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Protein tyrosine phosphatases (PTPases) are important targets in medicinal chemistry. These enzymes play a role in a number of human
diseases, including type Il diabetes and infection by Yersinia pestis, the causative agent of bubonic plague. Derivatives of squaric acids such
as 2-aryl-1-hydroxycyclobut-1-ene-3,4-diones represent a new class of monoanionic inhibitors for PTPases.

Protein phosphorylation and dephosphorylation are two key regulates antigen receptor signaling in T and B cells.
chemical events that regulate the catalytic and signaling Therefore, inhibitors of this phosphatase may be useful for
activity of a wide variety of proteins. These two reactions treating disorders of the immune system, including auto-
are catalyzed by protein kinases and phosphatases, respeémmune diseases and inflammation. Finally, a number of
tively. Within the general class of phosphatases, protein pathogenic bacteria employ PTPases that are vital to their
tyrosine phosphatases (PTPases) in particular have beemathogenicity. These bacteria use a type Ill secretion system
found to play central roles in a number of human diseases. to inject a phosphatase into host cells, where it disrupts host
For example, PTP1B is a potential target for the treatment signal transduction pathways. Examples includersinia

of type |l diabeted.This PTPase dephosphorylates the insulin pestis, the causative agent of bubonic plague Saichonella
receptor and thus downregulates both its kinase activity andtyphimurium.

its ability to promote uptake of glucose. As a result, inhibitors ~ Because of the potential importance of PTPases in
of PTP1B may help to restore insulin sensitivity to patients medicinal chemistry, there has been significant interest in
with type Il diabetes by maintaining the receptor in its developing nonhydrolyzable mimics of phosphotyrosine that
activated state. can serve as the basis for designing PTPase inhibitars.

Several phosphatases, including PTRwd the Cdc25 ~ nhumber of examples have been reported in the literature,

family, are potential targets for anticancer therapies. It is  (4) (a) Lazo, J. S.: Nemoto, K.; Pestell, K. E.; Cooley, K.; Southwick,

believed that dephosphorylation reactions catalyzed by \EV'(:I";P'\MII\TFI:'DE' A Ftirzegbgvgﬂ;%io‘? 353; Z(g?&(\arelvi}(; D. WK Jo[J, B,
. . . A 1p1, P. Mol. armacol. ,01, - . alaktionov, K.; Lee,
PTP'OL aCtlvat.e the Src famllly of kmaSé_SNh"e Cdc25B A. K.; Eckstein, J.; Draetta, G.; Meckler, J.; Loda, M.; Beach Sbience
activates cyclin-dependent kinaseGD45 is a PTPase that  1995,269, 1575—1577.
(5) Penninger, J. M.; Irie-Sasaki, J.; Sasaki, T.; Oliveira-dos-Santos, A.
J. Nat. Immunol.2001,2, 389—396.

(1) For a recent review, see: Hooft van Huijsduijnen, R.; Bombrun, A.; (6) DeVinney, R.; Steele-Mortimer, O.; Finlay, B. Btends Microbiol.
Swinnen, D.Drug Discor. Today2002,7, 1013—1019. 2000,8, 29-33.

(2) For a recent review, see Johnson, T. O.; Ermolieff, J.; Jirousek, M. (7) For reviews, see: (a) Burke, T. R., Jr.; Zhang, Z.Biopolymers
R. Nat. Rev. Drug Disc022002,1, 696—709. 1998,47, 225—241. (b) Burke, T. R., Jr.; Yao, Z.-J.; Liu, D.-G.; Voigt, J.;
(3) Harder, K. W.; Moller, N. P. H.; Peacock, J. W.; Jirik, F. RBiol. Gao, Y.Biopolymers2001,60, 32-44. (c) Ripka, W. CAnnu. Rep. Med.

Chem.1998,273, 31890—31900. Chem.2000, 35, 231—250.
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including difluoromethylenephosphonafes 4'-O-[2-(2-
fluoromalonyl)]-tyrosin€’, 2-(oxalylamino)-benzoic acid$,
difluoromethylenesulfonic acid4, O-carboxylmethyl sali-
cylic acids!? anda-ketocarboxylic acid$® Although many

of these motifs can be used to develop potent inhibitors, one
of the current efforts in the field is to design effective mimics

of phosphotyrosine that have a reduced negative charge in

order to improve bioavailability. As part of our efforts in
this direction, we report on our discovery that derivatives of

squaric acid can serve as mimics of phosphate esters, and
that these compounds can be used to design effective

inhibitors of PTPases.
Figure 1 shows a comparison of the structures of 2-phenyl-
1-hydroxycyclobut-1-ene-3,4-dione and phenyl phosphate.
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Figure 2. Structures of 2-aryl-1-hydroxycyclobut-1-ene-3,4-diones.
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Figure 1. Comparison of the structure of a squaric acid derivative
with a phosphate ester.

