. Compounds
22 and 23, for example, are unaffected by the resistance
mutations; on average, these compounds are 3360-fold
more active than ciprofloxacin against the resistant pa-
nel. That these novel compounds interact with the same
type II topoisomerase enzymes as the quinolones yet dis-
play such markedly different antibacterial profiles sug-
gests that they may in fact operate via a different

Table 5. MICs (lg/mL) against quinolone-susceptible and -resistant strains


Compound Susceptible MIC (lg/mL)


MRSA OC2878
CipR MRSA OC3946 CipR


Ciprofloxacin 0.5 16 128


Norfloxacin 1 128 >128


Sparfloxacin 0.062 4 16


1 0.031 0.007 0


22 0.031 0.007 0


2 0.125 0.015 0


23 0.062 0.015 0


5 0.25 0.125 4


14 0.5 0.25 0


41 0.125 0.062 0


10 0.5 0.5 16


13 0.5 0.125 0


42 0.5 0.5 0

mechanism of action. This is further supported by the
demonstration that while these compounds do not form
cleavage complexes with DNA gyrase, they do block the
formation of such complexes by ciprofloxacin (unpub-
lished results). Such activity against quinolone-resistant
species is of special importance given the proclivity of
bacterial pathogens rapidly to develop resistance, and
testifies to the significance of this novel class of antimi-
crobial agents.


In summary, the SAR of a novel class of tetrahydroin-
dazole-based inhibitors of type II bacterial topoisome-
rases with broad-spectrum antimicrobial activity has
been described. Compounds containing halogen-substi-
tuted thiazinone right-hand side moieties (22–29) offer
the best combination of potency against both suscepti-
ble and multidrug-resistant Gram-positive strains, with
additional activity against Gram-negative organisms.
These promising results warrant further investigations
into this new antimicrobial class.
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Abstract—Ertiprotafib was developed as an inhibitor of PTP1B for the treatment of type 2 diabetes. It normalized the plasma glu-
cose and insulin levels in diabetic animal models, and progressed to a phase II clinical trial. Multiple in vivo targets of Ertiprotafib,
in addition to PTP1B inhibition, have been suggested. In this study, Ertiprotafib was also shown to be a potent inhibitor of IjB
kinase b (IKK-b), with an IC50 of 400 nM.
� 2007 Elsevier Ltd. All rights reserved.

The worldwide prevalence of type 2 diabetes is increas-
ing at an alarming rate.1 Insulin resistance, an important
factor in the pathogenesis of type 2 diabetes (DM2), is
also related to metabolic diseases.2 Thiazolidinediones
(TZD) are a representative class of insulin sensitizers,
which have been used for the treatment of DM2, as well
as other diseases featuring insulin resistance.3 Anti-dia-
betic drugs currently on the market also include agents
that act by increasing the release of insulin (sulfonyl-
urea, meglitinides), reducing hepatic glucose output
(biguanides), increasing the release of glucagon-like pep-
tide-1 (dipeptidyl peptidase-4 inhibitors) or inhibiting
the digestion of food.4 Most currently prescribed drugs
are not free from side effects. The first TZD class of drug
on the market, troglitazone, was withdrawn due to the
increased risk of hepatitis. Edema, weight gain, and
increased risk of heart failure have also been reported
as side effects of TZD class anti-diabetic drugs.4 In an
attempt to develop a therapeutically efficient drug, with
fewer side effects, a diverse range of novel targets have
been studied.5
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Recent studies have shown that deletion of the protein
tyrosine phosphatase 1B (PTP1B) gene in mice pro-
duced healthy mice, with increased insulin sensitivity
and resistance to diet-induced weight gain.6 Similar
results were obtained after the introduction of PTP1B
antisense oligonucleotide into mice.7 Based on these
observations, PTP1B has emerged as a novel target for
the treatment of diabetes and obesity, with numerous
compounds having been developed as PTP1B inhibi-
tors.8 Of those compounds, only Ertiprotafib progressed
to clinical trials prior to the discontinuation of a phase
II due to the insufficient efficacy, coupled with unwanted
side effects.9


Even though Ertiprotafib was developed as a potent
PTP1B inhibitor, the biological response of mice treated
with Ertiprotafib was found, in part, to be inconsistent
with those observed with PTP1B-deficient or antisense
PTP1B-treated mice. On feeding of a high-fat-diet, the
free fatty acid (FFA) level in the serum of PTP1B-defi-
cient mice was not lower than that in wild-type mice.6b


Ertiprotafib treatment, however, significantly reduced
the plasma FFA level in a rat obesity model.10 These
observations raised the possibility that the in vivo action
of Ertiprotafib might not be limited to PTP1B inhibi-
tion. A recent study suggested that the therapeutic
action of Ertiprotafib might involve the activation of
PPARa and PPARc, in addition to PTP1B inhibition.10
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Figure 1. Chemical structure of Ertiprotafib.


Figure 2. Dose-dependent inhibition of the kinase activity of IKKb
due to Ertiprotafib. The data points are the averages of duplicate


reactions, and the error bars indicate the standard deviation. The data


points were fitted using GraFit 5.0 (Erithacus Software Ltd., Horley,


Surrey, UK) to calculate the IC50 value.
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With respect to the above suggestion, a recent study by
Shoelson and colleagues on salicylate as an old therapy
for diabetes drew our attention. They identified IjB
Kinase b (IKK-b, encoded by Ikbkb) as a target of sali-
cylate in relation to insulin sensitization.11 Heterozygous
Ikbkb+/� rodents exhibited a reduced level of fasting glu-
cose and a protective effect against the development of
insulin resistance.11 Interestingly, the partial deletion
of the Ikbkb gene in obese mice significantly reduced
the level of plasma FFA, which was consistent with
the result obtained in Ertiprotafib-treated mice.11 These
observations prompted us to examine the possibility that
Ertiprotafib might exhibit its in vivo effect due to inhibi-
tion of the kinase activity of IKK-b Figure 1.


To measure the kinase activity of IKK-b, a peptide sub-
strate, containing the phosphorylation motif of IjB, was
used, with the phosphorylated peptide product deter-
mined using an ELISA-type assay employing time-
resolved fluorescence (TRF) measurement.12 With this
technique, an europium ion was substituted for the
amplifying enzyme coupled to the secondary antibody
in the ELISA. A Eu3+ ion, complexed with a suitable
ligand, was excited by a pulse of Laser, with the fluores-
cence emission measured after a short delay. Use of the
TRF technique eliminates the background light level;
thus, improving the sensitivity compared to classical
fluorescence measurements.


As shown in Figure 2, Ertiprotafib was a potent inhibi-
tor of IKK-b, with an IC50 value of 400 ± 40 nM, which
was much lower than that required for the half-maximal
inhibition of the p-nitrophenyl phosphatase activity of
PTP1B. The reported IC50 value of Ertiprotafib against
PTP1B ranged from 1.6 to 29 lM depending on the
assay conditions;10 an IC50 = 1.4 lM was obtained in
our laboratory (unpublished result).


We also examined the inhibition of IKK-b by known
inhibitors, Aspirin and sodium salicylate. In our assay
conditions, significant inhibition of the enzyme activity
was not observed up to 1 mM concentrations of both
of the compounds (data not shown). Previously, Yin
et al. observed an IC50 value of 30 � 50 lM with Aspirin
and comparable inhibition with salicylate.13 In numer-
ous other studies, however, millimolar concentrations
of Aspirin and salicylate were used to observe the
in vivo effect of the drugs;14 being consistent with our
observations.


The IKK-b inhibition by Ertiprotafib added another
possible mechanism to the complex nature of the

in vivo effect of Ertiprotafib.10 IKK-b is well known as
a target for the treatment of inflammatory diseases such
as arthritis.15 IKK-b is required for the activation of
nuclear factor jB (NF-jB), which protects cells by sup-
pressing apoptosis, but simultaneously results in local
and systemic inflammation.16 Therefore, the inhibition
of IKK-b could be a therapeutic strategy for the treat-
ment the inflammatory diseases. The improvement in
insulin resistance due to the IKK-b inhibitor, Ertiprota-
fib, a potential anti-inflammatory drug, is consistent
with the recent discovery that processes of insulin resis-
tance and inflammation are linked.17 In another study,
obesity and high-fat-diet were shown to lead to hepatic
inflammation through the activation of NF-jB and
cause hepatic and systemic insulin resistance.18 This
result indicates that insulin resistance could be reversed
by inhibition of the IKK-b/NF-jB pathway. Even
though further study will be required to prove that the
mechanism of action of Ertiprotafib involves the inhibi-
tion of IKK-b, this notion is at least consistent with
recent study results.


In summary, Ertiprotafib was found to be a potent
inhibitor of IKK-b, raising the possibility that in vivo
effect of Ertiprotafib could be, in part, due to the inhibi-
tion of IKK-b.
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Abstract—Modulation of cAMP levels has been linked to insulin secretion in preclinical animal models and in humans. The high
expression of PDE-10A in pancreatic islets suggested that inhibition of this enzyme may provide the necessary modulation to elicit
increased insulin secretion. Using an HTS approach, we have identified quinoline-based PDE-10A inhibitors as insulin secreta-
gogues in vitro. Optimized compounds were evaluated in vivo where improvements in glucose tolerance and increases in insulin
secretion were measured.
� 2007 Elsevier Ltd. All rights reserved.

Analogs of the incretin hormone glucagon-like peptide-1
(GLP-1) including Exenatide, Liraglutide, and Albugon
have recently emerged as an important therapeutic ap-
proach for the treatment of type 2 diabetes.1 In pancre-
atic b cells, these peptides activate the GLP-1 receptor,
an adenylate cyclase (AC) coupled GPCR (G-protein
coupled receptor), which elevates the intracellular con-
centration of cyclic adenosine mono-phosphate
(cAMP). Signaling by this second messenger has been
associated with glucose-dependent insulin secretion
(GDIS), stimulation of insulin biosynthesis and increase
in b cell mass. These new GLP-1 peptide agonists are
not orally active but are highly effective when adminis-
tered via subcutaneous injection.
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Efforts to identify orally active small molecules that
mimic the agonistic activity of these 30–40 amino acid
peptides have not been successful. Consequently, the
greatest probability to develop an oral therapy lies in
identifying small molecule targets within this signaling
cascade. One such example is the inhibition of DPP4
(dipeptidyl peptidase-4).2 This protease is the key
enzyme responsible for inactivating endogenously
produced GLP-1 through hydrolysis of the penultimate
alanine peptide bond. DPP4 inhibitors have been shown
to enhance GLP-1 signaling and consequently lower
blood glucose when dosed orally in both animal models
of diabetes and in clinical trials.3


Since GLP-1 signals through AC and cAMP, an alterna-
tive approach to enhance GLP-1 signaling would be to
inhibit the phosphodiesterase(s) (PDE) responsible for
hydrolysis of cAMP and termination of the intracellular
signal. Treatment of islets with PDE-3B inhibitors has
been reported to result in glucose-dependent insulin
secretion.4 However, these PDE-3B inhibitors have been
associated with concomitant liver and adipose tissue
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Table 2. SAR of the amino acid head-group


N


N
F CN


R1
n(H2C)


CO2H


R2


R3


OEt


Table 1. SAR of substituents of the biphenyl moiety


Compound R6 PDE-1010


IC50 (nM)


3 n/a 400


4 4-Me 140


5 2-CH2-morpholine 45


6 2-CF3 30


7 2-Et 35


8 2-OEt 35
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insulin resistance, counterbalancing the effect on insulin
secretion. In addition, we have recently disclosed PDE-
11A inhibitors useful as insulin secretagogues.5


Our search of novel targets for insulin secretion led to
the recent discovery of the high expression of PDE-
10A in pancreatic islets. This finding prompted an exten-
sive effort aimed at ascertaining the ability of PDE-10A
inhibitors to produce GDIS.6 Our past research efforts
in the PDE-10A inhibitor field had provided a pyrrolo
dihydroisoquinoline class of compounds (Fig. 1; 1 and
2) that proved to be potent PDE-10A inhibitors (PDE-
10A IC50 1 = 30 nM, 2 = 33 nM) that were also highly
selective over other PDEs.7 Because the variations of
cAMP levels are small and localized, the measurement
of these changes in a whole cell assay proved difficult.
Instead we profiled the compounds in a functional assay
using dispersed islet cells (D.I. assay),8 where com-
pounds 1 and 2 caused significant insulin secretion when
compared to control samples (D.I. fold-over-control:
1 = 1.4, 2 = 1.44).


Utilizing a HTS approach, we identified multiple chemi-
cal subclasses of selective PDE-10A inhibitors capable
of causing insulin secretion in vitro, among which quin-
oline scaffold 3 proved to be of high interest (Fig. 2).
Indeed, Kyowa researchers9 had also determined that
similar compounds were PDE-10A inhibitors, targeting
oncology applications. Initial studies allowed us to
determine that a nitrogen atom handle at C4 could be
used to further homologate the carboxylic acid group.


Previous reports9 indicated that an ortho-substituent on
the distal aryl ring was beneficial. Our synthesis of com-
pounds11 4–8 (Table 1) confirmed the preference for
ortho-substituents with our quinoline amino-acid inhib-
itors, and also revealed a very high tolerance to various
steric and electronic properties. From this initial set of
analogs, compound 8 became the starting point of our
chemical optimization effort aimed at improving the
aqueous solubility and CYP inhibition profile, while
achieving good oral exposure.

N


OEt


O


CH3MeO


MeO


N


OHR


R =


1 2


OMe


OMe


Figure 1. Pyrrolodihydroisoquinoline PDE-10A inhibitors.
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Figure 2. Quinoline-based PDE-10A inhibitors from HTS.

Before starting our formal optimization work, we
decided to incorporate a fluorine atom at C6 and a
nitrile at C3 (see Table 2, compound 14), which were
found to be favorable in a parallel chemical series. These
changes provided some improvements in the potency,
physicochemical properties, and oral exposure of the
compound class. In addition, the presence of at electron
withdrawing group at C-3 provided the synthetic flexi-
bility of introducing the amino-acid head-group as the
last step of the synthesis.


The general synthetic route allowed for the independent
optimization of the different subunits of the analogs;
Scheme 1 illustrates the late-stage introduction of the
amino acid moiety. It should be noted that the Suzuki
and chlorination–displacement steps can be inverted to
allow for an efficient exploration of the SAR of the
biphenyl fragment. The addition of the sodium anion
of acetonitrile to a bromo benzoate, followed by reac-
tion of the incipient enolate with 5-fluoroisatoic anhy-

Compound R1 R2 R3 n PDE-10


IC50 (nM)


13 H H H 0 7


14 H H H 1 2


15 H H H 2 3


16 Me H H 0 4


17 Et H H 0 7


18 Ph H H 0 120


19 H Me H 0 6


20 H Et H 0 5


21 H -CH2-CF3 H 0 2


22 H -CH2-Ph H 0 3


23 H -CH2-(3-Pyr) H 0 0.3


24 Me Me H 0 10


25 H -CH2-CH2- 0 1


26 H -CH2-CH2-CH2�CH2- 0 16


27 H R-Me 0 6


28 H S-Me 0 4


29 H R-Bn 0 22


30 H S-Bn 0 2







Table 3. SAR of the quinoline ring substituents


N


HN


CN


OEt


CO2H


Me
5


6


7


8


R4


Compound R4 PDE-10A


IC50 (nM)


31 H 2


27 6-F 6


32 6-Cl 18


33 6-MeO 3


34 7-Me 6


35 7-Cl 21


36 8-Me 1900


37 5-F,6-F >4000


38 6-F,7-F 100


Table 4. SAR of the amino acid head-group with modifications to the


biphenyl substituents


N


X
F CN


OEt


2


3R5


Compound X R5 PDE-10


IC50 (nM)


39


HN


CO2H 3-F 18


40 2-F 4


41 2-Me 120


42 3-Me 34


43


HN


CO2H
3-F 160


44 2-F 79


45 2-Me 4000


46 3-Me 1300


Br


O


OEt
N
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F CN
a, b c, d


e or f, g


N


Cl


Ar


F CN


N


R


Ar


F CN


9 10


11 12


R = amino acids


Scheme 1. Reagents and conditions: (a) NaH, MeCN, THF; 9, THF;


(b) 5-fluoroisatoic anhydride, THF; 70% yield (two steps); (c) Ar–


B(OH)2, PdCl2(dppb), Na2CO3, DMF, H2O, 120 �C, 80–90% yield; (d)


POCl3, 120 �C, 95% yield; (e) amino acid, Et3N, DMA, 120 �C, 10–


50% yield; (f) amino ester, Et3N, DMSO; (g) LiOH, EtOH, H2O, THF,


30–75% yield (two steps).


L.-D. Cantin et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2869–2873 2871

dride, produced the desired quinoline 10 in a one-pot
process (Scheme 1). Subsequent Suzuki-type cross-cou-
pling and chlorination produced advanced intermediate
11. Treatment of 11 with amino acids or to amino esters
followed by hydrolysis, provided target compounds 12.


SAR of the amino acid group revealed a general toler-
ance for groups of various sizes and electronic properties
(Table 2). The length of the spacer between the amino
and acid groups has little effect on the potency of the
compounds (13–15). Because of concerns with the
potential formation of reactive metabolites with the b-
amino acid moiety, we focused on a-amino acids. Fur-
ther alkylation or arylation of the nitrogen (16–18)
decreases the potency, and also decreased the stability
of the compounds in aqueous acids. Branching of substit-
uents on the a-carbon is also well tolerated (19–23). How-
ever, we found that the introduction of large lipophilic
groups at the R2/R3 positions generally leads to poor
CYP inhibition profile. Disubstitution is also well toler-
ated, as the gem-dimethyl (24), spiro-cyclopropyl (25),
and spiro-cyclopentyl (26) analogs are potent PDE-10A.


Consistent with these findings, we did not measure sig-
nificant eudismic ratios with small substituents (Table
2; 27 and 28), and larger substituents (29 and 30) display
only a slight preference for the (S)-enantiomer. Upon
further profiling of compounds 27 and 28, we measured
a significant difference in the CYP inhibition profile be-
tween the two enantiomers (CYP 2C9 (IC50) 27,
2000 nM; 28, 66 nM). The SAR exploration was contin-
ued using the R-enantiomer of alanine at C4.


Having better defined the SAR at the C4 position, the
corresponding O-linked and CH2-linked analogs of
compound 13 were synthesized.11 In both cases the mod-
ification caused a significant decrease in potency (100-
and 10-fold, respectively). We then turned our attention
to the other positions of the quinoline, keeping the C2–
C4 positions constant (Table 3).11 The C6 position of
the quinoline proved tolerant to both electron-with-
drawing and -donating groups (27, 32, and 33) similarly

to the C7 position (34 and 35) and to 6,7-disubstituted
compounds (38). However, introduction of small groups
at either C5 or C8 (36 and37), as well as 6,7-disubstitu-
tion (38), resulted in significant decreases in potency.


The SAR of the middle aromatic ring of the biphenyl
group was also explored, which revealed an interesting
interplay with the amino acid moiety. Indeed, introduc-
tion of small substituents on the proximal aryl ring is
well tolerated when combined with a c-amino acid at
C4 (39–42), whereas the same substituents caused a sig-
nificant decrease in potency when combined with the
alanine at C4 (43–46) (Table 4).


After further profiling of compounds in functional phys-
iochemical and CYP inhibition assays, two compounds
(27 and 40) were progressed toward in vivo evaluation.
Both compounds are potent and selective PDE-10A
inhibitors, and show strong insulin secretion in the







Table 5. In vitro profile of compounds 27 and 40


Compound 27 Compound 40


PDE-10A (nM) 6 4


PDE selectivity12 >1000-fold >100-fold


Disp. Islets (F.O.C.) 1.4 1.9


F.O.C., fold over control.
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dispersed islet cell assay (Table 5).8 The rat oral expo-
sure of both compounds was evaluated at a dose of
1 mpk, and sustained plasma levels were measured well
past 12 h.


Having identified compounds with suitable in vitro
pharmacology and in vivo pharmacokinetic profiles,
the in vivo efficacy of these PDE-10A inhibitors was
assessed using a rat intraperitoneal glucose tolerance test
(IPGTT),13 where both compounds significantly re-
duced glucose levels at various doses (e.g., Figs. 3 and
4, 27: 20.4% glucose AUC reduction, 40: 22.8% glucose
AUC reduction) following a glucose challenge. Further,
these compounds were shown not to cause hypoglyce-
mia in rats. In addition, compound 27 provided measur-
able increases in insulin secretion in vivo.14 Taken
together, these results suggest that PDE-10A inhibitors
may prove useful agents in the treatment of type 2 dia-
betes through improvements in the insulin secretion
function of b-cells in a glucose-dependent manner.


