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Abstract—In the course of studies directed toward the discovery of novel scaffolds for medicinal application, we synthesized a series
of 3-substituted indolizine-1-carbonitrile derivatives. Some of them displayed activity against MPtpA/MPtpB phosphatases which
are involved in infectious diseases. We report here the solid-phase synthesis and antiphosphatase activity of a series of indolizines.

© 2005 Elsevier Ltd. All rights reserved.

Protein phosphorylation and dephosphorylation reac-
tions are employed by living organisms for the regula-
tion of innumerable cellular processes. Aberrancies in
protein phosphorylation contribute to the development
of many human diseases such as cancer and diabetes.!
Phosphorylation states are governed by protein kinases
(PKs) catalyzing protein phosphorylation, and protein
phosphatases (PPs), which are responsible for dephos-
phorylation. PKs are established targets for drug discov-
ery.> Protein phosphatases have been classified by
structure and substrate specificity into protein serine/
threonine (PSTPs) and tyrosine phosphatases (PTPs).
However, the development of small-molecule inhibitors
of PTPs is emerging only very recently’ as a rapidly
growing area of investigation in clinical biology and
medicinal chemistry.*

This development was undoubtedly triggered by the dis-
covery that the disruption of the pzplb gene in mice con-
fers resistance to obesity and increases insulin sensitivity
without negative side effects.” The treatment of type 2
diabetes and obesity could benefit from PTP inhibitors
and therefore, PTP1b is currently a major target of
medicinal chemistry research in the pharmaceutical
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industry.® Tyrosine phosphatases are essential for the
virulence of several pathogenic bacteria. Bacteria like
Salmonella typhimurium (the typhus pathogen) and Yer-
sinia pestis (the plague pathogen) use their own phos-
phatases—such as YopH of Yersinia,” which blocks
phagocytosis by macrophages—to infect their hosts or
escape from an immune response. The restricted distri-
bution of two putative tyrosine phosphatases (MPTPA
and MPTPB), which are cloned from genomic DNA
of Mycobacterium tuberculosis, makes it a good candi-
date for a virulence gene of M. tuberculosis.® The dual
specific phosphatases of the Cdc25 family have attracted
particular attention as regulators of the cell cycle, as
they dephosphorylate the cyclin-dependent kinase which
triggers key transitions in the process of eukaryotic cel-
lular division.” Cdc25A has attracted considerable inter-
est as its overexpression is correlated to the malignancy
of tumors.'® The vaccina VHIl-related dual specific
phosphatase VHR is a physiological regulator of extra-
cellular regulated kinases of the MAP (mitogen-activat-
ed protein) kinase family and influences signaling
through the MAP kinase pathway.!!

PTP inhibition would thus constitute a valuable strategy
against infectious diseases'? and bioterrorism. The re-
cent advances in the field of PTP inhibitor discovery
with a focus on phosphatases could be the targets of
the next drug generation as they play a major role in
the development of diseases.>?
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We here present 3-substituted indolizine-1-carbonitrile
derivatives as phosphatase inhibitors. While searching
for interesting molecular frameworks to use for the syn-
thesis of combinatorial libraries on solid support, our
attention was drawn to the formal [3+2]-cycloaddition
of pyridinium ylides with electron deficient alkenes.'?
This chemistry has ample precedent in solution and is
particulary attractive due to high yields and mild condi-
tions typically involved.'* The synthesis allows for the
introduction of hydrophilic, electron-withdrawing sub-
stituents starting from several pyridine derivatives
(Scheme 1).

Initially, both nicotinic and isonicotinic acids were cou-
pled under standard Fmoc solid-phase conditions to tri-
tyl chloride polystyrene resin (TCP) previously loaded
with N-Fmoc-Leu B-phenylalanine followed by quatern-
ization by treatment with excess of methyl-2-bromoace-
tate in DMF (Scheme 2). The resin bound pyridinium
salt was simply washed with DMF and dichlorometh-
ane, and then treated with acrylonitrile in the presence
of triethylamine in DMF for 2 h at 60 °C to furnish
the resin bound tetrahydroindolizine. In order to pre-
serve the bicyclic ring structure, an oxidative strategy
was adopted. Hu et al. have developed the bimetallic
complex TPCD [Co(pyridine)4(HCrO,),] as a reagent
for the one-pot synthesis of aromatic indolizines.'’
When the resin bound dipolar cycloaddition product
was oxidized in the presence of TPCD at 80 °C in
DMF, a clean reaction occurred to give the aromatic
indolizines in good yields. The methyl esters were
cleaved from the resin under acidic conditions and sub-
sequently hydrolyzed to furnish the desired free acids 1
and 2.'6

The cycloaddition was regioselective in accordance with
the electronic effects. Attempts to use both fumaric and
maleic acid esters as electron deficient alkenes failed be-
cause of the putative incomplete oxidation of the tetra-
hydroindolizine intermediates (Schemes 3-8).