The squaric acid derivative has a resonance structure thaf

of glyoxylase 1¢ and semisquaric acid (3-hydroxy-3-
cyclobutenedione) is an inhibitor of pyruvate dehydrogenase
and transketolas€.Recently, Sekine and co-workers have
used a diamide of squaric acid as a replacement for one of
the phosphate diester linkages in an oligodeoxynucleétide.
Beaulieu and co-workers have used squaric acid as a
replacement for phosphate in a peptide-based ligand for an
SH2 domain® Other derivatives of squaric acid serve as
high-affinity ligands for exitatory amino acid recept®rand
antagonists of the NMDAN-methyl-b-aspartate) receptét.

In our current studies, we have examined eight simple 2-aryl-
1-hydroxycyclobut-1-ene-3,4-diones (Figure 2) and six mono-
mides of squaric acid (Figure 3) for their ability to inhibit

places a negative charge on each of the two carbonyl oxygen

atoms and provides an aromatic cyclobutenyl ring system
that contains 2z electrons. Therefore, this resonance
structure represents a good electrostatic mimic for the
phosphate group. Deprotonation of the hydroxycyclobutene-

dione gives a monoanion with an increased charge density

on the oxygen atom:*®
Squaric acids have found a variety of uses in bioorganic
and medicinal chemistry. Squaric acid itself is an inhibitor

(8) (a) Groves, M. R.; Yao, Z.-J.; Roller, P. P.; Burke, T. R., Jr.; Barford,
D. Biochemistryl998,37, 17773—17783. (b) Shen, K.; Keng, Y.-F.; Wu,
L.; Guo, X.-L.; Lawrence, D. S.; Zhang, Z.-Y. Biol. Chem 2001,276,
47311—-47319.

(9) Burke, T. R., Jr.; Ye, B.; Akamatsu, M.; Ford, H., Jr.; Yan, X.; Kole,
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Figure 3. Structures of amides of squaric acid.

H. K.; Wolf, G.; Shoelson, S. E.; Roller, P. B. Med. Chem1996, 39,
1021-1027.

(10) Andersen, H. S.; Iversen, L. F.; Jeppesen, C. B.; Branner, S.; Norris,
K.; Rasmussen, H. B.; Moller, K. B.; Moller, N. P. H. Biol. Chem2000,
275, 7101—7108.

(11) Leung, C.; Grzyb, J.; Lee, J.; Meyer, N.; Hum, G.; Jia, C.; Liu, S,;
Taylor, S. D.Bioorg. Med. Chem2002,10, 2309—2323.

(12) Larsen, S. D.; Stevens, F. C.; Lindberg, T. J.; Bodnar, P. M.;
O’Sullivan, T. J.; Schostarez, H. J.; Palazuk, B. J.; Bleasdale,Bioérg.
Med. Chem. Lett2003,13, 971—975.

(13) (@) Chen, Y. T.; Onaran, M. B.; Doss, C. J.; Seto, CBiborg.
Med. Chem. Lett2001,11, 1935—-1938. (b) Chen, Y. T.; Seto, C. T.
Med. Chem?2002,45, 3946—3952. (c) Chen, Y. T.; Xie, J.; Seto, CJT.
Org. Chem.2003,68, 4123—4125.

(14) See Supporting Information for a comparison of electron density
calculations of phenyl phosphate dianion and 2-phenyl-1-hydroxycyclobut-
1-ene-3,4-dione monoanion.

theYersiniaPTPase (YopH) and PTP1B. We have used two
different methods to synthesize the 2-aryl-1-hydroxycyclobut-

(16) Douglas, K. T.; Nadvi, I. NFEBS Lett.1979,106, 393—396.

(17) Burka, L. T.; Doran, J.; Wilson, B. Biochem. Pharmacoll982,
31, 79-84.

(18) Sato, K.; Seio, K.; Sekine, M. Am. Chem. So2002 124, 12715~
12724.

(19) Beaulieu, P. L.; Cameron, D. R.; Ferland, J.-M.; Gauthier, J.; Ghiro,
E.; Gillard, J.; Gorys, V.; Poirier, M.; Rancourt, J.; Wernic, D.; Llinas-
Brunet, M.; Betageri, R.; Cardozo, M.; Hickey, E. R.; Ingraham, R.; Jakes,
S.; Kabcenell, A.; Kirrane, T.; Lukas, S.; Patel, U.; Proudfoot, J.; Sharma,
R.; Tong, L.; Moss, NJ. Med. Chem1999,42, 1757—1766.