In summary, we have shown that selective PDE-10A
inhibitors from multiple chemical series are potent
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Figure 3. Evaluation of compound 27 in the rat IPGTT.
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Figure 4. Evaluation of compound 40 in the rat IPGTT.

insulin secretagogues in vitro. Further optimization
allowed us to demonstrate that this activity also trans-
lated into glucose lowering effects in vivo, without signs
of hypoglycemia.
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dispersed islets are pre-incubated in 3 mM glucose for
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9. Osakada, N.; Haruoka, M.; Ikeda, K.; Toki, S.; Miyaji,
H.; Shimada, J. Preparation of quinoline derivatives as
phosphodiesterase 10A inhibitors. PCT WO 2004002484.
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A.; Rebmann, A.; Erb, C.; Fahrig, T.; Hendrix M. Mol.
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tion. Values reported are means of at least two
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Abstract—The biological evaluation of imidazopiperidines as FAS II inhibitors of Mycobacterium tuberculosis growth has been car-
ried out with a view to assessment of potential as lead compounds for the development of a new TB drug. A summary of the hit
evaluation and current challenges is described herein.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Two of the DOTS regime recommended drugs; isoniazid 1


and rifampicin 2.

The World Health Organisation (WHO) has prioritized
tuberculosis (TB) as one of the top three diseases requir-
ing attention by the international community.1 The
majority of TB cases occur in the developing world,
although TB is fast re-emerging as a killer in developed
world populations.2 Conservative WHO estimates cur-
rently attribute around two million deaths worldwide
per year to TB with the true figure probably masked
by the rising mortality of HIV/TB patients.3


Non-compliance with the six-month, multi-drug chemo-
therapeutic regimen4 is a major factor in the develop-
ment of multi-drug resistant (MDR) strains of
Mycobacterium tuberculosis (M.tb) despite more wide-
spread use of the WHO recommended DOTS (directly
observed therapy, short course) treatment. MDR-TB is
defined as strains of the M.tb resistant to at least two
of the front-line TB drugs (Fig. 1), namely isoniazid 1
(shown in its pro-drug form) and rifampicin 2.5


We were interested in exploring inhibitors which exhibit
an alternative mechanism of inhibition to that of 1 thus
maintaining activity in MDR-TB strains.
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InhA, the biological target for 1, is an enoyl-ACP reduc-
tase, part of the FASII system, which is involved in fatty
acid chain elongation.7 These chains contribute to the
biosynthesis of mycolic acids which are key components
of the mycobacterial cell wall. It has been suggested that
1 is activated by a catalase-peroxidase enzyme, the prod-
uct of the katG gene, allowing radical formation of a
covalent bond to give isonicotinyl-NAD+, prior to inser-
tion into the protein structure.6e



mailto:michael.d. wall@gsk.com

mailto:michael.d. wall@gsk.com





M. D. Wall et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2740–2744 2741

This has also been supported by crystallographic evi-
dence.6a Once within the protein, the modified co-factor
inhibits fatty acid chain saturation by preventing hy-
dride delivery to the enoyl-ACP fatty acid chains.7b


MDR-TB strains often contain mutations in the katG
gene,8 thus activation of 1 via the catalase-peroxidase
mechanism is prevented resulting in a significant reduc-
tion of its efficacy.9


Our investigation focused on identifying non-covalent
inhibitors of InhA which are independent of upstream
biochemical processes, in an attempt to provide novel
chemotherapeutic agents for MDR-TB.


From a screen for inhibitors of InhA, we discovered the
imidazopiperidine series 3. Substructure searches led to
the discovery of analogues within this series, which sup-
ported our original hit. Confirmation of activity was
achieved from a resynthesised sample. We were inter-
ested in addressing the initial medicinal chemistry ques-
tions associated with the series, summarised in Figure 2.
It was recognized that the original scaffold 3 provided a
tractable hit which facilitated rapid expansions at both
the carbonyl and piperidine positions using solid phase
chemistry. In addition, it was thought that the imidazole
ring could be replaced in order to evaluate its capacity as
a hydrogen bond donor/acceptor. Since the original hits
were previously tested as racemates, it was necessary to
establish the activity of the individual enantiomers. With
these considerations, our initial synthesis programme
was prompted towards a suitable starting point from
which to evaluate the activity of this series.


The 4-(4,5,6,7-tetrahydro-1H-imidazo[4,5-c]pyridin-4-
yl)benzoic acid (imidazopiperidine) scaffold was pre-
pared using literature procedures.10 Treatment of this
imidazopiperidine with activated Fmoc–succinimide in
aqueous 1,4-dioxane in the presence of sodium hydro-
gen carbonate gave the deprotected racemic imidazopi-
peridine key intermediate 3 (R1 = Fmoc, R2 = OH,
R3 = Fmoc) in 76% yield. The scaffold was used without
further purification for modification at the carboxy and
piperidine positions using solid phase chemistry11


described in Scheme 1.


TentagelTM was allowed to react with the formyl meth-
oxybutanoic acid under HATU coupling conditions to
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Figure 2. The proposed medicinal chemistry issues requiring investi-


gation within the imidazopiperidine series 3.

give the linker resin 4.11 Treatment of 4 with selected
amines under reductive amination conditions gave the
secondary amines 5 which were then subjected to HATU
coupling conditions with 3 (R2 = OH) to give the Fmoc
protected imidazopiperidine loaded resins 6. Deprotec-
tion of the Fmoc group followed by a second round of
reductive aminations with a number of pre-selected alde-
hydes12 resulted in the desired imidazopiperidines
attached to the solid phase resin 7. Cleavage of the prod-
ucts from the resin was achieved using trifluoroacetic
acid to give the desired crude compounds in Table 1 in
good yields.


Imidazole replacement was carried out in solution using
a modification of the original route, Scheme 2. Phenyl-
ethylamine 10 was reacted under coupling conditions
with monomethyltetraphthalate to give 11 in good yield.
Treatment of 11 with POCl3 in the presence of a dehy-
drating agent at reflux gave the imine intermediate
which when subjected to hydride reduction afforded
the racemic scaffold 12 in 82% yield over two steps.
Structural diversity was attributed to the scaffold at this
point under the conditions of reductive amination using
pre-selected aldehydes to give the alkylated piperidine
analogues 13a–c in good yields. Treatment of the methyl
ester under mild conditions of hydrolysis afforded the
carboxylic acid which was coupled to a number of pre-
selected benzylamines to afford the final compounds
14a–c.


The high-throughput screen was carried out using a 384-
well microplate assay in which reduction of 2-trans
dodecenoyl co-enzyme A and concomitant oxidation
of NADH by InhA was monitored indirectly by reacting
remaining NADH with the dye MTS (Promega), cou-
pled via the electron carrier PMS (Sigma), to produce
a coloured derivative14 (abs at 492 nm).


Determination of whole cell activity was carried out by
measuring the minimum inhibitory concentration (MIC)
required to inhibit growth of broth cultures of M.tb
incubated in 96-well microtitre plates. Growth was mea-
sured indirectly via metabolic reduction of the fluores-
cent dye Alamar blue.


All prepared compounds were screened in the InhA bio-
chemical assay with the broad-spectrum antibacterial
triclosan (IC50 = 2.1 lM), a known InhA inhibitor, as
the standard and compounds displaying significant
activity were evaluated in the M.tb whole cell assay. A
selection of these results is presented in Table 1.


Preliminary observations for this series showed that sub-
stitution was required at both R1 and R2 to achieve
activity. The scope of SAR at R1 and R2 was evaluated
from an array of imidazopiperidine racemic analogues,
examples of which are presented in Table 1 (compounds
8e–l).


The most active compounds contained the electron
donating para-methoxybenzylamine group in the R2


position while complemented by the presence of either
the mono or dichloro benzyl analogue at the R1 position
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Scheme 2. Reagents and conditions: (i) C9H8O4, EDCI, TEA, HOBT, EtOAc/THF (1:1), 0 �C—rt, 18 h, 95%; (ii) a—POCl3,P2O5, reflux, 1.5 h, 95%;


b—NaBH4, MeOH/H2O, rt, 16 h, 82%; (iii) R1CHO CH3COOH, NaHB(OAc)3, DCM, rt, 16 h; (iv) a—NaOH, THF/H2O (80:20), rt, 70 h; b—HCl;


(v) R2CH2NH2, EDCI, TEA, Hobt, EtOAc/THF (1:1), 0 �C—rt, 20 h.


Table 1. InhA enzyme and whole cell activity (vs M.tb) for a selection of imidazopiperidine inhibitors


Compound R1 R2 IC50/lMa MIC/lMb


8e 2,3-Di chlorobenzyl 4-Methoxy benzyl 0.24 32


8f 3-Chloro benzyl 4-Methoxy benzyl 0.41 63


8g 2,3-Di chlorobenzyl Benzyl 1.39 32


8h 3-Chloro benzyl Benzyl 3.02 32


8i Naphthyl 4-Methoxy benzyl 3.5 32


8j 2,3-Di chlorobenzyl 2-Trifluoro benzyl 9.81 32


8k 2,4,5-Tri methoxy benzyl 4-Methoxy benzyl 10.18 63


8l Naphthyl Benzyl 13.38 16


9ac 2,3-Di chlorobenzyl 4-Methoxy benzyl >10 63


9bd 2,3-Di chlorobenzyl 4-Methoxy benzyl 0.08 63


9cc 3-Chloro benzyl 4-Methoxy benzyl >10 32


9dd 3-Chloro benzyl 4-Methoxy benzyl 0.2 63


a Drug concentration at 50% reduction in enzymatic activity.
b Minimum drug concentration at 50% inhibition of cellular growth.
c Enantiomer 1 with retention time < 7 min.
d Enantiomer 2 with retention time > 7 min.
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of the piperidine nitrogen (8e, IC50 = 0.24 lM). There is
a minor drop off in activity upon removal of one chlo-
ride group (8f, IC50 = 0.41 lM) however, in general,

where R2 was para-methoxybenzylamine a degree of
activity was preserved for example, in the case where
R1 was the naphthyl (8i, IC50 = 3.5 lM) or 2,4,5-tri-







Table 2. Whole cell activity (vs M.tb) and HEPG2 toxicity data for a


selection of imidazopiperidine inhibitors


Compound MICa (M.tb) Tox50(HEPG2)a(% Inh)


8k 63 >11.5 (20)


8l 16 >13.2 (20)


8i 32 >12.4 (25)


8f 63 >12.8 (25)


Whole cell activity (vs M.tb), HEPG2 toxicity data for a selection of


imidazopiperidine inhibitors.
a Concentration, lM; HEP, hepatic cell line; % Inh, percentage inhi-


bition at quoted concentration.
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methoxybenzyl (8k, IC50 = 10.2 lM) when compared to
the non-substituted benzyl group at R2 (8l,
IC50 = 13.38 lM) indicating a potential lipophilic
requirement at this position.


Activity in the biochemical assay decreased significantly
when R1 was replaced with alkyl or cyclo-alkyl alterna-
tives13 concluding that the series displayed a narrow
SAR in the biochemical assay and essentially flat SAR
in the whole cell assay.


When the three most active compounds (8e, f,g) were
separated into their enantiomers by chiral HPLC, a gen-
eral gain in enantiospecific activity was observed when
compared to the racemic mixtures (compound 9). While
the absolute stereochemistry of the active enantiomer
was not determined, the specificity was highlighted by
the most active enantiomer 9b (IC50 = 80 nM vs
>10 lM for 9a) where the parent racemate 8e had previ-
ously displayed an IC50 = 240 nM.


The requirement of the imidazole group was investi-
gated by combining the features of activity for the active
imidazopiperidine compounds (8e,g) but replacing the
imidazole group with a phenyl group. This caused a
complete loss of activity in the biochemical assay and
no significant whole cell activity indicating that the imid-
azole group was indeed a necessary feature for activity
against the enzyme.


No significant broad-spectrum antibacterial activity was
seen for 8e, 8f, 8i, 8j, 8k, 9b, 9c and 9d when compared
with triclosan, amoxicillin and ciprofloxacin15 suggest-
ing that this series may be acting by a non-specific
mechanism.


In an attempt to address the disconnect between the
in vitro and cellular activity, it was decided to profile a
selection of these compounds through a high through-
put artificial membrane assay16 which relies on passive
diffusion for the compound to permeate through a
monolayer of phospho-lipid membrane. It was found
that these compounds displayed a range of permeabili-
ties with the separated enantiomers all displaying med-
ium to high permeabilities when compared with the
standard.


Potential aggregation or promiscuous inhibition within
the series was assessed using an in-house assay.17 Com-
pounds screened were found not to have significant
activities. This was reaffirmed with the enantiomers:
9a, b, c and d where there was clear demonstration of
enantiospecificity for one enantiomer over the physio-
chemically similar other. With the level of potency ob-
served for specific enantiomers it was concluded that
this series is highly unlikely to be acting in an aggrega-
tive fashion.


However, upon further examination of this series within
alternative cell lines it was found that a degree of toxic-
ity was prevalent. When incubated against liver
(HEPG2) cells Table 2 at concentrations 10-fold less
than the highest meaningful MIC, selectivity (vs MIC)

was significantly less than the desired 10-fold require-
ment (typically 20–30% inhibition at ca. 12 lM) giving
a strong indication of dual off-target activity.


These data suggested that although potent compounds
could be identified, the strategy was not likely to
enhance M.tb cellular activity. Work is ongoing to in-
crease the therapeutic index by identification of the sec-
ondary mechanism of action.
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The acid 3 (323 mg, 5 equiv), HATU (5 equiv, 178.6 mg)
andPEA (163 lL) were added to DMF (5 mL) and stirred
for 1 h. The modified resin 5 as a suspension in DMF was
added and the suspension allowed to stir at room
temperature for 18 h.
The resin was filtered, and washed with DMF, DCM,
methanol and DCM (20 mL,respectively) to give 6 which
was used immediately without drying. The resin 6 was
added to a solution of piperidine in DMF (20% solution)
and the suspension allowed to stir at room temperature for
2 h prior to filtration and washing with DCM, Methanol
and DCM (20 mL). The loaded resin, aldehyde and acetic
acid were stirred at room temperature for 2 h prior to the
addition of the sodium triacetoxy borohydride in one
portion. The suspension was allowed to stir at room
temperature for 56 h prior to filtration and washing with
DCM, MeOH and DCM (20 mL) to give 7, which was
used without further modification for the next step.
To a solution of TFA/H2O (80:20) was added 7 in one
portion. The suspension was stirred at room temperature

for 3 h, filtered and washed with DCM and Methanol
(20 mL). The filtrate was concentrated to give 8 and
analysed by HPLC-MS. All compounds which showed
greater than 90% purity and a weight greater than 1 mg
were selected for testing.
Separation of enantiomers from the parent racemates 8e, f
andg was achieved using preparative chiral HPLC. On a
Chiralpak AD column (2 cm) with a loading of
15 mg mL�1, a flowrate of 15 mL min�1 and detection at
k = 215 nm, fractions were collected using an ethanol/
heptane gradient up to 30% ethanol (over 15 min) to give
the separation of the enantiomers 9a–d.


12. A range of aldehydes were chosen from work carried out
on docking within the InhA active site, pharmacophore
generation and best fit models.


13. Data for these analogues have been omitted.
14. Assays were performed using an appropriate dilution of


enzyme with 0.25 mM DDCoA and 0.2 mM NADH in
30 mM PIPES buffer (pH 6.8). The final reaction
volume was 50 lL. The reaction was stopped and the
signal developed by the addition of 25 lL of 0.4
mg mL�1 MTS, 4 lg mL�1 PMS and 0.3 M urea in
PBS buffer.


15. The following strains of bacteria using the standards
amoxicillin, ciprofloxacin and triclosan were used to
profile the compounds cited vide supra: Staphylococcus
aureus ATCC29213, Streptococcus pneumoniae 1629,
S. pneumoniae Ery2, Klebsiela pneumoniae KP1, K. pneu-
moniae KP3, Escherichia coli EC2, E. coli ATCC25922,
Proteus mirabilis PM1, P. mirabilis PM5, Pseudomonas
aeruginosa PA1, P. aeruginosa ATCC 27853, Stenotroph-
omonas maltophilia T68214, Haemophilus influenzae
20001H, H. influenzae 07001H. Activity was only seen
with 8K at 2 lg mL�1 for S. aureus ATCC 29213.


16. Veber, D. F.; Johnson, S. R.; Cheng, H. Y.; Smith, B. R.;
Ward, K. W.; Kopple, K. D. J. Med. Chem. 2002, 45,
2615, Permeability is classified as High > 100 nm s�1,
medium > 10 < 100 nm s�1 and low < 10 nm s�1. Triclo-
san = 240 nm s�1, 9a and b = 80–180 nm s�1, 9c and
d = 210–240 nm s�1.


17. We use an in-house assay for determination of compounds
which are likely to behave in an non-specific fashion, the
results of which complement the work of (a) McGovern, S.
L.; Caselli, E.; Grigorieff, N.; Shoichet, B. K. J. Med.
Chem. 2002, 45(8), 1712; (b) McGovern, S. L.; Helfand, B.
T.; Feng, B.; Shoichet, B. K. J. Med. Chem. 2003; (c)
Seidler, J.; McGovern, S. L.; Thompson, D. N.; Shoichet,
B. K. J. Med. Chem. 2003, 4477; (d) Feng, Y. B.; Shoichet,
K. B. J. Med. Chem. 2006, 49, 2151; (e) Ryan, A. J.; Gray,
N. M.; Lowe, P. N.; Chung, C-W. J. Med. Chem. 2003, 46,
3448.
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Pyrazolo[1,5-a]pyridine antiherpetics: Effects of the C3
substituent on antiviral activity
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Abstract—A recently disclosed series of pyrazolo[1,5-a]pyridine inhibitors of herpes virus replication has been closely examined
herein for effects of the C3 substituent on antiviral activity. Significant changes in activity are observed by alterations of the hetero-
atom basicity and orientation of the group at C3. These results in combination with previous studies have served to further elaborate
the minimal pharmacophore required for potency of this novel series of antiviral agents. During the course of these studies, several
novel synthetic approaches were developed and are described.
� 2007 Elsevier Ltd. All rights reserved.
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Herpesviruses are among the most prevalent infectious
agents known and have the ability to infect nearly every
animal species.1 There are currently eight herpesviruses
that infect humans including herpes simplex 1 and 2
(HSV-1, HSV-2). The severity of the viral infections
can range from the host being asymptomatic due to ade-
quate control of the virus by the immune system to dis-
comfort caused by oral fever blisters to death in certain
immunocompromised individuals or neonates.2 The cur-
rent gold standard therapy, valacyclovir, is well known,
widely used, and exceptionally well tolerated. While this
has been an extremely successful therapy for patients,
there is still a goal to improve treatment in the areas
of time to healing of lesions, attenuation of pain, and
reduction in the frequency of reactivations. A major
goal of our current efforts has been to find novel thera-
peutic agents to control viral replication through alter-
native mechanisms of action (MOA) such that
potential synergy and complimentarity with valacyclovir
type of treatments may exist.


We have recently disclosed a series of heterocyclic mol-
ecules containing the pyrazolo[1,5-a]pyridine core which
show potent and selective inhibition of HSV-1 and -2,
and do not act via the traditional herpes polymerase
MOA (Fig. 1).3 Previous reports from our laboratories
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described the synthesis and SAR for the C2, C6 and
the effects resulting from combinations of C2 0 and C7
substituent alterations.4 While those initial reports kept
the C3 pyrimidine substituent constant, the current
investigation was aimed to examine the importance of
the pyrimidine ring appended at C3 with respect to the
heteroatom requirements within the pyrimidine ring
along with their basicity and orientation for optimal
activity.


Our initial strategy to examine the C3 substituent effects
was to gradually tear down the 2 0-aminopyrimidine
group of the lead structure GW3733 beginning with
the removal of the individual ring heteroatoms through
a series of pyridine derivatives. This series of analogs
were made starting from the previously reported
3-bromo derivative 33 through a standard Suzuki
cross-coupling sequence as depicted in Scheme 1. The
4-pyridyl (6) and 2-fluoro-4-pyridyl derivatives (7) were
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Scheme 1. Reagents and conditions: (a) PdCl2(PPh3)2, 2 M (aq)


Na2CO3, DMF 100 �C, 4 or 5, 18 h (for 6, 46%, for 7, 77%); (b)


starting from 7: for 8, cyclopentylamine, 150 �C neat, 12 h (72%), for 9,


hydrazine (anhyd), EtOH, 100 �C, 13 h (65%); for 10, NaN3, NMP,


129 �C, 4 d (52%). See above-mentioned references for further


information.
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constructed using this method. The 2-fluoro-4-pyridyl
derivative proved to be not only interesting for SAR
purposes but also was a useful intermediate for further
displacements with various nucleophiles resulting in
the cyclopentylamino (8), hydrazino (9), and azido (10)
substituted variants.