An amide bond can be substituted by aromatic ring sur-
rogates mimicking the planar character.!” Following
this approach, (pyridin-4-yl)acetic acid (3) is a useful
template due to the possibility of the easy introduction
of substituents in o-position to the carbonyl group.
The 2-substituted acid 6 can serve as a 1,3-dipole for
the [3+2]-cycloaddition after quaternization. In the first
step, the methyl ester 4 was alkylated with 1-bromo-2-
methylpropane after deprotonation with sodium hy-
dride followed by hydrolysis under acidic conditions to
yield free acid 6.
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Scheme 1. Pyridine derivatives initiate the synthesis of indolizine
scaffolds.
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Scheme 2. Solid-phase synthesis of indolizines. Reagents and condi-
tions: (a) i—20% piperidine/NMP; ii—wash with NMP; (b) i—AN-
Fmoc-Leu-OH, TBTU, HOBT, DIPEA, NMP; ii—wash with NMP;
(¢) i—nicotinic/isonicotinic acid, TBTU, HOBT, DIPEA, NMP; ii—
wash with NMP and DCM; (d) i—20 equiv methyl-2-bromoacetate,
DMEF, 40 °C; ii—wash with DMF and DCM; (e) i—2 equiv NEts,
20 equiv acrylonitrile, DMF, 60 °C, 2 h; ii—wash with DMF and
DCM; iii—TCPD, DMF, 80 °C, 10 h; iv—wash with DMF and DCM;
v—TFA/DCM = 1:10; vi—NaOH, MeOH.
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Scheme 3. Synthesis of 4-methyl-2-(pyridin-4-yl)pentanoic acid (6).
Reagents and conditions: (a) i—MeOH, cat. H,SOy, reflux; ii—NaOH,
H,0 (quant.); (b) i—NaH, DMF, 0 °C; ii—1-bromo-2-methylpropane,
50 °C (68%); (c) 6 M HCI (quant.).
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Scheme 4. Solid-phase synthesis of indolizine 7. Reagents and condi-
tions: (a) i—20% piperidine/NMP; ii—wash with NMP; (b) i—4-
methyl-2-(pyridin-yl)pentanoic acid (6), TBTU, HOBT, DIPEA, NMP;
ii—wash with NMP; (¢) i—20 equiv methyl-2-bromoacetate, DMF,
40 °C; ii—wash with DMF and DCM; (d) i—2 equiv NEt;, 20 equiv
acrylonitrile, DMF, 60 °C, 2 h; ii—wash with DMF and DCM; iii—
TCPD, DMF, 80 °C, 10 h; iv—wash with DMF and DCM; v—TFA/
DCM = 1:10; vi—NaOH, MeOH.
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Scheme 5. Synthesis of 4-methyl-2-(pyridin-3-yl-oxy)pentanoic acid
(11). Reagents and conditions: (a) NaNO,, acetic acid (85%); (b) DCC,
4.0 equiv tert-butanol, cat. DMAP (70%); (c) K,COs3;, MeOH/H,O
(63%); (d) i—pyridine-3-ol, DIAD, PPh;, THF, 0°C; ii—TFA/
DCM = 1:1 (75%).
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Scheme 6. Solid-phase synthesis of indolizines 12-14. Reagents and
conditions: (a) i—20% piperidine/NMP; ii—wash with NMP; (b) i—4-
methyl-2-(pyridin-3-yl-oxy)pentanoic acid (11), TBTU, HOBT,
DIPEA, NMP; ii—wash with NMP; (c¢) i—20 equiv methyl-2-bro-
moacetate, DMF, 40 °C; ii—wash with DMF and DCM; (d) i—
2 equiv NEts, 20 equiv acrylonitrile, DMF, 60 °C, 2 h; ii—wash with
DMF and DCM; iii—TCPD, DMF, 80 °C, 10 h; iv—wash with DMF
and DCM; v—TFA/DCM = 1:10; vi—NaOH, MeOH.
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Scheme 7. Synthesis of 2-substituted 2-(4-((pyridin-2-yl)meth-
oxy)phenyl)acetic acid (17). Reagents und conditions: (a) (pyridine-2-
yl)methanol, DIAD, PPh;, THF, 0 °C (75%); (b) i—NaH, DMF, 0 °C;
ii—1-bromo-2-methylpropane, 50 °C (67%); (c) NaOH, MeOH.