(20) Chan, P. C. M.; Roon, R. J.; Koerner, J. F.; Taylor, N. J.; Honek,

(15) pKa of 2-phenyl-1-hydroxycyclobut-1-ene-3,4-dione has been re- J. F.J. Med. Chem1995,38, 4433—4438.

ported as 0.37 o+0.22. (a) Smutney, E. J.; Caserio, M. C.; Roberts, J. D.
J. Am. Chem. S0d 960,82, 1793—1801. (b) Patton, E.; West, R.Am.
Chem. Socl1973,95, 8703—8707.
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1-ene-3,4-diones. Compounds 5, and 7 that contain

diester was reduced to the corresponding alc@ioWwith

electron-donating groups on the aromatic ring were preparedLiAl(tBuO)3H.?> Trifluoroacetic acid was used to both

using a Friedel-€rafts procedure as outlined in Schens 1.

Scheme B
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17 R= OCH;
18 R=CH,
R
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—_— ] 5 R= OCH;
7 R=CHy
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aReagents: (a) AlG] CH,CI,, reflux. (b) AcOH, HCI, HO,
reflux.

The dichloride of squaric acid b)Y was reacted with anisole
or toluene in the presence of aluminum trichloride to give
compounds17 and 18. Dimethylaniline is sufficiently
electron rich that it reacts with5, upon heating at 120C
via microwave irradiation and in the absence of the Lewis
acid catalyst, to give compoundl6. Hydrolysis of the
monochlorided 6—18 was accomplished using aqueous HCI
in acetic acid to give the final squaric acid derivatives.
For electron-poor aromatic rings, the Fried@rafts

deprotect thdert-butyl esters and promote dehydration to
give semisquaric acig2. Finally, compoun®2was coupled
to the appropriate aryl diazonium chloride to give the desired
squaric acid derivatives bearing electron-poor aromatic rings
(compoundsl—3, 6, and8).26

The amides of squaric acid (Figure 3) were prepared using
a simple one-step procedure (Schemé Hquaric acid and

Scheme 3

O HAr
—»
(o] OH
19

aReagents: (a) ArNH HO, reflux.

the appropriate aromatic amines were heated at reflux in
water. Upon cooling of the reaction mixtures, the corre-
sponding amides (compoundd—14) precipitated from
solution and were isolated by simple filtration.

The squaric acid derivatives were assayed against two
PTPases, th¥ersiniaPTPase (pH 5.5) and PTP1B (pH 7.0),
using p-nitrophenyl phosphate as the substrate. The 3-aryl-
4-hydroxy-3-cyclobutene-1,2-diones are good inhibitors of
the YersiniaPTPase, with I values that range from 47 to
260uM (Table 1). Strong electron-withdrawing groups such
as nitro @) and cyano ) on the phenyl ring increase the
activity of the inhibitors. LineweaverBurk analysis of

procedure was not successful. As a result, we employed ancompound3 against this PTPase confirms that it is a
alternate synthesis that is shown in Scheme 2. Squaric acid

Table 1. Inhibition of PTPases by

Scheme 2 3-Aryl-4-hydroxy-3-cyclobutene-1,2-diorfes
O-18u o H o Ar
o: :OH Oj :OH
. [ 19 R=H 22 IC,, (LM)
20 R=1Bu cmpd Ar Yersinia Yersinia PTP1B
] Ar PTPase PTPase pH=70
_9 pH=55 sH=70
g OH 1 1-naphthyl 47 x5 80 £ 10 400 + 30
1368 2 p-CHNO, 56 + 8 380 + 30
. 3 p-CH,CN 68 = 10 350 + 40
aReagents: (a)BuOH, CH(OMe), reflux. (b) LiAl(tBuO)H,
THF, —48 °C. (c) RCCOH. (d) ArN,+Cl—, NaOAc, HO. 4 p-C;H,NMe, 100 = 10 230 + 90
5 p-C,H,OCH, 190 = 20
. . . 6 -C,H,CONH, 230 =30
19 was first converted to the di-tert-butyl estgf using Prets :
trimethylorthoformate as a dehydrating agent in refluxing 7 P-GHCH; 240 =15
tert-butyl alcohol?* Next, one of the carbonyl groups of this 5 e
N
(22) Keil, D.; Hartmann, HDyes Pigment2001,49, 161—179. 8 -3C;‘k 260 = 30
(23) Ohno, M.; Yamamoto, Y.; Shirasaki, Y.; Eguchi,JsChem. Soc., ©
Perkin Trans. 11993263—271.
(24) Liu, H.; Tomooka, C. S.; Moore, H. \&ynth. Commuri.997,27, a Average of two measurements.
2177-2180.
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reversible competitive inhibitd® The larger naphthyl group || NN
in compoundl is also beneficial to potency. The activity of Table 2. Inhibition of PTPases by Amides of Squaric Atid
this inhibitor is somewhat sensitive to pH; itssiGralue

increases by a factor of approximately 2 when the pH of the Oy NHA
assay solution is raised from 5.5 to 70Assays of j;(
compoundd —4 against PTP1B show that they are moderate © OH

inhibitors against this PTPase, withgCsalues that range
from 230 to 400uM.