The unsubstituted 3-pyridyl derivative 14 was made
using analogous Suzuki chemistry using the boronic acid
12 (Scheme 2). In addition, it was desired to construct
the corresponding cyclopentylamine substituted 3-pyr-
idyl derivatives having the amine flank either side of
the pyridine nitrogen. These analogs were made using
a related strategy from the appropriate fluoropyridine
coupling partners through Stille or Suzuki methodology
to couple bromide 3 with stannane 116 and boronic acid
137 to give the fluoro derivatives 15 and 17, respectively.
To complete the synthesis, nucleophilic displacement of
the fluorine was cleanly accomplished in each case by
heating in neat cyclopentylamine in a sealed tube for
5–7 days resulting in the aminopyridine analogs 16 and
18.


In addition to the pyridine replacements at C3, we also
desired to look into additional analogs containing
multiple nitrogens in the 6-membered heterocycle.
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16 X = 2-NH-c-C5H9
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Scheme 2. Reagents and conditions for 15: (a) Pd(PPh3)4, 11, DMF


100 �C, 18 h (28%), for 16; (b) cyclopentylamine, 140 �C neat, 7 d


(87%), for 14 and 16; (c) PdCl2(PPh3)2, 12 or 13, 2 M (aq) Na2CO3,


DMF 100 �C, 18 h (for 14, 46%, for 16, 27%), for 18; (d) cyclopen-


tylamine, 140 �C neat, 5 d (99%).

Toward this goal, the 4-pyridazine derivative 23 was
made by exploiting the nucleophilicity of the 3-position
of the pyrazolopyridine ring system (Scheme 3). From
previous work, it was determined that the 7-chloro
derivative 19 had the optimal balance of C3 reactivity
and did not undergo side reactions at the 4- and 6-posi-
tions as is the case if the 7-chloro is replaced at this stage
with an amino substituent.3 Treatment of 19 with pyrid-
azine and ethyl chloroformate at 0 �C resulted in a sep-
arable 2:1 mixture of the 4- and 2-substituted
dihydropyridazine carbamates 20 and 21.8 The desired
4-substituted intermediate 20 was re-aromatized to the
4-pyridazinyl analog 22 by treatment with LiOH in the
presence of air. The 7-chloro substituent was displaced
under Buchwald type coupling conditions in the pres-
ence of cyclopentylamine resulting in the pyridazine
containing analog 23.9


The isomeric pyrimidine 30 was the next target exam-
ined. This analog effectively moves the 3-position nitro-
gen in the parent GW3733 structure to the 5-position.
The seemingly simple change however required a vastly
different synthetic approach. Our strategy to construct
this analog was to make use of the [3+2] cyclization of
N-aminopyridinium iodide with an alkyne which has
been shown in the past to be a powerful method of con-
structing the pyrazolopyridine ring system (Scheme 4).4c


It was found that conversion of commercially available
4,6-dichloropyrimidine (24) to its corresponding diio-
dide 25 resulted in a substrate that could be selectively
converted to the 4-amino-6-iodopyrimidine 26. The
amine displacement chemistry works as well with the
dichloro starting material but we were unable to convert
the remaining chlorine into iodide 26 once the amine
was introduced. The mono-chloro derivative was also
much slower to undergo the subsequent Sonogashira
coupling thus we used the sequence of steps shown in
Scheme 4.


With the iodo-pyrimidine 26 in hand, a Sonogashira
coupling with the commercially available 4-fluorophenyl
acetylene proceeded smoothly to give the alkyne 27.
This material served as the key intermediate for [3+2]
cyclization with the aminopyridinium salt 28 to give
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Scheme 3. Reagents and conditions: (a) pyridazine, ClCO2Et, CH2Cl2,


0 �C 19:20 2:1 (99%); (b) 1 M LiOH (aq), MeOH/H2O, air (86%); (c)


Pd(OAc)2, BINAP, Cs2CO3, cyclopentylamine, PhMe, 105 �C (93%).
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the 3 substituted pyrazolopyridine 29 as a single regio-
isomer. All that remained was to deprotonate the 7-po-
sition and functionalize by treatment of the anion at low
temperature with dimethyl disulfide. The 7-methylthio
intermediate was smoothly oxidized to the sulfoxide
which was displaced under thermal conditions in cyclo-
pentylamine/THF in a sealed tube to give amine 30.


The final synthetic goal in the C3 6-membered ring series
of analogs was to remove the ring heteroatoms and
maintain the amine substituent. The simple aniline
derivative 31 seemed to be an appropriate derivative to
answer the question of the importance of removing ring
nitrogens while keeping the exocyclic amine. This was
made via standard Suzuki coupling of bromide 3 and
3-aminophenyl boronic acid. The corresponding pyrmi-
dine containing compound 32 (2 0-NH2) was also in-
cluded for activity comparison and was made as
previously reported.4 In addition, several 5-membered
ring heterocycles which were devoid of basic nitrogens
(examples 33–37) were also appended at C3 via the
Suzuki or Stille methodology as described above.


Pyrazole and isoxazole derivatives 39 and 40 were made
by treating vinylogous amide 383 with hydrazine or
hydroxylamine in ethanol, respectively (Scheme 5).


Substituted pyrazoles were not accessible through the
above methods of simple condensation with earlier
intermediates or via cross-coupling strategies so an alter-
nate route was developed. Treatment of 19 with
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Scheme 5. Reagents and conditions: (a) for 39 anhyd H2NNH2, EtOH,


reflux, 2 h (86%), for 40, H2NOH HCl, K2CO3, EtOH (93%).

Eschenmoser’s salt in the presence of trifluoroacetic acid
results in complete regioselective formation of the N,N-
dimethyl-aminomethyl substituted intermediate 41
(Scheme 6). This benzylic amine could be activated as
its quaternary ammonium salt by treatment with methyl
iodide to give 42 which was smoothly converted to the
benzylic nitrile 43 upon heating with KCN in NMP.
The activated methylene of the nitrile was homologated
to enamine 44 with dimethylformamide dimethylacetal
and DBU, and finally condensed with hydrazine to give
the desired amino-substituted pyrazole 45.


A final series of analogs were made to examine the
effects of an imidazole, thiazole, and oxazole at the C3
position. Previously known methyl ketone 463 was con-
verted to its silyl enol ether and brominated with NBS in
a one-pot method to give the a-bromoketone 47. This
material was condensed with thiourea to give the corre-
sponding 4-(2-aminothiazole) substituted pyrazolopyri-
dine. A similar condensation was accomplished using
guanidine and amide nucleophiles to give the desired
imidazole and oxazole derivatives 49–51 albeit not unex-
pectedly in significantly lower yields than the thiazole
counterpart.


The objective of the current study was to investigate po-
tential replacements for the C3 pyrimidine in GW3733.
The goal was to look for alternative C3 groups that re-
duce MW and lipophilicity. Toward that end the closest
analogs were envisioned to be a set of pyridines that sim-
ply removed one of the pyrimidine ring heteroatoms.
While a pyridine replacement might add increased solu-
bility, it could be imagined that replacement of the
pyrimidine N-3 with a CH might cause unfavorable ste-
ric interactions with the neighboring pyrazolopyridine
ring. Compound 8 clearly shows that the pyridine ring
is tolerated with little to no effect on antiviral activity
resulting from removal of the ‘inner’ pyrimidine
nitrogen (Table 1) (Scheme 7).
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Table 1. HSV-1 antiviral activity and cytotoxicity of C3 analogs


N
N


R


F


N
H


Compound R EC50
a (lM) CC50


b (lM) TIc


1 4-(2-c-C5H9NH-pyrimidyl)– 0.26 >160 >615


6 4-Pyridyl– 2.5 �20 80


7 4-(2-F-pyridyl)– >40 n.d. n.d.


8 4-(2-c-C5H9NH-pyridyl)– 0.37 >40 >108


9 4-(2-Hydrazino-pyridyl)– 5.7 40 7


10 4-(2-N3-pyridyl)– >40 n.d. n.d.


14 3-Pyridyl– 3.4 >40 >11


15 3-(2-F-pyridyl)– n.d. n.d. n.d.


16 3-(2-c-C5H9NH-pyridyl)– >40 n.d. n.d.


17 3-(6-F-pyridyl)– >40 n.d. n.d.


18 3-(6-c-C5H9NH-pyridyl)– >40 n.d. n.d.


23 4-Pyridazinyl– >10 n.d. n.d.


30 4-(6-c-C5H9NH-pyrimidyl)– 0.85 >40 >46


31 3-NH2–C6H4– >10 n.d. n.d.


32 4-(2-NH2-pyrimidyl)– 4.1 46 11


33 5-Indolyl– 3.9 20 5


34 3-Thiopheneyl– >10 n.d. n.d.


35 3-Furanyl– >10 n.d. n.d.


36 2-Furanyl– >10 n.d. n.d.


37 4-Pyrazolo– 4.7 10 2


39 3-Pyrazolo– 2.5 14 6


40 5-Isoxazolo– >10 n.d. n.d.


45 4-(3-NH2-pyrazolo)– 4.9 20 4


48 4-(2-NH2-thiazolo)– 8.6 n.d n.d.


49 4-(2-NH2-imidazolo)– >10 n.d. n.d.


50 4-(2-c-C5H9NH-imidazolo)– 7.9 40 5


51 4-(2-CH3-oxazolo)– >40 n.d. n.d.


n.d., not determined.
a Vero cells, SC-16 strain. EC50 is the concentration at which 50% efficacy in the antiviral assay is observed using a capture hydrid method.
b CC50 is the concentration at which 50% cytotoxicity is observed.
c Therapeutic index (CC50/EC50).
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It is also consistent with our previous work that removal
of the cyclopentylamine group as is the case for analog 6
has a deleterious effect on potency. Decreasing the basi-

city of the pyridine nitrogen as is the case in 7 resulted in
a dramatic loss in activity. The 3-pyridyl series (14)
showed comparable activity to the 4-pyridyl derivative
6. However in this case, the potency could not be im-
proved by the addition of hydrophobic amines at either
the 2- or 6-positions (16 and 18). The pyrimidine nitro-
gen in the 3-position could also be ‘moved’ across the
ring to give formally the 6-cyclopentylamine substituted
pyrimidine 30 with little loss in activity. As expected, the
complete removal of the pyridine or pyrimidine nitrogen
as in examples 31 and 33–36 results in no appreciable
antiviral activity.


The remaining question was to determine if any 5-mem-
bered ring heterocycles could retain the activity of the
pyrimidine/pyridine series. Interestingly, after a fairly
extensive amount of work to make imidazole, thiazole,
oxazole, and pyrazole examples only modest activity
was observed and typically was not well separated from
cytotoxicity.


The above SAR study has served to map out the
C3 pharmacophore requirements in detail. A clear
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understanding that a 4-substituted, Lewis basic 6-mem-
bered ring heterocycle was essential to the potent antivi-
ral activity of the series was a key outcome of these
investigations. In addition several new strategies for
the construction of novel 3-substituted pyrazolopyridine
ring systems have been developed.
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Abstract—Syntheses and structure–antiproliferative relationship for oxyphenisatin analogues are described. The cell proliferation
data showed that the presence of substituents (especially F, Cl, Me, CF3, and OMe) in the 6- and 7-position of oxyphenisatin
markedly enhanced the potency in the MDA-468 cell line without affecting the MDA-231 cell line. The best compounds from this
series showed low nanomolar antiproliferative activity towards the MDA-468 cell line and a 1000-fold selectivity over the MDA-231
cell line.
� 2007 Elsevier Ltd. All rights reserved.
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Cancer is the second leading cause of death in developed
countries, accounting for nearly one in five deaths. One
characteristic of cancer cells is their highly proliferative
nature. Consequently, inhibition of proliferative path-
ways is considered an effective strategy to fight cancer.
One way to identify compounds with antiproliferative
effects is to screen for compounds which reduce prolifer-
ation in one cancer cell line and counter screen against
another cancer cell line. Important advantages of this
approach are that the active compounds are reasonably
cell permeable and water soluble. Furthermore, com-
pounds with nonspecific toxicity are eliminated and, as
the functional end-effect is measured in whole cells, the
risk of observing compensatory mechanisms at a later
stage is significantly reduced. However, in contrast to
screening against an isolated molecular cancer target
this approach requires further studies to elucidate the
exact mode of action.


In an anticancer project we identified 6-chloro-3,3-bis-
(4 0-hydroxyphenyl)-7-methyl-1,3-dihydroindole-2-one 1
(see Fig. 1) as a potent inhibitor of the cell proliferation
in the MDA-468 cell line (IC50 = 20 nM). Furthermore,
the compound was more than 100-fold less active to-
wards the MDA-231 cell line (IC50 > 3 lM). This screen-
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ing approach was designed to identify compounds with
a cell selectivity profile similar to CCI-779, a novel
mTOR inhibitor.1 Natarajan et al. recently published
cell growth inhibition data on a similar series of which
the lead compound is the unresolved mixture of chiral
compound 2.2 They compared the activity of these com-
pounds to that of clotrimazole 3 and suggested the
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Figure 1. Structure of compound 1, Lead compound of reference 1b 2,


Clotrimazole 3, and Oxyphenisatin 4.
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Table 1. Role of the hydrogen donor groups of compound 1


N
O


Me
Cl


R


X


X
2'


3'4'


Compound MDA-468


IC50
a (lM)


MDA-231


IC50
a (lM)


X R


4


(oxyphenisatin)


0.112 na — —


1 0.020 na 4 0-OH H


1a na na 4 0-OH Me


1b 0.238 na 4 0-H H


1c 0.291 na 4 0-F H


1d 1.8 na 4 0-OMe H


1e 2.6 na 4 0-NH2 H


1f na na 4 0-NMe2 H


1g na na 4 0-NHAc H


1h na na 4 0-NHSO2Me H


1i na na 2 0-OH H


a Values are means of two experiments (na, not active (>3 lM)).
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Scheme 1. Reagents and conditions: (a) CCl3CHO, H2NOH, 60 �C


then H2SO4, 90 �C; (b) AcOH, diethyl ketomalonate, then KOH(aq);


(c) tBuLi, diethyl oxalate, then 180 �C, <5 mmHg.
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antiproliferative effect to be mediated by translation ini-
tiation inhibition.


However, in our two cell lines, clotrimazole 3 showed
no selectivity and an IC50 of more than 10 lM in both
assays. Since compound 1 is a substituted oxyphenisa-
tin (4), the latter was included in the screen (see
Fig. 1). The cell proliferation data showed oxyphenisa-
tin 4 to be equally selective, but �5-fold less potent
(see Table 1). Oxyphenisatin acetate is a laxative
which was used for more than 40 years as a non-
prescription drug before it was taken off the market
in 1972 due to hepatotoxicity.3 The hepatic reaction
to oxyphenisatin is, however, presumably due to a
hypersensitivity response rather than a nonspecific
toxic effect.4


In the present work, we describe the syntheses and struc-
ture–activity relationship of these symmetrical oxyphe-
nisatin derivatives using antiproliferative data from the
MDA-468 cell line. We specifically excluded chiral mol-
ecules to avoid potential resolution problems during fur-
ther development phases.


Isatins are commonly used intermediates for accessing
oxyphenisatins and several procedures exist in the lit-
erature to form this particular ring system.5 In this
study, we have primarily used the synthetic methods
shown in Scheme 1. The Sandmeyer methodology6


(see example 1 in Scheme 1) is the oldest and most
frequently used synthetic approach towards isatins.
The key step involves the cyclisation of the intermedi-
ate obtained by reacting anilines, chloral hydrate and
hydroxylamine.


In the case of meta-substituted anilines, the cyclisation
step in the Sandmeyer procedure can potentially afford

a mixture of two isomers (see pathway a or pathway b
in Fig. 2).7


We controlled the regiochemistry of the product forma-
tion by use of a chlorine atom to block one of two
potential cyclisation positions and then subsequently
removed the halogen by a catalytic dehalogenation with
a Pd/C/H2 system affording either the 4 or the 6-substi-
tuted oxyphenisatin (several examples are shown in
Scheme 2).8







Table 2. Substituents in the 5- and 6-position of oxyphenisatin


N
H


O


OH


OH


R
5


6


Compound MDA-468


IC50
a (lM)


MDA-231


IC50
a (lM)


R


2a 0.170 na 5-F


2b 0.028 na 6-F


2c 0.152 na 5-Cl


2d 0.190 na 5-Br


2e 0.208 na 5-I


2f 0.183 na 5-Me


2g 0.077 na 6-Me


2h 0.173 na 5-OMe


2i 0.191 na 6-OMe


2j na na 5-Ph


2k na na 5-(2-Thienyl)


2l na na 5-(4-Pyridyl)


2m na na COOH


a Values are means of two experiments (na, not active (>3lM)).


Table 3. Substituents in the 7-position of oxyphenisatin


OH
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The Martinet isatin procedure9 (see example 2 in
Scheme 1) involves the reaction of diethyl keto-malonate
hydrate with anilines in the presence of acid, followed
by the oxidative decarboxylation of the resulting
intermediate.


The ortho-lithiation procedure10 (see example 3 in
Scheme 1) proceeds by an a-directed deprotonation of
N-Boc protected aniline, followed by trapping of the
aryllithium intermediate with diethyl oxalate, and cycli-
sation under electrophilic conditions results in the isatin
formation.


We have obtained the desired oxyphenisatin derivatives,
quickly and in large numbers via a double Friedel–
Crafts reaction11,12 on the keto function of the isatins
using substituted phenyl derivatives containing a
combination of ortho- or para-orientating groups (see
Scheme 3).


Further functionalisations were also performed on
the prepared oxyphenisatins. For example Suzuki
reactions13 were carried out on 5/7-bromo and
5/7-iodo-3,3-bis-(4-hydroxy-phenyl)-1,3-dihydro-indol-
2-one with boronic acid and palladium tetrakis tri-
phenyl phosphine, better results were obtained
from the bromo precursors (see Scheme 4).


Finally, a Sonogashira coupling 14 of derivative 3d with
TMS acetylene, followed by TBAF treatment, afforded
compound 3h in a low yield of 5% (see Table 3).


To explore the structural–antiproliferative activity rela-
tionship of compound 1, we performed a systematic
investigation of the functionalities present. Initially we
evaluated the importance of the hydrogen bond donor
moieties.
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Scheme 3. Reagents and condition: Ph-R 0, AcOH, H2SO4 or TfOH,
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Scheme 4. Reagents and condition: Pd(PPh3)4, Ar–B(OH)2, K2CO3,


DME, 80 �C.

From Table 1 it is evident that the OH-functions
attached to the 4-position of the phenyl ring systems
are crucial as removing or methylating the OH function
(1b and 1d), moving the OH-function to the 2-position
(1i) or replacing the 4-OH-function with phenol bioiso-
sters in the same position (1e, 1g–h) all resulted
in compounds with a significantly reduced potency.

N
H


O


OH


R


Compound MDA-468


IC50
a (lM)


MDA-231


IC50
a (lM)


R


3a 0.034 na F


3b 0.006 na Cl


3c 0.006 na Br


3d 0.062 na I


3e 0.027 na Me


3f 0.004 na CF3


3g 0.057 na CN


3h 0.090 na C „ CH


3i 0.262 na OMe


3j 0.330 na Et


3k na na i-Pr


3l na na t-Bu


3m na na Ph


3n na na 2-Thienyl


3o na na 4-Pyridyl


3p na na COOH


3q na na CONMe2


a Values are means of two experiments (na, not active (>3 lM)).







Table 4. Disubstituted oxyphenisatin derivatives


N
H


O


OH


OH


5


6
7


R1


R2


Compound MDA-468


IC50
a (lM)


MDA-231


IC50
a (lM)


R1 R2


4a 0.037 na 5-F 7-F


4b 0.100 na 5-F 7-Me


4c 0.162 na 5-Me 7-Me


4d 0.160 na 5-OMe 7-Me


4e 0.003 na 6-F 7-F


4f 0.006 na 6-F 7-Me


4g 0.089 na 6-Br 7-Me


4h 0.007 na 6-Me 7-Me


4i 0.006 na 6-Me 7-Cl


4j 0.009 na 6-OMe 7-Me


4k 0.021 na 6-Cl 7-F


4l 0.055 na Cyclo- Pentyl


4m na na Cyclo- Hexyl


a Values are means of two experiments (na, not active (>3lM)).
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Interestingly, methylating the amide function (1a) also
resulted in complete loss of antiproliferative activity.