The [3+2]-cycloaddition on solid support offers a conve-
nient approach to construct a small library. In the fol-
lowing variation, the planar amide bond is replaced by
an aromatic surrogate but the usage of (pyridin-3-yl-
oxy)-derivatives extended the backbone with an ether
unit, isosteric to a methylene group, which imparts an
additional hydrogen bond acceptor. With reference to
the naturally occurring L-configuration of amino acids
an enantioselective synthesis of the leucine surrogate
was desirable. 4-Methyl-2-(pyridin-3-yl-oxy) pentanoic
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Scheme 8. Synthesis of indolizine scaffold 19. Reagens and conditions:
(a) i—20% piperidine/NMP; ii—wash with NMP; (b) i—2-(4-((pyridin-
2-yl)methoxy)phenyl)acetic acid (17), TBTU, HOBT, DIPEA, NMP;
ii—wash with NMP; (c) i—20 equiv methyl-2-bromoacetate, DMF,
40 °C; ii—wash with DMF and DCM; (d) i—2 equiv NEt3, 20 equiv
acrylonitrile, DMF, 60 °C, 2 h; ii—wash with DMF and DCM; iii—
TCPD, DMF, 80 °C, 10 h; iv—wash with DMF and DCM; v—TFA/
DCM = 1:10; vi—NaOH, MeOH.

acid (11) is prepared as follows: p-leucine was converted
to the diazonium compound and reacted with acetic acid
to ester 8, which was subsequently transformed into the
tert-butyl ester 9. After hydrolysis of the acetic acid ester
moiety, the hydroxyl functionality was converted to an
ether via Mitsunobu reaction with 3-hydroxy pyridine.
Cleavage of the tert-butyl ester afforded the free acid
11 required for the indolizine synthesis on solid support.

To elucidate the influence of extension of the aromatic
moiety on activity, the use 2-(4-hydroxyphenyl)acetic
acid (15) is useful as the phenyl ring might mimic the
planar structure of the amide bond and the hydroxyl
functionality can easily be derivatized with (pyridin-2-
yl)methanol via Mitsunobu reaction. 2-(4-((Pyridin-2-
yl)methoxy)phenyl)acetic ~acid (16) imparts an
additional hydrogen bond acceptor. The methyl ester
16 was alkylated with 1-bromo-2-methylpropane after
deprotonation with sodium hydride and subsequently
hydrolyzed under basic conditions to give the substitut-
ed phenyl-benzyl ether core 18. The aromatic moiety can
be extended by quaternization by treatment with 2-bro-
mo-1-phenylethanone.

The inhibitory effects of a representative number of ind-
olizine derivatives against different phosphatases were
examined in an in vitro assay system. The results are
shown in Table 1. The compound displaying the 2-(4-
((pyridin-2-yl)methoxy)phenyl)acetic acid moiety 19 is
proposed to interact with the active site, whereas the
peptidic backbone bearing the alkyl side chains was pro-
posed to exert hydrophobic interactions with the en-
zyme.'® The S5-(phenoxymethyl)indolizine scaffold is
not essential but is preferred over the other scaffolds
as indolizine 14 bearing an indolizine-6-ol moiety also
shows activity. The benzoyl substituent on the indolizine
scaffold seems to be essential for the activity.