The data are consistent with a structural model in which
the squaric acid binds in the active site of the PTPase in a 9 p-CsHaNO> 120 + 20
conformation that mimics the binding of aryl phosphate ester 10 1-naphthyl 850 40

1Cs0 (uM) Yersinia PTPase
compound Ar pH=5.5

substrated? The anion of the squaric acid could form an E E-hce:g:CHg 1;?)8 i 280
electrostatic interaction with Arg-409Yérsinia PTPase 13 p-CoHaF 1400 + 800
numbering). This residue along with Cys-403 and Asp-356 14 p-CsHsOCH3 4200 + 500

make up the key catalytic residues of the enzyé&he

aromatic portion of the inhibitor could then make hydro-

phobic contacts with Phe-229. The larger aromatic ring of

inhibitor 1 may st_re_n_gthen thes_e_ hydrophobic contacts a_nd methoxy (compounds and 14) are detrimental to binding

lead to better inhibition. In addition, favorable electrostatic . . S

. . . in both series of inhibitors.

interactions between Phe-229 and the electron-poor aromatic ) o
In summary, we have demonstrated that squaric acid is

rings of compound® and 3 may result in the enhanced :
activity of these inhibitors when compared to their electron- &N effective pharmacophore for the development of PTPase

rich counterparts. inhibitors. These compounds provide a good electrostatic
The amides of squaric acid (Table 2) havegd@alues mimic of pTyr and bear a reduced negative charge at neutral

that range from 12@M to 4.2 mM, and they are generally PH when compared to many of the other dianionic pTyr
less potent than the 3-aryl-4-hydroxy-3-cyclobutene-1,2- analogues that have been reported to date. The inhibitors

diones. However, similar factors appear to influence the SNOW good activity for such simple and low-molecular weight
activity of both sets of compounds. Both strong electron- compouqu that are likely tq mtgract only with residues that
withdrawing groups such as nitr@) and larger aromatic ~ &re proximal to the .catalyt|c site of the PTPases: .V\./e are
groups such as 1-naphthyld@) are beneficial to the activity currently working to improve the potency and specificity of

of the amides. In contrast, electron-donating groups such as"€Se compounds by elaborating them with functional groups
that are designed to make contacts with the secondary binding

(25) Liebeskind, L.; Bombrun, Al. Org. Chem1994,59, 1149—1159. site and other distal regions of the active site cleft.
(26) Schmidt, A. H.; Schmitt, G.; Diedrich, Fsynthesisl990, 579—
582.
(27) Chen, Y.-Z.; Li, J.-C.; Huang, F.; Chen, L.-Youiji Huaxuel998, Acknowledgment. This research was supported by a
18, 130-136. . . grant from the NIH NIGMS (GM057327). We thank
(28) See Supporting Information. . . .
(29) PTPase inhibitors often show a decrease in potency with increasing Professor Matthew Zimmt for helpful discussions.
pH. See, for example: Andersen, H. S.; Olsen, O. H.; lversen, L. F;

Sorensen, A. L.; Mortensen, S. B.; Christensen, M. S.; Branner, S.; Hansen, . . . .
T, K.; Lau, J. F.; Jeppesen, L.; Moran, E. Su, J.; Bakir, F.; Judge, L,;  Supporting Information Available: Full experimental

Shahbaz, M.; Collins, T.; Vo, T.; Newman, M. J.; Ripka, W. C.; Moller,  details and NMR spectral data, a LineweavBurk plot for

N- (Zb?slln“fffa ih?g‘ffgiéf’;‘ﬁ;‘?,\xggg',\ﬂ_ b - Tonks. N. K.- Barford. COMpOUNdB, and electron density calculations. This material

a Average of two measurements.

D. Mol. Cell 2000,6, 1401—1412. is available free of charge via the Internet at http://pubs.acs.org.
(31) Stuckey, J. A.; Schubert, H. L.; Fauman, E. B.; Zhang, Z.-Y.; Dixon,
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