We then explored the structure antiproliferative rela-
tionship of monosubstituted oxyphenisatin derivatives
carrying different substituents in either the 5-, 6- or 7-po-
sition (see Tables 2 and 3). The oxyphenisatins with a
substituent at the 4-position did not show any relevant
activity.


The data indicate that halogens and small lipophilic sub-
stituents in the 6- and 7-position (2b, 2g, 3a, 3b, and 3f)
are important for the antiproliferative activity. Whereas,
larger substituents (3k, 3l, and 3m) or polar substituents
(2m, 3i, 3p and 3q) reduce the potency.


Finally, we evaluated disubstituted oxyphenisatin
derivatives carrying two small and lipophilic substitu-
ents. Table 4 summarizes the results and confirms the
importance of having relatively small and lipophilic sub-
stituents in the 6- and/or 7-position.


The two lead compounds (3f and 4e) were further pro-
filed and both showed acceptable Caco-2 permeability
(19.6 and 43.1 nm/s, respectively) and aqueous solubility
(0.64 and 0.23 mg/mL, respectively, at pH 7.0). They are
both highly bound to serum protein (99% and 98%,
respectively), but show no evidence of P-gp mediated
efflux using Vinblastine as internal control and Verapa-
mil as P-gp inhibitor. Both compounds showed poor
inhibition (>10 lM) of CYP1A2, 2D6 and 3A4, but

moderate inhibition (1–2 lM) of CYP2C9 and 2C19
probably due to the presence of the phenol moieties.15


In conclusion, we have used a cell-based screening ap-
proach to assess structure–activity relationships and
identified two low nanomolar compounds with reason-
able physicochemical and in vitro ADME profiles. The
in vivo activity of this compound series has also been
confirmed in appropriate xenograft models.12
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Abstract—Peptidic, non-covalent inhibitors of lysosomal cysteine protease cathepsin S (1 and 2) were investigated due to low oral
bioavailability, leading to an improved series of peptidomimetic inhibitors. Utilizing phenyl succinamides as the P2 residue increased
the oral exposure of this lead series of compounds, while retaining selective inhibition of the cathepsin S isoform. Concurrent inves-
tigation of the P1 and P2 subsites resulted in the discovery of several potent and selective inhibitors of cathepsin S with good phar-
macokinetic properties due to the elimination of saturated aliphatic P2 residues.
� 2007 Elsevier Ltd. All rights reserved.

X
N
H


O


21


N


F


N


O


O


N
H


O
N


F


N


O


O


3


X = NH X = O


Cat S Ki = 0.021 µM
Cat K Ki > 10.0 µM
Cat L Ki = 1.07 µM


Cat S Ki = 4.51 µM
Cat K Ki > 30.0 µM
Cat L Ki > 30.0 µM


Cat S Ki = 0.055 µM
Cat K Ki > 30.0 µM
Cat L Ki > 30.0 µM


Figure 1.

Cathepsin S (Cat S) is a papain-like cysteine protease
that is expressed in the lysosome of antigen presenting
cells such as macrophages, dendritic cells, and B cells.
A key enzymatic function of cathepsin S is the targeted
degradation of the invariant chain that is associated with
the MHC class II complex.1–3 This proteolytic degrada-
tion step is required prior to productive loading of an
antigen onto the MHC II complex.4 Cat S deficient mice
exhibit a resistance to the development of autoimmune
diseases such as experimental autoimmune myasthenia
gravis5 and collagen-induced arthritis6 in comparison
to wild type mice, suggesting Cat S may be an attractive
therapeutic target for immunosuppression.7


As part of a broader program to discover novel cathep-
sin S inhibitors,8–10 we recently reported the discovery of
potent non-covalent inhibitors of cathepsin S arylami-
noethyl amides such as 1.11 This compound is a potent
Cat S inhibitor, but in general compounds bearing a
P3 morpholine urea displayed limited Cat L selectivity
(Fig. 1) and poor to moderate pharmacokinetic proper-
ties (Table 1). This was due in part to the cyclic aliphatic
P2 residue and the inhibitors’ peptidic nature. Interest-
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ingly, reducing the peptidic nature of 1 by removal of
the P2 NH hydrogen bond donor led to a selective (al-
beit significantly less potent) Cat S inhibitor. We re-
ported recently that the putative hydrogen bond
formed between the P2 urea NH in compound 1 and
the Cat S Gly69 carbonyl is not an essential interaction,
as demonstrated by related analogs of compound 2.12


We felt that we could improve the interactions in the
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Table 1. Pharmacokinetics of succinamide derivativesa


Compound AUC (h*nM) Cmax (nM) Tmax (h) T1/2 (h)


1 312 140 0.33 1.12


3 48 24 0.42 1.12


9 2778 983 1.5 0.87


11 752 220 1.83 1.23


12 831 241 1.7 1.06


14 2774 815 2.0 1.22


17 806 318 1.0 0.68


31 1914 647 0.7 0.92


32 1871 629 1.67 0.97


33 2821 720 2.0 1.82


34 2036 789 1.0 1.06


36 4629 946 2.0 2.26


a Pharmacokinetic data in fasted male Wistar rats (10 mpk, single


dose), where the values are means of three individual experiments.
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P1 and P2 subsites and could recapitulate the Cat S po-
tency without the P2 putative H bond.


Given this important result of compound 2, a parallel
effort employing a succinamide P2 moiety was initiated.
The succinic acid scaffold has previously been reported
in various protease inhibitors such as TACE and
HDAC inhibitors to reduce their peptidic characters
and improve oral bioavailability.13 Our initial efforts
to utilize the succinamide scaffold resulted in 3, a potent
Cat S inhibitor (Ki = 55 nM) with excellent selectivity
over related cathepsin K and L. In addition to determi-
nation of biochemical activities,Table 1 illustrates our
parallel effort to evaluate the oral pharmacokinetic
properties of the inhibitors. We employed a ‘rapid-rat’
protocol where only the oral dosing arm was per-
formed.14 As demonstrated in Table 1, the oral expo-
sure of lead compound 3 was lower than that of 1,
but the observed selectivity over Cat L prompted us
to concurrently investigate the SAR and the oral bio-
availability of this series.


We initially investigated the regiochemistry and stereo-
chemistry of the succinamide P2 unit (Table 2). The
P2 substituent can access the S2 pocket from either car-
bon of the succinamide backbone (Table 2, compounds
4 and 6). The absolute configuration is required to be R.
It is noteworthy that all of these compounds were
completely selective for Cat S over Cat L and Cat K.
While these initial results were encouraging, the moder-
ate potency of 4 and 6 and the poor oral exposure of 3

Table 2. Inhibition of cathepsin S, K, and L—initial optimization of P2


O


H
N


O


N
O


R2


R1


Compound R1 R2


4 H (R)-CH2-c-Hex


5 H (S)-CH2-c-Hex


6 (R)-CH2-c-Hex H


7 (S)-CH2-c-Hex H

required us to investigate P1 and P2 substitutions that
would have a good selectivity profile and improved
bioavailability.


A systematic parallel investigation of P1 and P2 residues
is depicted in Table 3. Our previous experience on P1
optimization demonstrated a broad-SAR landscape in
this pocket (Table 3) using a fixed P2 and P3.9 Cyclo-
hexylmethyl succinamides were synthesized from the
commercially available succinic acid i and P1 diamine
ii9–11 as shown in Scheme 1. Addition of a small P1 ala-
nine sidechain improves potency by 6-fold (Table 3,
compound 9). Replacement of the indoline moiety in 3
with p-trifluoromethoxy aniline 9 dramatically improved
the oral exposure (Table 1) and is consistent with results
obtained with related analogs of 1.11 Other P1 alkyl
groups increase Cat S inhibitory activity, but also
increase potency significantly on the K and L cathepsin
isoforms and lower oral exposure, such as 11 and 12
(Table 1). Of particular interest are aromatic P1 side-
chains such as phenethyl analog 13 and phenyl deriva-
tive 14 which has a good selectivity profile. The
phenylglycine derived P1 14 also retained similar oral
exposure to 9 (Table 1). Addition of a polar functional-
ity as in the methionine sulfones 15 and 16 also improves
potency while improving aqueous solubility, albeit with
reduced selectivity. Interestingly, the unnatural R con-
figuration in the P1 subsite of 16 is also active.


Table 4 outlines the significant P1/P2 cross-talk in deter-
mining the potency and selectivity within this succinate
series of cathepsin S inhibitors. One of the key goals
of this effort was to eliminate the metabolic liabilities
of the cyclohexylmethyl P2 group while still utilizing
our previously established SAR with a-amino acids.8


Detailed metabolite ID studies of a number of analogs
from this series suggested the main metabolic products
are due to hydroxylation, particularly on the P2 moiety.
The synthesis of non-commercially available succinic
acids is depicted in Scheme 2 and starts from their cor-
responding carboxylic acids using Evans oxazolidinone
methodology.15 The first set of analogs reduced the
cyclohexyl group by one methylene unit to lessen the
likelihood of metabolic oxidation. Interestingly, replace-
ment of the cyclohexyl group in 9 with a cyclopentyl
analog 17 did not change Cat S potency, but greatly
reduced oral exposure contrary to our original hypothe-
sis (Table 1). There was no significant difference in

N
H


F


Ki (lM)


Cat S Cat K Cat L


1.368 >30 >30


>100 >100 >100


1.721 >100 >100


>100 >100 >100







Table 4. Inhibition of cathepsin S, K, and L—optimization of P2/P1 cross-talk


N
H


O


R1


H
NN


O


R2


OCF3


O


Compound R1 R2 Ki (lM)


Cat S Cat K Cat L


17 CH2cyclopentyl CH3 0.031 3.706 >30


18 CH2cyclopentyl i-Pr 0.038 1.14 8.99


19 CH2cyclopentyl n-Pr 0.012 0.217 2.678


20 CH2CH2cyclohexyl CH3 0.095 3.706 >30


21 CH2CH2cyclopentyl i-Pr 0.011 >26.4 0.777


22 CH2CH2cyclopentyl CH2CH2Ph 0.020 >30 2.31


23 CH2-t-Bu CH3 0.408 2.331 >100


24 CH2CH2-t-Bu CH3 0.070 >100 >100


25 CH2Pha CH3 >24 >30 8.86


26 CH2CH2Ph Et 0.060 0.291 0.588


27 CH2CH2Ph i-Pr 0.027 0.184 0.372


28 CH2CH2CH2Ph i-Pr 0.014 2.117 0.197


29 Ph CH2CH2Ph 0.037 0.710 3.936


30 Ph Ph 0.261 10.54 48.37


31 Ph i-Pr 0.025 11.53 11.53


a 5-Fluoroindoline used instead of 4-trifluoromethoxyaniline portion.


Table 3. Inhibition of cathepsin S, K, and L—optimization of P1


H
N


O
N
H


N


O


O


OCF3


R


Compound R Ki (lM)


Cat S Cat K Cat L


8 H 0.194 >100 >30


9 (S)-Me 0.028 24.29 18.9


10 (S)-Et 0.016 0.907 0.267


11 (S)-n-Pr 0.013 0.557 0.285


12 (S)-i-Pr 0.011 0.995 0.193


13 (S)-CH2CH2Ph 0.018 1.48 0.636


14 (S)-Ph 0.062 >30 3.52


15 (S)-CH2CH2SO2Me 0.005 0.26 0.098


16 (R)-CH2CH2SO2Me 0.069 5.41 1.52
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Scheme 1. Reagents and conditions: (a) HATU (1.2 equiv), Morpholine (2.0 equiv), CH2Cl2, 23 �C; (b) LiOH (1.2 equiv), MeOH/H2O (2:1) 23 �C;


77% over 2 steps; (c) ii (1.2 equiv), DIPEA (3.0 equiv), CH2Cl2, 23 �C; 50–70%.
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potency in P1 SAR in the cyclopentylalanine P2 series
(compounds 17–19), and while an n-propyl P1 unit
(19) improved potency, an isopropyl unit in P1 did not

(18). This small P2 modification has a significant effect
on the associated P1 SAR, which we observe repeatedly
in this series: a homocyclohexyl group (20), which was







Table 5. Inhibition of cathepsin S, K, and L—phenylsuccinamide P2 SAR


N
H


O
H
NN


O


R2


OCF3


O


R1


Compound R1 R2 Ki (lM)


Cat S Cat K Cat L


32 4-F i-Pr 0.024 11.53 11.53


33 4-Cl i-Pr 0.021 >100 >100


34 4-OCH3 i-Pr 0.105 >30 >65


35 4-CH3 i-Pr 0.134 >30 >100


36 4-CF3 i-Pr 0.043 >100 >100


37 3-CF3 i-Pr 18.53 >100 >30


38 2-CF3 i-Pr >100 >100 >100


39 4-CF3 CH3 1.59 >100 >100


40 4-CF3 Cyclopropyl 0.616 >100 >100


41 4-CF3 H 15.6 >100 >100
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Scheme 2. Reagents and conditions: (a) SOCl2 (1.2 equiv), CH2Cl2, cat. DMF, 23 �C, 100%; (b) (S)-benzyloxazolidinone (1.0 equiv), n-BuLi


(1.0 equiv), cat. Ph3CH, THF, �78 �C, 85–95%; (c) LiHMDS (1.1 equiv), THF, �78 �C, followed by tert-butylbromoacetate, �78 �C, 90–100% yield;


(d) TFA/CH2Cl2 (75:25), 23 �C, 100% yield; (e) HATU (1.0 equiv), morpholine (5.0 equiv), CH2Cl2, 23 �C, 92–95%; (f) LiOH (2.0 equiv), H2O2


(4.0 equiv), H2O, THF, 0 �C, 70–80%; (g) ii (1.0 equiv), HATU (1.0 equiv), DIPEA (3.0 equiv), 23 �C, 60–70%.
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quite potent in the previously reported amino acid P2
series, reduced potency in the corresponding succin-
amide P2 series.8,9 Interestingly, the homocyclopentyl-
alanine analog 21 improved potency for cathepsin S
inhibition when compared to the cyclopentylalanine
analog 18 but also increased Cat L activity. A tert-butyl-
alanine unit, which had also been successfully used pre-
viously as a a-amino acid P2 residue, reduced Cat S
potency in the succinamide series (23 and 24).


Since we observed a significant departure in the SAR of
the succinamide P2 series from the a-amino acid series,
we decided to broaden our hydrophobic P2 scan. Sur-
prisingly, the introduction of a phenylalanine analog
25 is surprisingly inactive on Cat S despite the previ-
ously described potency in a-amino acids.8 Adding
methylene units increased Cat S potency, but also
increased activity on cathepsin L and K (26–28). We
also eliminated the methylene spacer in 25 to provide
a phenylsuccinamide derivative 29 that was quite potent
on Cat S. The cross-talk between P1 and P2 residues was

quite pronounced, as a valine derived P1 residue pro-
vided a highly selective 25 nM Cat S inhibitor (31).
We were pleased to see that the oral exposure of 31
was improved compared to cycloaliphatic analogs. The
small P1 isopropyl group in 31 together with a conform-
ationally constrained phenylsuccinamide P2 residue
made this an attractive candidate for further
optimization.


Table 5 outlines our SAR efforts to further optimize the
phenylsuccinamide unit for improved Cat S inhibitory
activity. The syntheses were performed from commer-
cially available phenylacetic acids according to Scheme 2.
It should be noted that the phenylsuccinic acids are
susceptible to racemization under standard amide cou-
pling conditions, requiring careful monitoring of the
reaction, and the exclusive use of methylene chloride
in the coupling reactions. The use of small halogens at
the para position maintains Cat S potency (32 and 33),
and these substituted phenylsuccinamides slightly
increased oral exposure compared to 31 (Table 1). In
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addition, electron-donating substituents such as p-meth-
oxy analog 34 or a small aliphatic group analog 35 re-
duce Cat S potency, without any improvement in oral
exposure (Table 1). We found that a strong electron-
withdrawing group, such as a trifluoromethyl group 36,
retains Cat S potency while improving selectivity on
Cat K and L. The CF3 group must reside in the para-po-
sition as demonstrated by inactive isomers 37 and 38.
The isopropyl P1 group has a dramatic effect on Cat S
potency as an alanine derived P1 39 loses 100-fold po-
tency and cyclization of the P1 isopropyl group to cyclo-
propyl derivative 40 also significantly diminishes Cat S
activity. Complete removal of the P1 substituent (41) re-
duces Cat S inhibition by 1000-fold. In addition to
favorable hydrophobic interactions in the S1 pocket,
the P1 isopropyl group may also be playing a key role
in the conformation of the P2 phenylsuccinamide group
and its subsequent trajectory into the P2 pocket.16 We
were pleased to find that 36 displayed a 2-fold improve-
ment in the AUC as compared to 31. Analog 36 was la-
ter determined to have a modest oral bioavailability of
34% and represents a �100-fold improvement in AUC
when compared to lead compound 3.


In conclusion, the use of a succinic acid backbone in
non-covalent cathepsin S inhibitors provided a novel
set of potent and selective compounds. The replacement
of the cyclohexyl P2 moiety with a substituted phenyl
group ring improved the selectivity profile and oral
exposure, as demonstrated by analog 36. The use of a
‘rapid-rat’ protocol allowed for testing a wider variety
of analogs to address the low oral exposure of the early
compounds and allowed for the parallel optimization of
potency, selectivity, and oral exposure.
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Abstract—Treatment of 3,4,6-tri-O-acetyl-DD-glucal (1) with various aryl amines in the presence of dodecatungstocobaltate under
mild and neutral conditions gave sugar derived tetrahydroquinoline derivates.
� 2007 Elsevier Ltd. All rights reserved.

As appreciation for the biological importance of carbo-
hydrates has increased, so have efforts to develop meth-
ods for the synthesis of biologically relevant
oligosaccharides, glycoconjugates, and analogues there-
of.1–5 Among the more challenging synthetic targets are
aminoglycosides and their derivatives. 3,4,6-Tri-O-acet-
yl-DD-glucal (1) is an extremely useful starting material
for the preparation of several biologically active com-
pounds, especially antitumor antibiotics such as anthra-
cyclines, aureolic acids, orthosamycins, angacyclins, and
enediynes.6–8 Significantly, as well as participating in
simple addition reaction across the glycal double bond,
the presence of a good leaving group at C-3 facilitates
SN2 reactions allowing for the introduction of a wide
variety of nucleophiles at C-1 of the sugar nucleus with
concomitant migration of the double bond.9


Recently, Yadav’s group has reported using CeCl3/NaI
as an efficient catalyst for the synthesis of tetrahydro-
quinolines,10 which are very important moiety in many
biologically natural products.11–17 In second report,
InBr3 has been used for tetrahydroquinoline synthesis
from aryl amines and glucal.18 Both require reaction
times between 4 and 9 h, and achieved good to excellent
yields (75–89%). The successful application of
K5CoW12O40Æ3H2O as an electron transfer catalyst19 in
glycosidation20 with alcohols prompted us to explore
the potential of this polyoxometalate as catalyst for

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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C-glycosidation with aryl amines to synthesize
tetrahydroquinolines.


When 1 mmol of 1 was treated with 1.5 mmol of aniline,
using 20 mol% of K5CoW12O40Æ3H2O,� as catalyst in
acetonitrile (3 mL) for 1.5 h at ambient temperature,
bicyclic adduct 12 was isolated in 82% yield (Scheme 1).
A comparative study was carried out using 1 and aniline
as a model system with different solvents, temperature,
and different quantity of catalyst (Table 1). Acetonitrile
was shown to be superior to the other solvents examined
(Table 1, entries 1–4). Using 20 mol% of catalyst to 1
shows the best result for this reaction at room tempera-
ture (Table 1, entries 4–8).21


Encouraged by the results obtained with aniline, we
turned our attention to various aryl amines. The reactions
proceeded efficiently under mild conditions to give the
products in high yields (Table 2). In all cases studied,
the reaction was fast with K5CoW12O40Æ3H2O as com-
pared to CeCl3/NaI10 and InBr3,18 two catalysts which
are reported in the literature for this reaction. In cases
of m-chloroaniline and m-nitroaniline, only one product
was obtained from two possible regioisomers (Table 2, en-
tries 6, 8). So this method is highly regioselective, afford-
ing sugar fused tetrahydroquinolines in a one-pot
operation. 2,6-Dichloroaniline did not yield any product
under these reaction conditions (Table 2, entry 11). It
clearly indicated that one of the ortho positions of aniline
should be free from substitution for success of the

� The K5CoW12O40Æ3H2O was prepared according to the previously


reported procedure.11
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Table 2. Synthesis of fused tetrahydroquinolines from reaction of 1 with ary
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Scheme 1.