In conclusion, compound 19 incorporates a structural
framework not present in any of the phosphatase inhib-
itors described so far. These data also make clear that
the 5-(phenoxymethyl)indolizine scaffold provides a
promising lead structure and certainly deserves further
studies to establish pertinent structure—activity relation-
ships. The scaffold 14 was found to inhibit MPTPB but
not MPTPA, while compound 19 was found to be



62

T. Weide et al. | Bioorg. Med. Chem. Lett. 16 (2006) 59-63

Table 1. ICs, values (uM) of biased indolizine scaffolds against different phosphatases®

Compound Structure® Cdc25A PTPI1b MPTPA MPTPB VHR
NC O
1 ~r X N R >100 >100 >100 >100 >100
\_N._~ H (¢]
HO,C
(0]
~ R
2 | H >100 >100 >100 >100 >100
NC—~ "N ©
CO,H
7 >100 >100 >100 >100 >100
C ]
12 NC— /N 0 R >100 >100 >100 >100 >100
— (0]
CO,H
C ]
13 NC—/ N O R >100 >100 >100 >100 >100
CO,C,H5
14 70.7£5.3 85.1£7.2 >100 22.0£2.7 82.9+%39
19 69.2+8.9 80.6 5.2 749 £ 8.8 7.5+19 77.8 1.8

?For assay conditions, see Ref. 19.
®The compounds accrued as diastereomers. R = 3-amino-3-phenylpropionic acid. The assigned structures were confirmed by '"H NMR and mass

spe

ctroscopy.

10-fold more selective for MPTPB. Generally, the [3+2]-

cycl

oaddition of electron deficient alkenes to pyridinium

ylides provides a convenient method to substitute
indolizines.

—
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and DCM. Afterwards the resin was transferred into a
glass vial and treated with a solution of acroylnitrile
(20 equiv) and triethylamine (20 equiv) in DMF at 60 °C
for 2h. Washing with DMF and dichloromethane fur-
nished the resin bound tetrahydroindolizine, which was
treated with TCPD (3.0 equiv) in DMF. The oxidation
was run for 6 h at 80 °C to afford the indolizine after
washing with DMF and DCM. The desired product was
cleaved with 1:10 TFA/DCM and the ecthyl ester was
hydrolyzed under basic conditions to furnish the crude
product, which was purified by HPLC. The [3+2]-cyclo-

17.

18.

19.

Lett. 16 (2006) 59-63 63

addition and subsequent oxidation afforded the indolizines
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All enzyme assays were performed by means of an
automated system consisting of a Zymark SciClone
ALH 500 in conjunction with a Twister II and a Bio-
Tek Power Wave 340 reader. The reaction volume was
10 pL. The reaction was started by the addition of 5 pL p-
nitrophenyl phosphate to 5 pL of a solution containing the
respective enzymes which had been pre-incubated for 10—
15 min with different concentrations from twofold dilution
series of inhibitors. Reaction velocity was determined
from the slope of the absorbance change at 405 nm and
related to control values in absence of the inhibitor. ICs,
values were calculated from linear extrapolations of
reaction velocity as a function of the logarithm of
concentration. This non-biased approach did not allow
for the determination of ICsy values larger than 100 pM.
The error indicated in Table 1 is the standard deviation.
The overall experimental error, including the water
content of DMSO stock solutions and weighing errors,
is approximately 50% of the respective ICsy values. All
buffered solutions contained 2 mM DTE (1,4-dithio-D,L-
threitol added on the day of the experiment from 100 mM
stock) and 0.025% (v/v) of the detergent NP-40 (Calbio-
chem 492015). The buffers consisted of 50 mM Tris,
50 mM NaCl, 0.1 mM EDTA in the case of CDC25A, or
25 mM HEPES, 50 mM NaCl, 2.5 mM EDTA in the case
of PTP1b, MPTPA, and MPTPB, or 25mM MOPS,
5mM EDTA in the case of VHR. The twofold dilution
series were obtained from 10 pL of a buffered enzyme
solution containing 200 uM of inhibitor. Of this, 5 pL was
removed and mixed with 5 pL. buffered enzyme solution
resulting in a twofold dilution. This step was repeated 5
times. Five microlitres of the final dilution was removed,
so that each well consisted of 5puL buffered enzyme
inhibitor mix. After addition of 5 pL p-nitrophenyl phos-
phate, the concentrations for the enzyme reaction were
50 mM in the case of CDC25A or 1 mM for all other
phosphatases. The inhibitor concentrations were 100, 50,
25, 12.5, 6.25, or 3.125 uM, respectively. For all enzymes,
their concentration was adjusted to an initial absorbance
change of 1-2 ODygs/h. All reactions were performed as
quadruplets from identical manual dilutions (1:10 in buffer
from 10 mM stock solutions in DMSO).
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