Table 1. Effect of different conditions in the reaction of 1 with aniline


Entry Solvent Catalyst


(mol %)


Temperature (�C) T (h) Yielda (%)


1 CH2Cl2 10 80 1.5 58


2 PhH 10 80 1.5 10


3 Et2O 10 80 1.0 20


4 CH3CN 10 80 1.5 67


5 CH3CN 10 R.T. 1.5 50


6 CH3CN 15 R.T. 1.5 68


7 CH3CN 20 R.T. 1.5 82


8 CH3CN 25 R.T. 1.5 84


a Isolated yield.
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reaction. In addition, we have found that K5CoW12O40Æ3-
H2O can be reused several times without loss of activity by
filtering the catalyst, washing with acetone, drying, and
immediately reusing. The yield of 12 promoted by recov-
ered catalyst for four times remained 80%. The authors
suggest a reaction mechanism that is shown in Scheme 2.


In conclusion, the paper describes an efficient, clean, and
simple method for the synthesis of tetrahydroquinoline
derivatives from aryl amines and glucal, using
K5CoW12O40Æ3H2O as a reusable and non-toxic catalyst.
The notable features of this procedure are mild reaction

l amines in the presence of K5CoW12O40Æ3H2O
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Table 2 (continued)


Entry Aryl amine Product Time (h) Yielda (%)
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conditions, high regioselectivity, high yields of products,
low catalyst loading, and short reaction times.
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4.35 (br s, 1H, NH), 4.20 (dd, J = 4.2, 12.0 Hz, 1H), 3.92 (dd,
J = 2.2,12.0 Hz,1H),3.81(ddd,J = 2.4,3.0,4.5 Hz,1H),3.55
(ddd, J = 2.1, 4.2, 10.4 Hz, 1H), 2.27 (ddd, J = 2.4, 3.7,
13.0 Hz, 1H),2.10 (s,3H),2.00 (s, 3H),1.94 (ddd,J = 1.7,4.5,
13.1 Hz, 1H).
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Abstract—Twelve analogs of makaluvamines have been synthesized. These compounds were evaluated for their ability to inhibit the
enzyme topoisomerase II. Five compounds were shown to inhibit topoisomerase catalytic activity comparable to two known topo-
isomerase II targeting control drugs, etoposide and m-AMSA. Their cytotoxicity against human colon cancer cell line HCT-116 and
human breast cancer cell lines MCF-7 and MDA-MB-468 has been evaluated. Four makaluvamine analogs exhibited better IC50


values against HCT-116 as compared to control drug etoposide. One analog exhibited better IC50 value against HCT-116 as com-
pared to m-AMSA. All 12 of the makaluvamine analogs exhibited better IC50 values against MCF-7 and MDA-MB-468 as com-
pared to etoposide as well as m-AMSA.
� 2007 Elsevier Ltd. All rights reserved.

For the past quarter of a century, global marine sources
have proven to be a rich source of a vast array of new
medicinally valuable compounds.1 These natural prod-
ucts exist as secondary metabolites in marine inverte-
brates such as sponges, bryazoa, tunicates, and
ascidians. As a result of the potential for new drug dis-
covery, marine natural products have attracted scientists
from different disciplines, such as organic chemistry,
bioorganic chemistry, pharmacology, and biology.
About a dozen of marine alkaloids are currently in var-
ious phases of human clinical trials for treatment of dif-
ferent cancers.2 The largest number of bioactive marine
alkaloids with novel structures has been isolated from
marine sponges.3,4 Sponges produce a plethora of chem-
ical compounds with widely varying carbon skeletons.
Most bioactive compounds from sponges have exhibited
a variety of activities such as anti-inflammatory, antitu-
mor, immunosuppressive, neurosuppressive, antiviral,
antimalarial, and antibiotic activities.4 While a number
of these alkaloids have been isolated in quantities suffi-
cient to ascertain their biological profile, many with un-
ique structures are available only in minute quantities,
precluding their thorough biological evaluations. Labo-
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ratory synthesis of these alkaloids is the only practical
solution to this problem.


Marine sponges of the genera Latrunculia, Batzella,
Prianos, and Zyzzya are a rich source of alkaloids bearing
a pyrrolo[4,3,2-de]quinoline skeleton.5,6 This series of alka-
loids comprises of about 60 metabolites including discor-
habdins,7 epinardins,8 batzellines,9 isobatzellines,9


makaluvamines,10–15 and veiutamine.16 Pyrrolo[4,3,2-
de]quinoline alkaloids have shown a variety of biological
activities such as inhibition of topoisomerase I14 and II,10


cytotoxicity against different tumor cell lines,10,17 and anti-
fungal14 and antimicrobial activities.18 Pyrrolo[4,3,2-
de]quinoline alkaloids have recently received increasing
attention as a source of new anticancer drugs.19–24 Their
unique fused ring skeletons carrying interesting biological
properties have made them targets for several synthetic
and biological studies. There has been a rapid growth of
interest in the synthesis and biological evaluation of this
class of compounds and their analogs. Several reviews have
been published on the chemistry and bioactivity of this class
of compounds.6,25,26 Our interest is focused on makaluv-
amines which belong to this family of alkaloids. Makaluv-
amines A–P are a group of 16 marine alkaloids isolated
mainly from four species of marine sponges, namely the
Fijian sponge Zyzzyacf. marsailis,10 Indonesian sponge
Histodermella sp.,14 Pohnpeian sponge Zyzzya fuliginosa11,
and Jamaican sponge Smenospongia aurea15 (Fig. 1).
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Makaluvamines have exhibited in vitro cytotoxicity
against human colon tumor cell line, HCT-116. The
cytotoxicities exhibited by makaluvamines against a
Chinese hamster ovary (CHO) cell line Xrs-6 have par-
alleled the data obtained with HCT-116.10 Makaluvam-
ines produce their anticancer activity by targeting the
enzyme topoisomerase II as shown by a decatenation
inhibition assay.10 According to a recent publication it
is possible that makaluvamines produce their anticancer
activity by other mechanisms as well.27


As a part of our research on marine natural product
analogs with potential pharmacological value, we have
been interested in studying the cytotoxicity of makaluv-
amine analogs. We propose to make these analogs by
introducing different substituents at the 7-position of
the pyrroloiminoquinone ring present in makaluvam-
ines. Many pyrroloiminoquinone alkaloids with proven
cytotoxicities were found to have substitutions at the
7-position of the ring. We decided to explore some
simple substitutions with increased steric bulk, hydro-
phobicity, and hydrophilicity at the 7-position of the
pyrroloiminoquinone ring and study their effects on
topoisomerase II inhibition and cytotoxicity. Proposed
target structures are given in Figure 2.


Makaluvamine analogs were synthesized from the pyr-
roloiminoquinone derivative 5. Synthesis of compound
5 has been reported in the literature by several groups.28


We prepared this compound following the 4,6,7-trim-
ethoxyindole approach described previously.29 This
compound was converted to the makaluvamine analogs
in two steps as outlined in Scheme 1.
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Figure 2.

Treatment of the pyrroloiminoquinone derivative 5 with
different amine derivatives (6a–g) in anhydrous metha-
nol at room temperature provided the aminated com-
pounds 7a–g in 51–68% yield. Removal of tosyl
protecting group from the compounds 7a–g was accom-
plished by treatment with NaOMe in MeOH to obtain
the final products 4a–g in 48–62% yield. In the synthesis
of compounds 4a–b, intermediate products 7a–b were
not isolated as the amination and detosylation took
place in a single step leading to the formation of final
products. This type of detosylation in the presence of
amines was not unusual and has been previously
reported in the literature.29 All these compounds were
individually synthesized and fully characterized.


Compounds 4a–g and 7c–g were evaluated for their
cytotoxicities against human breast cancer cell lines
MCF-7 and MDA-MB-468, and human colon cancer
cell line HCT-116. The dose of the compound that
inhibits 50% cell proliferation (IC50) was calculated
using the data generated from 2 to 4 independent tetra-
zolium-based (XTT) cytotoxicity assays (R&D Systems
Inc., Minneapolis, MN). Two known topoisomerase II
targeting drugs, m-AMSA and etoposide, were included
for comparisons. Results of cytotoxic assays are summa-
rized in Table 1. HCT-116 cells were shown to be the
most sensitive to etoposide and m-AMSA with IC50


doses of 1.7 and 0.7 lM, respectively. MDA-MB-468
cells showed IC50 doses of 13.6 and 8.5 lM for etoposide
and m-AMSA, respectively. MCF-7 cells were shown to
be the least sensitive with IC50 values of 35.6 and
21.7 lM for etoposide and m-AMSA, respectively. Sev-
eral of makaluvamine analogs have shown significantly
better inhibition than the control drugs in these assays.
Four makaluvamine analogs (4c, 7d, 7f, and 7g) exhib-
ited better IC50 values against HCT-116 as compared
to control drug etoposide. One analog (7d) exhibited







Table 1. In vitro cytotoxicity and inhibition of topoisomerase II catalytic activities of makaluvamine analogs


Structure Compound R = Inhibition of cancer cell


proliferation (IC50
a, lM)


Topoisomerase II inhibitionb


HCT-116 MCF-7 MDA-MB-468


HN


O


N
HN


H
R


CF3COO
4a –CH3 2.5 ± 1.3 1.3 ± 0.1 0.4 ± 0.05 �
4b –CH2CH3 3.6 ± 0.7 1.3 ± 0.3 0.4 ± 0.03 –


4c CH2 1.3 ± 0.2 1.0 ± 0.4 0.3 ± 0.18 ++


4d CH2 CH2 3.9 ± 1.2 1.7 ± 0.5 0.3 ± 0.27 +


2 CH2 CH2 OH 13.2 ± 0.9 3.2 ± 0.6 0.6 ± 0.05 �


4f CH2 CH2 OH


Br


Br


14.4 ± 1.2 13.2 ± 3.1 4.5 ± 0.8 +++


4g
CH2 CH2


NH


5.2 ± 0.8 1.6 ± 0.2 0.4 ± 0.01 �


HN


O


NN
H S OO


CH3


CF3COO


R


7c CH2 2.7 ± 1.5 1.8 ± 0.2 1.0 ± 0.01 +++


7d CH2 CH2 0.5 ± 0.03 1.5 ± 0.1 0.8 ± 0.1 —d


7e CH2 CH2 OH 5.3 ± 0.6 5.1 ± 0.4 1.5 ± 0.14 +++


7f CH2 CH2 OH


Br


Br


1.0 ± 0.2 2.3 ± 1.1 1.5 ± 0.9 —d


7g
CH2 CH2


NH


0.8 ± 0.3 1.2 ± 0.03 1.4 ± 0.9 —d


Etoposide —c 1.7 ± 0.2 35.6 ± 3.4 13.6 ± 0.6 +


m-AMSA —c 0.7 ± 0.3 21.7 ± 2.5 8.5 ± 1.2 ++


a The dose that inhibits 50% cell proliferation (IC50) was determined in human colon cancer cell line, HCT-116, and the human breast cancer cell


lines, MCF-7 and MDA-MB-468 (ATCC, Manassas, VA). The IC50 doses from 2 to 4 independent XTT assays performed in triplicate were


combined for an average ± standard deviation.
b Topoisomerase II (4U) was incubated with 500 ng plasmid DNA containing vehicle (DMSO) or 100 lM drug compound as described in the Topo II


Drug Screening Kit protocol (TopoGEN, Inc). m-AMSA and etoposide were used as positive controls. Relaxed DNA was separated using non-


ethidium bromide (EtBr) agarose gels, then stained with EtBr and quantified using Kodak Gel Logic Imaging System and Molecular Imaging


software (Eastman Kodak Co., Rochester, NY). Inhibition of relaxation of plasmid DNA or catalytic activity is reported as: � none, + low, ++


moderate, or +++ strong.
c Not applicable.
d Not determined.
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better IC50 value against HCT-116 as compared to
m-AMSA. All twelve of the makaluvamine analogs
exhibited better IC50 values against MCF-7 and
MDA-MB-468 as compared to etoposide as well as
m-AMSA. Compound that showed best activity against
HCT-116 is the N-tosyl-6-phenethylamino derivative
(7d) with an IC50 value of 0.5 lM. The compound that
showed best activity against MCF-7 is the benzyl amino
derivative (4c) with an IC50 value of 1.0 lM. Benzyl ami-
no derivative, 4c, and phenethyl amino derivative, 4d,
showed the best activity against MDA-MB-468 with
IC50 value of 0.3 lM for each.

The final products (4a–g) and the intermediate products
(7c–g) were also screened for their ability to inhibit
topoisomerase II enzymatic activity. Topoisomerase II
functions by generating a double-stranded DNA break
followed by resealing of the break. Topoisomerase II
inhibitors will interfere with the breakage-rejoining reac-
tion thereby trapping the enzyme in a cleavage complex.
In order to find out the ability of our compounds to in-
hibit topoisomerase II enzymatic activity, we used a
topoisomerase-II drug screening kit (TopoGEN, Inc.,
Port Orange, FL) that uses a supercoiled plasmid
DNA substrate (pRYG) which contains one topoiso-
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merase II cleavage/recognition site. Two topoisomerase
II inhibiting cancer drugs m-AMSA and etoposide were
used as controls in these assays. The results of our assays
are summarized in Table 1. Five out of nine tested mak-
aluvamine analogs exhibited inhibition of topoisomer-
ase II catalytic activity comparable to that of
etoposide and m-AMSA. Three of these compounds
(4f, 7c, and 7e) showed the strongest inhibition of cata-
lytic activity of topoisomerase II.


In conclusion, several analogs of makaluvamines have
been synthesized and characterized. Anticancer activity
of these analogs against human colon tumor cell line,
HCT-116, and human breast cancer cell lines, MCF-7
and MDA-MB-468, was evaluated. Four makaluvamine
analogs exhibited better IC50 values against HCT-116 as
compared to control drug etoposide. One analog exhib-
ited better IC50 value against HCT-116 as compared to
m-AMSA. All 12 of the makaluvamine analogs exhib-
ited better IC50 values against MCF-7 and MDA-MB-
468 as compared to etoposide as well as m-AMSA.
Makaluvamine analogs were also evaluated for their
ability to inhibit topoisomerase II enzymatic activity
and found that five makaluvamine analogs exhibited
inhibition of topoisomerase II comparable to etoposide
and m-AMSA.
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Abstract—Synthesis of a series of 2-aryl-3-pyrimidyl-imidazo[1,2-a]pyridines with potent activity against herpes simplex viruses is
described. Synthetic approaches allowing for variation of the 2-aryl, 3-heteroaryl as well as other imidazopyridine substituents
are outlined and resulting effects on antiviral activity are highlighted. Several compounds with in vitro antiviral activity similar
or better than acyclovir are described.
� 2007 Elsevier Ltd. All rights reserved.
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The herpesvirus family (Herpesviridae) is highly dissem-
inated in nature and most animal species host at least
one member. This family contains eight known human
viruses, amongst them herpes simplex virus 1 (HSV-1)
and herpes simplex virus 2 (HSV-2).1 HSV-1 and
HSV-2 cause mucocutaneous infections, resulting in
cold sores (HSV-1) and genital lesions (HSV-2), respec-
tively. A key feature of these viruses is their ability to
cause latent and chronic infection of neurons, which
upon reactivation leads to recurrent lesions at the muco-
cutaneous area of initial infection.2 Much research has
been focused on HSV-1 and HSV-2 as these viruses have
a high incidence rate (�1.6 million new cases of HSV-2
predicted per year in the US) and a high prevalence of
50–95% (HSV-1) and 6–50% (HSV-2).3


Previous drug discovery efforts targeting herpes simplex
viruses has primarily focused on the development of
nucleoside analogs that target the viral polymerase.4


The discovery of acyclovir (Zovirax),5 was a milestone
in the development of antiviral drugs and was followed
by a number of other nucleoside analogs (valacyclovir,6


famciclovir7 and penciclovir).


Though numerous strategies and considerable effort
have been spent in the search for the next generation
antiherpetic therapy, it has proved difficult to outper-
form acyclovir.8 Immunomodulators (imiquimod and
resiquimod),9 nonnucleoside viral polymerase inhibitors
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(4-hydroxyquinoline-3-carboxamides)10 and viral heli-
case inhibitors (thiazolylphenyl and thiazolylamide)11


have recently received considerable attention.


We have recently disclosed a series of pyrazolo[1,5-
a]pyridines, such as 1, which show potent and selective
inhibition of HSV-1 and -2 (Fig. 1).12 We became inter-
ested in the corresponding imidazo[1,2-a]pyridines as
they can be substituted in the same fashion as the pyr-
azolopyridines, furthermore imidazopyridines have been
widely used in medicinal chemistry. We have disclosed
the synthesis of the imidazopyridine 2.13 Herein we ex-
pand on the synthetic approaches and describe several
novel imidazopyridines and their anti-HSV activity.


Initially we chose to prepare several methoxyphenyl
analogs as we have previously shown those to be very
potent for the related pyrazolopyridine series.12b Con-
densation of 2-amino-3-chloropyridine 3 with commer-
cially available a-bromo ketone 4 was used to prepare

N N
H


N N
H


1 2


Figure 1. Pyrazolopyridine and imidazopyridine scaffolds.
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imidazopyridine core 5 as outlined in Scheme 1. We
have previously shown13 that an efficient route to con-
struct the C-3 pyrimidine is to build the pyrimidine from
alkynyl ketones via a cyclization with guanidines.


Thus, formylation of 5 under Vilsmeier–Haack condi-
tions gave an excellent yield of the remarkably stable
aldehyde 6. This aldehyde was treated with the commer-
cially available ethynyl Grignard reagent at low temper-
ature to give the propargyl alcohol in excellent yield.
This alcohol was easily oxidized to ketone 7 using
MnO2. Other oxidation methods (e.g., Swern and
Dess–Martin oxidations) gave lower yields. Treatment
of the alkynyl ketone 7 with cyclopentylguanidine 8, re-
sulted in formation of the 8-chloro intermediate 9. Ini-
tial attempts at thermally displacing the 8-chloro
substituent of 9 with cyclopentylamine failed, but the
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Scheme 1. Reagents and conditions: (a) NaHCO3 (1 equiv), EtOH,


reflux, 6 h, (73%); (b) POCl3 (2 equiv), DMF, rt, 12 h (86%); (c)


Ethynyl magnesium bromide (2 equiv), THF, �78–0 �C, 2 h. Then


MnO2 (10-fold excess), CH2Cl2, 1 h (51%, two steps); (d) cyclopentyl


guanidine HCl (1.5 equiv), K2CO3 (1.5 equiv), EtOH, 80 �C, 12 h


(50%); (e) Pd(OAc)2 (0.2 equiv), BINAP (0.3 equiv), Cs2CO3 (2 equiv),


cyclopentylamine (neat), 100 �C, 18 h (53%); (f) BBr3 (1.1 equiv),


CH2Cl2 �78 �C to rt, 15 h (70%); (g) allyl bromide or cyclo-


propylmethylbromide (1.5 equiv), Cs2CO3 (2 equiv), DMF, 80 �C,


3 h (34% for 12; 47% for 13).

8-position could be coupled with cyclopentylamine
using Buchwald amination conditions (Pd(OAc)2, rac-
BINAP, Cs2CO3).14 Demethylation with BBr3 in
CH2Cl2 gave phenol 11, that could be alkylated with
allylbromide or cyclopropylmethylbromide to give,
respectively, 12 and 13.


By chosing differently substituted commercially avail-
able a-bromoacetophenones, the substitution pattern
of the 2-phenyl moiety was further altered. Substituents
were chosen based on our previous experience from the
analogous pyrazolopyridine series, where small substitu-
ents generally appeared to be preferred over large
groups (halogen, alkyl, alkoxy and cyano substituents
gave best antiviral activity).12b Thus m-substituted alk-
oxy derivatives (14–17) as well as nitriles (18 and 19)
and a methyl derivative (20) were prepared in a similar
fashion as outlined in Scheme 1 starting from commer-
cially available a-bromoacetophenones. The nature of
the substituent or location (meta vs para) on the 2-phe-
nyl moiety did not significantly alter anti-HSV activity
as shown by the fact that strongly electron withdrawing
groups (fluoro) showed similar potency as the strongly
electron donating groups (methoxy) and both of these
showed comparable activity to nitrile substituents. For
further studies we chose to focus on p-fluorophenyl
derivatives (such as 2) as these showed excellent anti-
HSV activity while containing a non-reactive substituent
with low molecular weight.


The synthetic method outlined in Scheme 1 was thus
used to make a small set of 8-amino-2-(p-fluoro-
phenyl)-derivatives 21–24 via a Buchwald coupling
methodology. These indicate that secondary alkyl-
amines are favored at the C8 position.
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Scheme 2. Reagents and conditions: (a) NIS (1.5 equiv), CH2Cl2, rt


12 h, (80%); (b) PdCl2(PPh3)2 (0.2 equiv), aq Na2CO3 (2 equiv), DMF,


100 �C, 12 h, (81%); (c) cyclopentylamine (neat), 150 �C, 3 days, (76%);


(d) Pd(OAc)2 (0.2 equiv), BINAP (0.3 equiv), Cs2CO3 (2 equiv),


cyclopentylamine (neat), 100 �C, 18 h (27%).







Table 1. HSV-1 antiviral activity and cytotoxicity of C8-substituted imidazopyridine analogs


N


N


R
3


N


N


N
H


R2


R1


Compound Subst. R1 Subst. R2 Subst. R3 IC50
a (lM) CC50


b (lM)


2 p-F c-Pent c-PentNH 0.59 >40


9 p-OCH3 c-Pent Cl 1.43 30.1


10 p-OCH3 c-Pent c-PentNH 0.48 >10


11 p-OH c-Pent c-PentNH 3.40 >40


12 p-OCH2CH@CH2 c-Pent c-PentNH 0.57 >40


13 p-OCH2c-Propyl c-Pent c-PentNH 0.27 >40


14 m-OCH3 c-Pent Cl 1.73 >40


15 m-OCH3 c-Pent c-PentNH 0.71 >40


16 m-OH c-Pent c-PentNH 3.13 >40


17 m-OCH2CH@CH2 c-Pent c-PentNH 0.30 >40


18 p-CN c-Pent c-PentNH 0.32 >40


19 m-CN c-Pent c-PentNH 0.36 >40


20 p-CH3 c-Pent c-PentNH 1.61 >40


21 p-F c-Pent c-PropylNH 0.51 33


22 p-F c-Pent n-ButylNH 0.80 32


23 p-F c-Pent 1-pyrrolidinyl 1.88 >40


24 p-F c-Pent 2-methoxyethylNH 0.26 >40


25 p-F Me Cl 9.3 >40


26 p-F Me c-PentNH >5 >40


32c p-F c-Pent c-PentNH 0.6 >40


1 — — — 0.26 >160


ACV Acyclovir — — 0.39 >200


a Vero cells, HSV-1, SC-16 strain. IC50 is the concentration at which 50% efficacy in the antiviral assay is observed using a capture hybrid method.12b


b CC50 is the concentration at which 50% cytotoxicity is observed.
c Analog contains a C3-pyridine rather than C3-pyrimidine.
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For the pyrazolopyridine series we had observed that
lipophilic alkylamines (cyclopentylamine being optimal)
were the preferred 2-pyrimidinyl substituents.12d This
also appears to be the case for the imidazopyridines.
Derivatives prepared with methylguanidine, 25 and 26,
showed reduced anti-HSV activity.
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Scheme 3. Reagents and condition: (a) for conditions see Scheme 1; (b)


Pd(OAc)2 (0.2 equiv), BINAP (0.3 equiv), Cs2CO3 (2 equiv), cyclo-


pentylamine (neat), 100 �C, 18 h (43% of 36 and 12% of 37).

We were also interested in seeing how a C3 2-aminopyri-
dine substituent compared with the 2-aminopyrimi-
dine substituent. Thus 3-iodoimidazopyridine 28 was
synthesized (Scheme 2) from 27 by treatment with
N-iodosuccinimide.


Subsequent Suzuki coupling of 28 and boronic acid 29
gave the 2-fluoropyridine 30. Displacement of the
2-fluorine with cyclopentylamine under thermal
conditions gave the 2-aminopyridine 31 in good yield.
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Pd(OAc)2 (0.2 equiv), BINAP (0.3 equiv), Cs2CO3 (2 equiv), cyclo-


pentylamine (neat), 100 �C, 18 h (50%).







Table 2. HSV-1 antiviral activity and cytotoxicity of C6-, C8-substituted imidazopyridine analogs


N


N


Y


N


N


N


F


X


Compound Subst. X Subst. Y IC50
a (lM) CC50


b (lM)


35 Br H 4.08 >40


36 c-PentNH H 0.33 >40


37 H H 3.3 >40


38 Br Me 1.16 >40


39 c-PentNH Me 0.15 >40


40 H Me 1.53 >40


41 c-PropylNH Me 0.12 >40


43 Cl Cl 1.11 >40


44 Cl c-PentNH 0.37 >40


45 Br Br 0.80 >40


46 Br c-PentNH 0.22 >40


47 Br n-ButylNH 0.30 >40


1 — — 0.26 >160


ACV Acyclovir — 0.39 >200


a Vero cells, HSV-1, SC-16 strain. IC50 is the concentration at which 50% efficacy in the antiviral assay is observed using a capture hybrid method.12b


bCC50 is the concentration at which 50% cytotoxicity is observed.
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Buchwald coupling of 31 and cyclcopentylamine gave
the desired analog 32. While the C3-pyridine analog 32
was equipotent to the C3-pyrimidine analog (2) it did
not offer any advantage over 2. Furthermore, concerns
about potential cytochrome inhibition of the 2-amino-
pyridine moiety prompted us to stick with the C3 pyrim-
idine moiety for further investigations.


Given the potent anti-HSV activity of several of the C8-
substituted imidazopyridines, we were interested in
studying how different substitution patterns would affect
antiviral activity. We were especially interested in seeing
how moving the C8 cyclopentylamino substitutent to
the C6 position would affect activity. As can be seen in
Table 1, alkylamines at C8 showed better activity than
halogens (e.g., 9 vs 10; 14 vs 15) and we were curious
if the improved potency of the C-8 alkylamines could
partially be explained by electron donating effects onto
the imidazopyridine N-1. Moving the electron donating
alkylamine substituent to C6 would continue to allow
resonance electron donation to the N-1 imidazopyridine
nitrogen.


The 6-chloro substituent was found to be much less
reactive than the corresponding 8-chloro position. Thus
C6 alkylamine substituted compounds could not be effi-
ciently prepared by replacement of a 6-chloro group un-
der Buchwald conditions, but required preparation of
the more reactive 6-bromo derivatives. The 6-cyclopen-
tylamino derivative 36 was thus prepared from the
6-bromo-imidazopyridine 35 via a Buchwald coupling
methodology. A by-product of this coupling was the
reduced 6-protio derivative 37. Low reactivity of the
6-chloro substituent toward Pd catalyzed coupling
conditions is in contrast to the relative ease of coupling
of 8-position with alkylamines under Buchwald
conditions. The 8-methyl analogs 38–41 were prepared

in a similar fashion as outlined in Scheme 3 from 2-ami-
no-3-methyl-5-bromopyridine. Interestingly the C6
cyclopentylamino analogs 36 and 39 are at least equally
potent to their C8 counterpart 2, thus giving more op-
tions for location of the alkylamine substituent during
further optimization.


As both C6 as well as C8 alkylamine substituted com-
pounds had shown good potency we became interested
in looking at additional 6,8-disubstituted compounds.
The 6,8-disubstituted derivatives 43–47 were prepared
as outlined in Scheme 4. Here Buchwald coupling condi-
tions could be used to cleanly replace the C8 halogen
without any noticeable reaction of the C6 halogen.


Several of these 6,8-disubstituted derivatives (44, 46 and
47) showed very promising potency (Table 2).


The above SAR study has begun to delineate the SAR of
the imidazopyridine scaffold. Several molecules with
potency similar or better than the current gold standard
acyclovir were identified, thus establishing the imidazo-
pyridine scaffold as an interesting template for anti-HSV
drug discovery.
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Abstract—Twelve allenic aromatic ethers, some of them are natural products isolated from the mangrove fungus Xylaria sp. 2508 in
the South China Sea, were synthesized. Their antitumor activities against KB and KBv200 cells were determined. All these com-
pounds demonstrated cytotoxic potential, ranging from weak to strong activity. The analysis of structure–activity relationships sug-
gested that the introduction of allenic moiety could generate or enhance cytotoxicity of these phenol compounds.
� 2007 Elsevier Ltd. All rights reserved.

About 150 natural products with an allenic or cumulenic
structure moiety are known today.1 Inspired by the
intriguing biological activities of many allenic natural
products, allenic moieties are now introduced in the
compounds which have the pharmacologically activity.
The many functionalized allenes thus obtained exhibit
impressive activities, such as enzyme inhibitor activities,
cytotoxic or antiviral activities, etc.1


Naturally occurring allenic compounds can be found in
microorganisms, fungi, higher plants, and insects. So
far, only several allenic aromatic ethers, for example,
chestersiene from the Hypoxylon chestersii,2 2b from the
Clitocybe eucalyptorum,3 xyloallenoide A and 2f from
the mangrove fungus Xylaria sp. 25084 were isolated. Re-
cently, we isolated four new allenic aromatic ethers (2c,
3a–c) from the Xylaria sp. 2508 again.5 In the preliminary
bioassay, some natural allenic aromatic ethers showed
antitumor activities against KB and KBv200 cells. The
limited amounts of isolated materials prevented the study
on their biological activities. Therefore, we synthesized 12
allenic aromatic ether analogs (see Fig. 1) to further
explore the effect of allenic groups bioactivities of com-
pounds. These compounds are the derivatives of allenic
group linking to compounds 1. Compound 2j is analo-
gous to the natural product xyloallenoide A.

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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In the synthesis of these allenic aromatic ethers, one key
step was the preparation of 2,3-butadiene-1-ol (6). There
were two methods to synthesize 6 (Scheme 1). The first
method used 2-butyne-1,4-diol (4) as the starting mate-
rial. Chlorination of 4 with thionyl chloride gave the
monochloroalkyne (5), which was reduced with lithium
aluminum hydride to give compound 6,6 but in our
work, the yield of 6 was very low (15%), it was difficult
to separate the monochloroalkyne (5) from the dic-
hloroalkyne, and compound 5 was a severe skin irritant.
We tried another method that Baeckstrom et al.
reported,7 which started through a Mannich reaction
with diethylamine, formaldehyde, and 2-propynol. The
resulting 4-diethylamine-2-butyn-1-ol (7) was methyl-
ated with dimethyl sulfate, then reduced with lithium
hydride to afford 6 with a high yield of 71%. So the latter
method was used to synthesize a series of compound 2,
and 3.


Because 1a–h were commercially available and 6 was
also prepared, thus the series of compound 2 could be
synthesized readily. Scheme 2 shows the synthesis of
the compounds 2a–j. 4-Bromo-1,2-butadiene (8) was
prepared by bromination of 6 with phosphorus tribro-
mide and trace amount of pyridine at 0 �C.8


Then, treatment of compound 8 with 1a–d and 1g–j in
the presence of potassium carbonate gave 2a–d and
2g–j, respectively. Hydrolysis of compounds 2a and 2b
with LiOH in THF–H2O provided the corresponding
acids 2e and 2f.
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Figure 1. Structures of compounds 1a–j, 2a–j, and 3a–c.


Scheme 2. Synthesis of 2a–j.


Scheme 1. Two methods to synthesize 6.
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In an attempt to study compound 2 analogs with two
allenic moieties, we used an excess amount of compound
8 to react with caffeic acid methyl ester (1d) or chloro-
genic acid (1g). Because the molecules of 1d and 1g con-
tain two phenol hydroxyl groups, it was anticipated that
they would form two allenic ethers in the excess amount
of 8 (mole ratio 2.5:1 or 3.5:1). However, it was unex-
pected that only one OH formed allenic ether, the OH
of R1 did not react with 8 in the two compounds. More-
over, the carboxyl group of 1g reacted with one allenic
moiety formed the ester. The structures of these com-
pounds were determined by the spectral data. Further-
more, the single crystals of 2g were obtained by
crystallization in EtOAc and PE.9 The structure of 2g
was finally confirmed by X-ray diffractive technique.


The method described in Scheme 3 allowed for the prep-
aration of 1j. The intermediate 1-amino-cyclo-propane-
carboxylic acid methyl ester (10) was synthesized via

1-amino-cyclopropanecarboxylic (9) in the presence of
thionyl chloride in methanol. Compound 10 then cou-
pled with compound 1f in the presence of BOP and
DIEA in DMF to afford 1j.


The synthesis of the compounds 3a–c is presented in
Scheme 4. Several methods for preparation of halide of
2h were examined. When 2h was treated with phosphorus
tribromide or thionyl chloride, only a small amount of the
corresponding halide was obtained. We tried to use the
Ph3P/I2 reagent.10 The iodide compound 11 was success-
fully synthesized with a good yield of 82%. Treatment of
11 with 1a–c in the presence of potassium carbonate final-
ly gave compounds 3a–c, respectively.


The 12 allenic aromatic ethers, together with 1a–j, 6, 8,
and 10, were evaluated in vitro for their ability to inhibit
the growth of short-term cultured tongue cancer KB and
KBv200 cell lines by a modified MTT (3-(4,5-dimethyl-







Scheme 3. Synthesis of 1j.


Scheme 4. Synthesis of 3a–c.


Table 1. Inhibitory activities of phenols and allenic aromatic ethers against tongue cancer KB and KBv200 cells in vitro


No. IC50
a (lM) No. IC50


a (lM) No. IC50
a (lM)


KB KBv200 KB KBv200 KB KBv200


1a >200 >200 2a 22.52 20.86 3a 75.40 52.92


1b 123.1 101.2 2b 27.64 18.96 3b 48.76 55.47


1c >200 >200 2c 17.36 18.27 3c 34.55 30.27


1d >200 >200 2d 29.36 23.38 6 >200 >200


1e >200 >200 2e 40.58 49.56 8 >200 >200


1f >200 >200 2f 71.5 52.42 10 135.2 >200


1g >200 >200 2g 53.10 35.68


1h >200 >200 2h 74.45 76.58


1j >200 >200 2j 48.06 77.03


a Each experiment was independently performed three times and expressed as means. In addition, variation between the replicates was not greater


than 4% of any given value.
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thiazol-2-yl)-2,5-diphenyl tetrazolium bromide) as-
say.11,12 The IC50 values were also determined (Table 1).


As shown in Table 1, phenols, such as 1a and 1c–j, have
no inhibitory activities against KB or KBv200 cells,
while the corresponding allenic compounds 2a and 2c–
j exhibited inhibitory activities against these two cells.
Compound 1b itself has weak inhibitory activity, with
the IC50 values for KB/KBv200 of 123.1/101.2 lM, but
the corresponding allenic compound 2b has stronger
activity, with IC50 values for KB/KBv200 of 27.64/
18.96 lM. In fact, all the 12 allenic aromatic ethers
exhibited cytotoxic potential, ranging from weak to
strong activity. These data indicated that the introduc-
tion of allenic moiety to the phenol hydroxyl group
could generate or enhance cytotoxicity of these phenols.
Although the experiments were preliminary, it suggests
that the allenic moiety is effective for the antitumor
activities of these compounds.


Among the 12 allenic aromatic ethers, four compounds
2a–d have significant cytotoxicities (IC50 < 30 lM). The
introduction of OCH3 (2c) or OH (2d) groups on the
benzene ring of 2b showed no influence on the activity.
Compound 2g has two allenic moieties (one is linked
to the carboxyl group), but it did not exhibit better
activity. Although compound 10 has weak inhibitory
activity against KB cells with IC50 value of 135.2 lM,

the introduction of this moiety into 2b to form com-
pound 2j did not obtain the desired activity. It was also
observed that simple allenic compounds 6 and 8 had no
inhibitory activities against KB or KBv200 cells,
whereas the allenic aromatic ethers 2 or 3 showed good
inhibitory activities. Interestingly, when 2 and 3 have the
same R1, R2 group, 2 showed better inhibitory activities
than 3. The structurally difference between them was
that the latter has one more benzyloxy fragment.


In summary, we have synthesised 12 allenic aromatic
ethers and identified their structures. Ten of them are
new compounds, including four new natural products.
Many of these allenic aromatic ethers showed potent
and efficacious antitumor activities against KB and
KBv200 cells. The analysis of structure–activity relation-
ships suggested that the introduction of allenic moiety
could generate or enhance cytotoxicity of these phenol
compounds.
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Abstract—A series of Milnacipran analogs with variation in the aromatic moiety were prepared in high enantiomeric excess. Struc-
ture–activity relationships for two parallel enantiomeric series are described. The (�)-(1R,2S)-naphthyl analog (8h) showed the high-
est potency in the two series and is a triple reuptake inhibitor of the SERT, NET, and DAT.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Molecular structures for selected SSRI and SNRIs.

Monoamine transporters, including the dopamine trans-
porter (DAT), the serotonin transporter (SERT), and
the norepinephrine transporter (NET), play an impor-
tant role in maintaining the concentration of biogenic
amine neurotransmitters in the central nervous system
(CNS).1 These transporters are involved in different
pathological processes leading to several neurological
disorders.2–7 While cocaine’s reinforcing and behavioral
effects are believed to be mediated via the DAT,8,9 it is
thought that dysfunctional SERT and NET systems in
the CNS play an important role in depression.10,11 Vir-
tually all effective antidepressants increase the synaptic
concentration of serotonin (5-HT) and/or norepineph-
rine (NE) by blocking the reuptake of one or both of
the neurotransmitters. This common property of antide-
pressants was discovered initially with tricyclic antide-
pressants (TCAs).12,13 However, the additional
interactions of TCAs at a variety of neurotransmitter
receptors often result in poor tolerability and toxicity
in overdose.12,14 Thus, the newer antidepressant agents
such as SSRIs (for example fluoxetine 1, Fig. 1) have be-
come popular due to less severe adverse effects.14 How-
ever, they do not represent an improvement over older
antidepressants in terms of efficacy and latency of onset.
As new approaches to antidepressant therapy continue
to be a significant area of CNS research, a new strategy
to address some of these issues has been the develop-
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ment of dual reuptake inhibitors of serotonin and nor-
epinephrine. The class of serotonin and norepinephrine
reuptake inhibitors (SNRIs) now comprises three medi-
cations: venlafaxine (2), milnacipran (3), and duloxetine
(4) (Fig. 1). These three drugs block the reuptake of
5-HT and NE with differing selectivity. Whereas milnacip-
ran blocks 5-HT and NE reuptake with approximately
equal potency, duloxetine has a 10-fold selectivity for
5-HT and venlafaxine displays a 30-fold selectivity for
5-HT.15


To the best of our knowledge there are no studies pub-
lished that describe the structure–activity relationship
for enantiomerically pure milnacipran16 and derivatives
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thereof with respect to their potency at the SERT, NET,
and DAT. It has, however, been demonstrated that the
aromatic group in milnacipran is essential for binding
to the serotonin transporter.17 Alkyl substitution on
the nitrogen atom leads to a decrease in the binding
affinity to the SERT. In addition to being a 5-HT and
NE reuptake inhibitor, milnacipran is also a weak
NMDA antagonist.17 The binding affinity for the
NMDA receptor is not very high, but milnacipran has
served as a lead in the search for more potent NMDA
receptor antagonist. Several analogs of milnacipran
have been synthesized and tested in vitro.18–22 However,
the main aims of the published studies have been to opti-
mize the structure with respect to the NMDA activity
and not monoamine transporter inhibition. Based on
that information we set out to synthesize both enantio-
mers of a series of milnacipran analogs varying the aro-
matic moiety and to examine their structure–activity
relationships with respect to SNRIs. In this letter, we
describe the asymmetric synthesis of a range of milna-
cipran analogs and their inhibition of the SERT, NET,
and DAT.


The general synthetic strategy for the synthesis of enan-
tiomerically enriched milnacipran analogs was based on
published procedures.17,18,21 The one-pot reaction of
various aryl acetonitriles with sodium amide and (+)-
or (�)-epichlorohydrin resulted in the synthesis of a ser-
ies of highly enantioenriched 1-aryl-3-oxa-bicyclo-
[3.1.0]hexane-2-ones as illustrated in Table 1. Both
enantiomeric series of the building blocks 6a–j were
synthesized.


Although the yields are moderate, the method has sev-
eral advantages. It is a one-pot reaction. Both enantio-
mers of epichlorohydrin and many aryl-acetonitriles
are commercially available. The building blocks are ob-
tained in >90% enantiomeric excess.

Table 1. Yields and enantiomeric excess for the synthesis of 1-aryl-3-


oxa-bicyclo[3.1.0]hexane-2-ones (6) from arylacetonitriles (5)


Ar CN
O


Ar


O


1. NaNH2, PhH
2. (S)-epichlorohydrin


3. KOH, EtOH
4. HCl, EtOH


5a-j 6a-j


Compound Ar Yielda(%) Eeb(%)


6a Ph 43 >99


6b 3-Cl-Ph 39 98


6c 4-Cl-Ph 44 94


6d 3,4-di-Cl-Ph 37 95


6e 4-F-Ph 33 95


6f 4-MeO-Ph 45 91


6g 1-Naphthyl 36 >99


6h 2-Naphthyl 50 98


6i 2-Thiophene 25 98


6j 3-Thiophene 40 >90


Only one enantiomeric series is shown.
a Isolated yields after flash chromatography.
b Measured by chiral HPLC.

Synthesis and yields of the target 2-(aminomethyl)-1-
aryl-N,N-diethylcyclopropanecarboxamide hydrochlo-
rides 8 are outlined in Table 2. The bicyclic lactones
6a–j were converted by aminolysis with diethylamine
in DCM to give the corresponding hydroxyl amides.
Reaction of the hydroxyl amides with CBr4 and PPh3


followed by reaction with sodium azide gave azides
7a–j in good yields. Azides 7a–j were reduced to the cor-
responding amines with H2/Pd/C and the desired target
compounds were isolated by precipitation with HCl to
give the HCl salts 8a–j.


Table 3 summarizes the potency of inhibition of SERT,
NET, and DAT of the two enantiomeric series of milna-
cipran analogs 8.


There was a significant difference in potency between the
two enantiomers of milnacipran 8a. The (+)-(1S,2R)-
isomer showed 20 times higher potency in the inhibition
of NE uptake compared to its enantiomer. The differ-
ence in potency of inhibition of 5-HT uptake between
the two enantiomers was only 3-4-fold, but still favoring
the (+)-(1S,2R)-isomer. None of the two enantiomers
were active at the DAT. For the isomer B series, a con-
sistent trend was observed. The order of potency in
transporter inhibition was NET > SERT > DAT. The
inhibition of the DAT was very low throughout this ser-
ies. The inhibition of the NET varied only slightly with
different aromatic substituents. The only exception was
the 1-naphthyl derivative (+)-8g which experienced a
10-fold drop in potency compared to the rest of the ser-
ies. The 1-naphthyl derivative showed very low affinity
in SERT-inhibition as well. For the rest of the isomer
B series the IC50 values for the SERT-inhibition ranged
from 86 to 790 nM and no apparent systematic trend
was observed.

Table 2. Yields for the synthesis of azides (7) from lactones (6), and 2-


(aminomethyl)-1-aryl-N,N-diethylcyclopropanecarboxamide hydro-


chlorides (8) from azides (7)


O


Ar


O


Ar


O
N3 NEt2


Ar


O
H3N NEt2


Cl-
+


6a-j


1. AlCl3, HNEt2


2. CBr4, PPh3


3. NaN3


H2/Pd-C


HCl, Et2O


7a-j 8a-j


Ar Compound Yielda(%) Compound Yieldb(%)


Ph 7a 47 8a 97


3-Cl-Ph 7b 80 8b 11c


4-Cl-Ph 7c 90 8c 75c


3,4-di-Cl-Ph 7d 97 8d 78


4-F-Ph 7e 89 8e 65


4-MeO-Ph 7f 94 8f 58


1-Naphthyl 7g 83 8g 78


2-Naphthyl 7h 86 8h 81


2-Thiophene 7i >95 8i 60


3-Thiophene 7j 72 8j 93


Only one enantiomeric series is shown.
a Isolated yield after column chromatography.
b Isolated yield after precipitation as HCl salts.
c Reduction of azide was accomplished with PPh3 in wet MeOH due to


hydrodechlorination with H2/Pd/C.







Table 3. Effects of selected compounds on 5-HT, NE, and DA uptake inhibition


Ar


O
H3N NEt2


Cl-
+


(-)-(1R, 2S)-isomer A 


Ar


O
H3N NEt2


Cl-
+


(+)-(1S, 2R)-isomer B 


Compound Ar 5-HTa NEa DAa 5-HTa NEa DAa


8a Ph 420d 200d 10,000d 120d 7d 10,000d


8b 3-Cl-Ph 170 38 10,000 86 33 9000


8c 4-Cl-Ph 190 140 3700 790 44 10,000


8d 3,4-di-Cl-Ph 84 10 540 440 26 1700


8e 4-F-Ph 320 500 10,000 210 63 10,000


8f 4-MeO-Ph 230 140 10,000 510 35 10,000


8g 1-Naphthylb 1200 200 5300 7100 370 10,000


8h 2-Naphthyl 18 5 140 130 29 1400


8i 2-Thiophenec 520 1500 970 250 65 10,000


8j 3-Thiopheneb 250 410 10,000 190 19 10,000


IC50 values for the synaptosomal uptake inhibition of two enantiomeric series of 2-(aminomethyl)-1-aryl-N,N-diethylcyclopropanecarboxamide


hydrochlorides (8) with the 5-HT, NE, and DA transporters. Values are given in nM. Data shown are means of a minimum of two values. IC50 values


were determined using drug concentrations covering three decades.
a The IC50 values in the biological assays were measured using the procedures described in Ref. 23.
b The sign of optical rotation is reversed compared to the rest of the series.
c Absolute stereochemistry is (1R,2R) for isomer A and (1S,2S) for isomer B.
d Owen et al. have reported IC50 values of 151, 61, and >100,000, respectively, on SERT, NET, and DAT for (±)-milnacipran. See Ref. 24.
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The inhibition of DAT uptake was also consistently
lower than uptake inhibition of SERT and NET in the
isomer A series. Most of the compounds in the isomer
A series showed very low inhibition of the DAT. The
selectivity for the NET over the SERT was not consis-
tent throughout the series. Both thiophene analogs (8i
and 8j) and the 4-fluoro derivative (8e) displayed higher
inhibition of the SERT over the NET. Two compounds
displayed significantly higher inhibition of both the
SERT and NET over the others. The 3,4-dichloro-phe-
nyl derivative (�)-8d had IC50 values of 84 and 10 nM
to the SERT and NET respectively, which were similar
to the IC50 values for (+)-milnacipran. The major differ-
ence in binding profile between the two was the differ-
ence in inhibition of the DAT. Compound (�)-8d was
moderately potent, while (+)-milnacipran displayed no
uptake inhibition of the DAT. The naphthyl derivative
(�)-(1R,2S)-8h was the most potent analog of those
tested in both enantiomeric series with IC50 values of
5, 18, and 140 nM to the NET, SERT, and DAT, respec-
tively. The inhibition potency of (�)-8h to the SERT
was similar to (+)-8a. Compound (�)-8h displayed
slightly higher potency to the SERT compared to (+)-
8a, giving a NET/SERT selectivity ratio which was
slightly lower for (�)-8h compared to (+)-8a. To the lim-
it of our awareness, compound (�)-8h is the first exam-
ple of a milnacipran analog which displays significant
inhibition of DAT as well as to the SERT and NET.
Thus, compound (�)-8h can be considered a triple reup-
take inhibitor. The development of triple reuptake
inhibitors for the treatment of depression has only re-
cently been pursued.25 Combination studies have indi-
cated that addition of some inhibition of the DA
uptake site may have some clinical benefits.26–28 The ser-
endipitous discovery that compounds within this series
can be triple reuptake inhibitors merits further study.

In conclusion, these studies describe novel milnacipran
analogs with potent in vitro dual reuptake inhibition.
The (�)-(1R,2S)-isomer of the 1-naphthyl derivative 8h
is a novel example of a triple reuptake inhibitor. Further
SAR studies on the development of triple reuptake
inhibitors will be reported in due course.
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Abstract—The design and solid-phase synthesis of effective fluorescent-labeled aeruginosin derivatives and their application to the
fluorescence correlation spectroscopy (FCS)-based competitive binding assay of an aeruginosin library are described. The phenolic
hydroxyl group on the (R)-3-(4-hydroxyphenyl)lactic acid (DD-Hpla) residue was observed to be suitable for connecting Rhodamine
green derivative with minimum loss of biological activity. In addition, the FCS-based binding assay of the library using fluorescent-
labeled chemical probes was also achieved.
� 2007 Elsevier Ltd. All rights reserved.

Biologically active natural products are useful as bio-
chemical probes for the discovery of new drug targets
or biomarkers.1 Fluorescent-labeled chemical probes
would be useful not only in high-throughput screening
(HTS) assays of libraries of compounds2 but also in pre-
venting the distribution of the target proteins in living
cells and organisms.3 However, attaching a fluorescent
unit to such biologically active natural products, which
frequently contain various functional groups, can be
problematic, resulting in significant loss of biological
activity and non-specific interactions of the chemical
probes with various proteins.


Fluorescence polarization or fluorescence correlation
spectroscopy (FCS) is a single-molecule detection tech-
nique using fluorescent-labeled chemical probes and
enables the binding affinity of the chemical probes to
proteins in solution to be estimated by simple manipula-
tion.4 FCS has enormous potential for miniaturized
HTS, because the fluorescent readout signal is insensi-
tive to the assay volume well below 1 lL. Hence, the
FCS assay is considered to be useful for testing large
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numbers of compounds or biomolecules present in small
quantities.


Aeruginosin 298-A (1) isolated from Microcystis
aeruginosa (NIES-298) is composed of (R)-3-(4-hydroxy-
phenyl)lactic acid (DD-Hpla), DD-Leu, 2-carboxy-6-hydrox-
yoctahydroindole (LL-Choi), and argininol (LL-Argol), and
exhibits inhibitory activity for serine proteases (Fig. 1).5


A variety of related compounds have been isolated as
protease inhibitors.6 A single crystal X-ray analysis of
thrombin–hirugen complexed with aeruginosin 298-A,7


and that of the trypsin–aeruginosin 98-B complex8 sug-
gest that the tetrapeptide structure could serve as an
effective scaffold for development of a variety of serine
protease inhibitors, which would require the develop-
ment of effective approaches for the synthesis of aeru-
ginosin-related compounds.9 We recently reported on
the solid-phase synthesis of a small combinatorial
library based on the structure of aeruginosins.10 The
inhibitory activity of tetrapeptide 2 composed of
DD-Hpla-DD-Leu-LL-Choi-agmatine (Agma) was found to
be 300 times more potent than that of 1. We thus con-
cluded that fluorescent-labeled aeruginosin derivatives
would be effective biochemical probes for competitive
binding assays based on FCS. Herein, we describe the
synthesis of biologically active fluorescent-labeled
aeruginosin derivatives and its application to a
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Scheme 1. Reagents and conditions: (a) TMSOTf, 2,6-lutidine, CH2Cl2;


(b) Fmoc-DD-Leu-OH, 8, DIC, HOBt, 20% DMF–CH2Cl2; (c) Pd(PPh3)4,


dimedone, THF; (d) 10, DIC, HOBt, 20% DMF–CH2Cl2; (e) 20%


piperidine–DMF; (f) 12, DIC, HOBt, 20% DMF–CH2Cl2; (g) TFA–


H2O–CH2Cl2 (10:1:9); then PS-NMM, 50% MeOH–CH2Cl2; (h) Rho-


damine green-OSu, MP-carbonate, DMF–H2O.


Table 1. Binding affinities (Kd) to trypsin by FCS and inhibitory


activities against trypsin


Compound Binding affinity


Kd (lM)


Inhibition of trypsin


IC50 (lM)


1 – 19


2 – 0.063


3 0.18 1.5


4 >100 >100


5 >100 3.7


6 0.0059 0.15


1: R1 = CH2OH (L-Argol), R2 = H, R3 = 2-propyl (* = R)
2: R1 = H (Agma), R2 = H, R3 = 2-propyl (* = R)


D-Hpla D-Leu L-Choi L-Argol or Agma
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5: R1 = C(=O)NH(CH2)3NH-Rhodamine green, R2 = H, R3 = 2-propyl (* = R)
6: R1 = H, R2 = -(CH2)3NH-Rhodamine green, R3 = 2-propyl (* = R)
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Figure 1. Aeruginosin 298-A 1, its derivative 2, and fluorescent-labeled


aeruginosin derivatives 3–6.
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high-throughput binding assay of an aeruginosin library
based on FCS.


We designed four Rhodamine-labeled aeruginosin deriv-
atives 3–6 as fluorescent-labeled chemical probes
(Fig. 1). Rhodamine green is a favorable fluorophore
for FCS. The chemical probes 3–5 are based on the
structure of 1, in which the positions where the Rhod-
amine is attached are different. The position of the fluo-
rescent label influences their protease inhibitory activity
and binding affinity to the receptor proteins. Based on
the crystal structures of the aeruginosin derivatives,7,8


the terminal Hpla residue would be a suitable location
to attach Rhodamine. The Rhodamine conjugate 6
was based on the structure of the more potent
compound 2.


The preparation of the Rhodamine-labeled derivative 3
was based on the previously reported solid-supported
synthesis10 as shown in Scheme 1. The solid-supported
LL-Choi 7 attached through the silyl ether was used as
the starting material. Removal of the N-Boc protecting
group without cleavage of the silyl linker followed by
coupling with leucine 8 provided the dipeptide 9. Cleav-
age of the allyl ester using a palladium catalyst followed
by amidation of the resulting carboxylic acid with argol
10 afforded tripeptide 11. The N-Fmoc group was
removed from the solid-supported tripeptide 11 by treat-
ment with 20% piperidine in DMF. Coupling of the
resulting amine with carboxylic acid 12, followed by
release from the resin and cleavage of all the protecting
groups under acidic conditions, provided the amino
derivative 13. The resulting crude 13 was reacted with
Rhodamine green carboxylic acid succinimidyl ester in
the presence of macroporous triethylammonium methyl-
polystyrene-carbonate (MP-carbonate),11 and pure 3
was obtained by reverse phase HPLC. The preparation
of Rhodamine derivatives 4–6 followed the same

procedure (details are provided in the supplementary
material).


We initially conducted binding assays of chemical
probes 3–6 for trypsin based on FCS and their inhibi-
tory activities against trypsin (Table 1). Aeruginosin
298-A derivatives 3 and 6 in which the Rhodamine green
was linked to the Hpla moiety showed moderate to tight
binding affinities. The binding affinity of the Agma
derivative 6 was 30 times higher than 3. On the other
hand, the aeruginosin 298-A derivatives 4 and 5 showed
reduced binding affinity to trypsin. These results indicate
that the position of the attachment of the fluorescent
group is a major factor in the design of such chemical
probes.







Table 2. Competitive binding assays by FCS and inhibitory activities of aeruginosin derivatives against trypsin


Compound FCS assay with 3 IC50 (lM) FCS assay with 6 IC50 (lM) Inhibition of trypsin IC50 (lM)


1 2.1 200 19


2 16 0.19 0.063


DD-Hpla-DD-Leu-LL-Choi-LL-Arg-OH 20 2.0 0.65


DD-Hpla-DD-Tyr-LL-Choi-LL-Argol 78 130 8.8


DD-Hpla- DD-Tyr-LL-Choi-LL-Arg-OH 23 9.3 1.0


DD-Hpla-DD-Tyr-LL-Choi-Agma 17 0.51 0.15


DD-Hpla-DD-Tyr-LL-Choi-Agma >200 >200 >200


DD-Hpla-LL-Phe-LL-Choi-LL-Arg-OH >200 >200 >200


DD-Hpla-LL-Phe-LL-Choi-LL-Arg-OH 78 190 12


DD-Hpla-LL-Phe-LL-Choi-LL-Arg-OH >100 59 15
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To demonstrate the utility of the chemical probes 3
and 6, we used them in an FCS-based competitive
binding assay of an aeruginosin library (Table 2).
The trypsin inhibitory activity of the library has been
reported previously.10 When the more active ligand 6
was applied to the FCS-based competitive binding
assay, the most active compound 2 in the binding assay
was identical with that explained by the inhibitory
activity. In addition, the order of the relative binding
affinity of the library was comparable to its inhibitory
activity. However, the binding assay using the less
active ligand 3 provided the incorrect compound 1 as
the most potent compound. These results indicated
that the additional hydroxymethyl group of 3 on the
Argol could promote specific or non-specific binding
of 3 to trypsin that did not lead to the inhibitory
activity.


In conclusion, the design and solid-phase synthesis of
effective fluorescent-labeled aeruginosin derivatives and
their application to the FCS-based competitive binding
assay of an aeruginosin library are described. The
phenolic hydroxy group on the Hpla residue was found
to be suitable for connecting Rhodamine green deriva-
tive with minimum loss of biological activity. An FCS-
based competitive binding assay using the appropriate
fluorescent-labeled derivative 6 gave results that were
comparable to those of the protease inhibition assay.
In addition, the FCS-based binding assay of the library
using fluorescent-labeled chemical probes would be an
effective method because of its small observed-volume
and high sensitivity.
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Further structure–activity relationships of a novel series of fungal efflux pump inhibitors with respect to potentiation of the activity
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Novel C-5 aminomethyl pyrrolotriazines were optimized for dual EGFR and HER2 protein tyrosine kinase inhibition. The lead


compound exhibited promising oral efficacy in both EGFR and HER2 driven human tumor xenograft models. It is hypothesized


that its C-5 homopiperazine side chain binds in the ribose phosphate portion of the ATP binding pocket.


Synthesis of enantiomerically pure milnacipran analogs and inhibition of dopamine, serotonin, and
norepinephrine transporters


pp 2834–2837


Heidi Roggen, Jan Kehler, Tine Bryan Stensbøl and Tore Hansen*
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Two enantiomeric series of milnacipran analogs have been synthesized and their effects on 5-HT, NE,


and DA uptake inhibition have been measured.
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Discovery and biological evaluation of adamantyl amide 11b-HSD1 inhibitors pp 2838–2843
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Karen Sooy, Andy Vinter, Jonathan R. Seckl and Brian R. Walker
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hHSD1 IC50 = 82nM


The synthesis and biological activity of a series of adamantyl amide 11b-HSD1 inhibitors represented by 5 is reported.


Hybrid molecules containing benzo[4,5]imidazo[1,2-d][1,2,4]thiadiazole and a-bromoacryloyl moieties
as potent apoptosis inducers on human myeloid leukaemia cells
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Aryl sulfonamido indane inhibitors of the Kv1.5 ion channel pp 2849–2853


Michael F. Gross, Serge Beaudoin,* Grant McNaughton-Smith, George S. Amato, Neil A. Castle,
Christine Huang, Anruo Zou and Weifeng Yu
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Structure–activity relationship of a new class of Kv1.5 inhibitors based on the indane scaffold was investigated.


Syntheses and antiproliferative evaluation of oxyphenisatin derivatives pp 2854–2857


Muhammed K. Uddin, Serge G. Reignier, Tom Coulter, Christian Montalbetti,* Charlotta Grånäs,
Steven Butcher, Christian Krog-Jensen and Jakob Felding*
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The syntheses and structure–antiproliferative relationship for oxyphenisatin analogues are reported.
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Pyrazolo[1,5-a]pyridine antiherpetics: Effects of the C3 substituent on antiviral activity pp 2858–2862


Brian A. Johns,* Kristjan S. Gudmundsson and Scott H. Allen
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SAR explorations to understand the effects of the C3 substituent on antiviral activity for herpes simplex virus for a series of


pyrazolo[1,5-a]pyridine derivatives is reported. Resulting data emphasizes the importance of the orientation and basicity of


heteroatoms contained in the C3 substituent. During the course of this study, several novel synthetic approaches were developed


further elaborating the available synthetic methodology for this important heterocycle.


Novel bis(indolyl)maleimide pyridinophanes that are potent, selective inhibitors of glycogen synthase
kinase-3


pp 2863–2868


Han-Cheng Zhang,* Llorente V. R. Boñaga, Hong Ye, Claudia K. Derian, Bruce P. Damiano
and Bruce E. Maryanoff*
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Bis(indolyl)maleimide pyridinophanes (�multiheterophanes�),
from cobalt-mediated [2+2+2] cycloaddition, were found to


be potent, selective inhibitors of GSK-3b. An X-ray structure


of a co-crystal with GSK-3b is reported.


PDE-10A inhibitors as insulin secretagogues pp 2869–2873


Louis-David Cantin,* Steven Magnuson, David Gunn, Nicole Barucci, Marina Breuhaus, William H. Bullock,
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Ellalahewage S. Kumarasinghe, Yaxin Li, Sidney X. Liang, James N. Livingston, Timothy Lowinger,
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A series of quinoline-based PDE-10A inhibitors was determined to cause insulin secretion in vitro.


Optimized compounds were evaluated in vivo where improvements in glucose tolerance and


increases in insulin secretion were measured.


Design and evaluation of �Linkerless� hydroxamic acids as selective HDAC8 inhibitors pp 2874–2878


Keris KrennHrubec, Brett L. Marshall, Mark Hedglin, Eric Verdin and Scott M. Ulrich*
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4-Aminophenylalanine and 4-aminocyclohexylalanine derivatives as potent, selective, and orally
bioavailable inhibitors of dipeptidyl peptidase IV


pp 2879–2885
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A novel series of 4-aminophenylalanine and 4-aminocyclohexylalanine derivatives were designed and evaluated as inhibitors of


dipeptidyl peptidase IV (DPP-4). The cyclohexylalanine derivatives such as 25 afforded PK exposure in rat and dog, and efficacy in a


murine OGTT experiment.


Synthesis, structural analysis, and SAR studies of triazine derivatives as potent, selective Tie-2 inhibitors pp 2886–2889


Brian L. Hodous,* Stephanie D. Geuns-Meyer, Paul E. Hughes, Brian K. Albrecht, Steve Bellon,
Sean Caenepeel, Victor J. Cee, Stuart C. Chaffee, Maurice Emery, Jenne Fretland, Paul Gallant, Yan Gu,
Rebecca E. Johnson, Joseph L. Kim, Alexander M. Long, Michael Morrison, Philip R. Olivieri, Vinod F. Patel,
Anthony Polverino, Paul Rose, Ling Wang and Huilin Zhao


Analogs of the marine alkaloid makaluvamines: Synthesis, topoisomerase II inhibition,
and anticancer activity
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Synthesis, topoisomerase II inhibition, and anticancer activities of makaluvamine analogs are presented.


Antitumor agents. 256. Conjugation of paclitaxel with other antitumor agents: Evaluation of novel
conjugates as cytotoxic agents


pp 2894–2898


Kyoko Nakagawa-Goto, Seikou Nakamura, Kenneth F. Bastow,
Alexander Nyarko, Chieh-Yu Peng, Fang-Yu Lee, Fang-Chen Lee
and Kuo-Hsiung Lee*
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Synthesis and SAR of succinamide peptidomimetic inhibitors of cathepsin S pp 2899–2903


Arnab K. Chatterjee,* Hong Liu, David C. Tully, Jianhua Guo, Robert Epple, Ross Russo, Jennifer Williams,
Michael Roberts, Tove Tuntland, Jonathan Chang, Perry Gordon, Thomas Hollenbeck, Christine Tumanut,
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Peptidic, non-covalent inhibitors of lysosomal cysteine protease cathepsin S were investigated due to low oral bioavailability of


initial leads, leading to an improved series of peptidomimetic inhibitors utilizing phenyl succinamides as the P2 residue.


Synthesis of fluorescent-labeled aeruginosin derivatives for high-throughput fluorescence correlation
spectroscopy assays


pp 2904–2907
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Cell differentiation enhancement by hydrophilic derivatives of 4,8-Dihydrobenzo[1,2-b:5,4-b0]dithiophene-
4,8-diones in HL-60 leukemia cells


pp 2908–2912


Yen-Fang Wen, Kuo-Hsiung Lee, Pi-Tsan Huang, Mei-Hwai Chen, Wuu-Chian Shin, Li-Jiau Huang,
Mei-Hua Hsu, Chun-Jen Chen and Sheng-Chu Kuo*
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N-(2-dimethylaminoethyl)-4,8-dihydrobenzo[1,2-b:5,4-b0]-dithiophene-4,8- dione-2-


carboxamide (13) and 2-(1-hydroxyethyl)-4,8-dihydrobenzo[1,2-b:5,4-b0]dithio-


phene-4,8-dione (18) were found to exhibit excellent differentiation effects on HL-


60 cells. To improve the water solubility of compound 18, its ester-type hydrophilic


prodrugs (23-26) was synthesized.


Probing acid replacements of thiophene PTP1B inhibitors pp 2913–2920


Zhao-Kui Wan, Bruce Follows,* Steve Kirincich, Douglas Wilson, Eva Binnun, Weixin Xu,
Diane Joseph-McCarthy, Junjun Wu, Michael Smith, Yan-Ling Zhang, May Tam, David Erbe,
Steve Tam, Eddine Saiah and Jinbo Lee
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A series of acid replacement groups were prepared and evaluated as PTP1B inhibitors. 2-Tetrazole and 3-thiourea were identified as


potential acid replacement groups that display improved permeability versus our diacid thiophene lead compound.
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Synthesis and biological activity of 2-alkylbenzimidazoles bearing a N-phenylpyrrole moiety as novel
angiotensin II AT1 receptor antagonists


pp 2921–2926


Jin Yi Xu, Yi Zeng, Qian Ran, Zhen Wei, Yi Bi, Qian Hui He, Qiu Juan Wang, Song Hu, Jing Zhang,
Ming Yue Tang, Wei Yi Hua and Xiao Ming Wu*
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2-Alkylbenzimidazoles bearing a N-phenylpyrrole moiety 10a and 10g inhibited [125I] AngII-binding affinity to AT1 receptor


at nanomolar level and evaluation in spontaneously hypertensive rats showed that 10a is an orally active AT1 receptor


antagonist.


Selective and dual action orally active inhibitors of thrombin and factor Xa pp 2927–2930


Robert J. Young,* David Brown, Cynthia L. Burns-Kurtis, Chuen Chan, Máire A. Convery, Julia A. Hubbard,
Henry A. Kelly, Anthony J. Pateman, Angela Patikis, Stefan Senger, Gita P. Shah, John R. Toomey,
Nigel S. Watson and Ping Zhou
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The synthetic entry to new classes of dual fXa/thrombin and selective thrombin inhibitors


with significant oral bioavailability is described. The observed activity changes have been


rationalised using structural studies.


Sulfonamide-related conformational effects and their importance in structure-based design pp 2931–2934


Stefan Senger,* Chuen Chan, Máire A. Convery, Julia A. Hubbard, Gita P. Shah, Nigel S. Watson
and Robert J. Young


An example is presented where structural information combined with ab initio


calculations clearly indicate that an observed difference in biological activity is


dominated by sulfonamide-related conformational effects.


Novel 3-galloylamido-N0-substituted-2,6-piperidinedione-N-acetamide peptidomimetics as
metalloproteinase inhibitors


pp 2935–2938


Qianbin Li, Hao Fang and Wenfang Xu*
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Geldanamycin derivatives and neuroprotective effect on cultured P19-derived neurons pp 2939–2943


Sarin Tadtong, Duangdeun Meksuriyen, Somboon Tanasupawat, Minoru Isobe and Khanit Suwanborirux*


A series of O-alkyl and N-alkyl derivatives of geldanamycin were prepared and evaluated for in


vitro activities against P19-derived neurons. 19-O-methylgeldanamycin (7), possessing wide


therapeutic index between neuroprotective and neurotoxic activities, is the most promising


derivative in neurodegenerative therapy against neurotoxic anticancer drugs.


Bridged androstenediol analogs as ER-b selective SERMs pp 2944–2948


Timothy A. Blizzard,* Candido Gude, Wanda Chan, Elizabeth T. Birzin, Marina Mojena, Consuelo Tudela,
Fang Chen, Kristin Knecht, Qin Su, Bryan Kraker, Mark A. Holmes, Susan P. Rohrer
and Milton L. Hammond OH
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A series of bridged androstenediol derivatives (e.g., 8 and 11) was prepared. The bridged compounds


exhibited reduced ER-b selectivity relative to uncyclized analogs.
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Abstract—In this report, we describe new HDAC inhibitors designed to exploit a unique sub-pocket in the HDAC8 active site.
These compounds were based on inspection of the available HDAC8 crystal structures bound to various inhibitors, which collec-
tively show that the HDAC8 active site is unusually malleable and can accommodate inhibitor structures that are distinct from the
canonical ‘zinc binding group-linker-cap group’ structures of SAHA, TSA, and similar HDAC inhibitors. Some inhibitors based on
this new scaffold are >100-fold selective for HDAC8 over other class I and class II HDACs with IC50 values <1 lM against HDAC8.
Furthermore, treatment of human cells with the inhibitors described here shows a unique pattern of hyperacetylated proteins com-
pared with the broad-spectrum HDAC inhibitor TSA.
� 2007 Elsevier Ltd. All rights reserved.

Post-translational e-acetylation of lysine residues was
first identified as a post-translational modification of
histones and has since emerged as a central mechanism
of transcriptional control in eukaryotes; hypoacetyla-
tion is correlated with transcriptional repression and
hyperacetylation with transcriptional activation.1–4 Pat-
terns of lysine acetylation along regions of nucleosomes
have distinct biological meanings, through recruitment
of specific proteins as well as structural changes to the
chromatin fiber.5,6 Histone lysine acetylation patterns
affect diverse cellular processes including differentiation,
cellular response to stimuli, and tumorigenesis. More
recently, it has been shown that non-histone proteins
such as tubulin and p53 are also targets of reversible
lysine acetylation, suggesting that acetylation may play
a much broader role in controlling cellular events akin
to protein phosphorylation.7,8


The lysine acetylation state of cellular proteins is deter-
mined by the action of histone acetyl transferases (HATs)
and histone deacetylases (HDACs). There are three
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classes of HDACs. Class I (HDACs 1, 2, 3, and 8) and
class II (HDACs 4, 5, 6, 7, 9, and 10) HDACs are zinc-
dependent amidohydrolases with a conserved catalytic
core but differing in size, domain structure, and tissue
expression pattern. Class III HDACs are NAD+ depen-
dent, unrelated in sequence and mechanism to classes I
and II.9 Zinc-dependent HDACs have received much
attention as anticancer drug targets. Inhibitors of these
enzymes have demonstrated a remarkable ability to
induce terminal differentiation of transformed cells,
presumably by altering patterns of gene expression
through influencing the acetylation state of select histone
lysine residues.10 HDAC inhibitors are also exceedingly
useful tools to study the biology of histone deacetylases.
Indeed, determining whether a cellular process involves
HDACs is readily ascertained by using the many potent,
cell-permeable molecules available.


Most HDAC inhibitors such as TSA and SAHA closely
resemble the aliphatic acetyl-lysine substrate and deliver
a hydroxamic acid or other zinc binding group to the
catalytic zinc ion at the bottom of a narrow active site
pocket as seen in co-crystal structures of inhibited
HDLP (HDAC-like protein),11 HDAH (HDAC-like
amidohydrolase),12 and human HDAC8.13 These inhib-
itors all have a zinc binding group and a polar ‘cap
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Figure 1. Common structural features of the broad-spectrum HDAC


inhibitors SAHA and TSA.


Figure 2. The HDAC8:TSA co-crystal structure, showing the con-


served hydrophobic residues (F152, F208, and M274) that form the


narrow active site channel, at the bottom of which is the catalytic zinc


ion.
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group’ connected by a straight chain alkyl, vinyl or aryl
linker (Fig. 1). Attempts to generate isozyme-specific
HDAC inhibitors generally focus on varying the cap
group to exploit variability in the HDAC surface sur-
rounding the active site.14 Despite much effort, truly
selective compounds remain difficult to find. Screens of
large compound libraries have yielded selective inhibi-
tors of HDACs 1, 6, and 8.15,16 However, structural
determinants of selective HDAC inhibition remain un-
known. In this report, we describe the rational design
of HDAC inhibitors which show selectivity toward hu-
man HDAC8 by targeting an active site pocket which
may be unique to this family member.


HDAC8 is an unusual HDAC family member. Recent
data suggest that HDAC8 is constitutively localized to
the cytoplasm and its expression in primary cells is
restricted to smooth muscle.17 Interestingly, RNAi
ablation of HDAC8 in these cells results in a contrac-
tion-deficient phenotype.18 Thus, identifying the sub-
strates of HDAC8 may expand the range of targets
and functions of the HDAC family. Furthermore, a
common form of acute myeloid leukemia (AML) results
from a chromosomal translocation creating an abnor-
mal fusion protein, Inv1. Inv1 binds HDAC8 and is
associated with aberrant, constitutive genetic repres-
sion.19 As such, specific HDAC8 inhibitors may assist
a medicinal chemistry effort against AML.


Our approach to generate specific HDAC8 inhibitors is
founded upon analysis of the HDAC8, HDAH, and
HDLP structures with bound hydroxamate inhibitors.
The amino acid sequences and overall active site
topology of the enzymes are similar. In HDAC8, the
zinc ion that facilitates amide hydrolysis is found at
the bottom of a narrow pocket; just above which are
conserved and catalytically important Y306 and H180
residues. The rim of the pocket is formed by three
conserved hydrophobic residues, F152, F208, and
M274 (Fig. 2). These form the tunnel that the acetyl-
lysine substrate and straight-chain hydroxamate
inhibitors penetrate to access the catalytic machinery.
Similar architecture is found in HDLP and HDAH.

The HDAC8 structure was solved with four different
hydroxamate inhibitors bound.13 The active site topo-
logy of HDAC8 showed large structural differences
depending on which inhibitor is bound. In the SAHA:
HDAC8 co-crystal structure, the active site is deep
and narrow similar to the HDLP and HDAH structures.
However, when a hydroxamate inhibitor with an aryl
linker (CRA-A) is bound to HDAC8, a large sub-pocket
forms in the side of the active site, adjacent to M274.
This pocket is created by movement of F152 away from
its normal position packed against M274 to form the lip
of the active site tunnel (Fig. 3). This shift may be a con-
sequence of the more sterically demanding aryl hydroxa-
mate CRA-A versus the aliphatic hydroxamate SAHA
binding the active site.


We reasoned that this sub-pocket may be targeted by a
new inhibitor scaffold. If this pocket is unique to
HDAC8, inhibitors that bind this pocket should be
selective for HDAC8. To test this idea, we synthesized
a panel of six bulky aryl hydroxamic acids that are
unlike the canonical ‘zinc binding group-linker-cap
group’ structure of most HDAC inhibitors (Fig. 4).
These inhibitors are aryl hydroxamates like CRA-A
and the new scaffold also displays aryl groups to bind
this pocket a short distance from the hydroxamic acid.
Such molecules should be excluded from HDACs that
lack the sub-pocket seen in HDAC8.


Compounds 1–6 were synthesized in two steps from the
corresponding carboxylic acids by conversion to the acid
chlorides followed by treatment with hydroxylamine in
water/THF under basic conditions and purified by
recrystallization from ethanol/water.20 To access struc-
ture 6, we first performed a Suzuki coupling between
1-naphthyl boronic acid and p-bromobenzoic acid to
make p-(1-naphthyl)benzoic acid which was converted
to its corresponding hydroxamate in the same manner
(Scheme 1). All hydroxamates gave 1H and 13C NMR
spectra consistent with the structures shown.21 The







Figure 3. (a) Structure of HDAC8 bound to SAHA, an alkyl-linker


HDAC inhibitor. M274 (red) and F152 (cyan) pack against each other


to form the wall of the active site pocket. (b) Structure of HDAC8


bound to CRA-A, an aryl-linker HDAC inhibitor. In this case F152


rotates away from M274, exposing a large sub-pocket.


Figure 4. Structures of linkerless hydroxamates designed to bind the


sub-pocket of the HDAC8 active site.


Table 1. IC50 values of compounds 1–6 against HDACs 1, 6, and 8


Compound IC50 values


HDAC8(lM) HDAC1(lM) HDAC6(lM)


1 20.0 >100 >100


2 14.0 >100 >100


3 6.6 — —


4 66.0 — —


5 0.7 >100 82


6 0.3 >100 55


Values are the average of three experiments.


2876 K. KrennHrubec et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2874–2878

compounds were then tested as HDAC inhibitors using
a tritiated acetyl histone peptide assay22 against recom-
binant human HDAC8. The selectivity of the com-
pounds was determined by similar inhibition assays
against immunoprecipitated human HDACs 1 (class I)
and 6 (class II) as representatives of the larger family.


The inhibition data show that the linkerless, sterically
demanding aryl hydroxamates are indeed HDAC8
inhibitors (Table 1 and Fig. 5). Some of the compounds
are also moderately potent; compounds 5 and 6 have
submicromolar IC50 values against HDAC8. We also
tested compounds 1, 2, 5, and 6 as inhibitors against

Scheme 1. Synthesis of hydroxamates shown in Figure 4. Crude acid chlorid


>80%.

HDACs 1 and 6 to determine their selectivity toward
HDAC8. The data show that all hydroxamates based
on the linkerless scaffold are selective for HDAC8 over
HDACs 1 and 6. The most potent compounds 5 and 6
are >100-fold selective against HDAC8 versus HDACs
1 and 6. The less potent compounds may be even more
so, since they present steric bulk in closer proximity to
the zinc binding group, potentially clashing with the
narrow active site seen in HDAH and HDLP.


We designed compounds 1–6 based on a simple blocking
effect, where the malleability of the HDAC8 active site
with the inducible sub-pocket would allow the bulky
hydroxamates to access the catalytic zinc while HDACs
with more rigid, narrow active sites prohibit zinc chela-
tion. Inspection of the CRA-A:HDAC8 co-crystal struc-
ture reveals that the primary pocket between F152 and
F208 where the aryl group bearing the hydroxamate
binds is at a right angle to the induced sub-pocket

es were not isolated, and yields from the starting carboxylic acids were







Figure 5. Inhibition plots of compounds 2, 5, and 6 against HDACs 1, 6, and 8.
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(Fig. 6). Interestingly, the more potent molecules against
HDAC8 (5 and 6) have such conformations accessible to
them, which may explain why the conformationally rigid
compounds 1–4 are poorer inhibitors of HDAC8 than
compounds 5 and 6.


In order to determine the effects of these compounds on
the levels of lysine acetylated proteins in cells, we treated
HeLa and HEK293 cells with compounds 2, 5 and the
broad-spectrum HDAC inhibitor TSA. The cell lysate
was then subjected to western blotting with anti-acetyl-
lysine antibodies (Fig. 7). The data show that treating
either cell type with TSA increased the lysine acetylation
level of three proteins. The same three proteins became
hyperacetylated upon treatment with compound 5.
While compound 5 does show selectivity among purified
HDACs 1, 6, and 8, it has nearly identical effects on pro-
tein acetylation levels in cells as TSA. Thus, it is likely
that compound 5 has targets among the HDAC family
that we have not included in our selectivity assay. How-

Figure 6. The HDAC8 CRA-A co-crystal structure showing the right-


angle orientation of the aryl linker relative to the induced sub-pocket.


Note that the aryl group of CRA-A attached to the aryl linker does not


bind the sub-pocket but rather is positioned well above it, as can be


seen in Figure 3b.


Figure 7. Anti-acetyl lysine Western blot of HeLa and HEK293 cell


lysates pretreated with TSA (relatively nonspecific HDAC inhibitor),


no inhibitor, and increasing concentrations of compounds 2 and 5.

ever, when either cell type was treated with compound 2,
only the high molecular weight protein became hyper-
acetylated. The high molecular weight protein was deter-
mined to be tubulin when the experiment was repeated
with antibodies specific toward acetyl tubulin and acetyl
histone (Fig. 8). HDAC6 has previously been shown to
deacetylate tubulin specifically.8 Our data show that
compound 2 weakly inhibits HDAC6, which would
account for this result, but tubulin hyperacetylation is
seen at concentrations of 2 (0.8 lM) that showed
minimal inhibition of purified HDAC6. These data do,
however, clearly indicate that compound 2 inhibits a
restricted subset of HDACs (possibly only HDAC8) in
cells when compared with TSA, and the target(s) of
compound 2 do not deacetylate histones. Rather, the
target(s) of compound 2 deacetylate tubulin and
possibly other non-histone proteins.


These compounds represent rationally designed inhibi-
tors specific for an individual HDAC family member







Figure 8. Western blotting of the same lysates with antibodies specific


for lysine acetylated histone H4 and lysine acetylated tubulin.
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based on available structural data. We hypothesize that
the relatively simple structures described here exploit the
malleability of the HDAC8 active site and its unique
sub-pocket, resulting in selective inhibition. As more
HDAC family members are structurally characterized,
it will be seen if HDACs that are insensitive to these
compounds also lack the sub-pocket seen in HDAC8.
If so, this may emerge as a general structural feature that
can be exploited to generate selective inhibitors. The
compounds described here are also likely to serve as use-
ful tools to study the role of HDAC8 in smooth muscle
cell contraction, identify its protein targets, and serve as
lead compounds for medicinal chemistry efforts against
AML.
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