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Abstract: Protein tyrosine phosphatase 1B (PTP1B) is an enzyme that downregulates the insulin receptor.
Inhibition of PTP1B is expected to improve insulin action, and the design of small molecule PTP1B inhibitors
to treat type |l diabetes has received considerable attention. In this work, NMR-based screening identified
a nonselective competitive inhibitor of PTP1B. A second site ligand was also identified by NMR-based
screening and then linked to the catalytic site ligand by rational design. X-ray data confirmed that the
inhibitor bound with the catalytic site in the native, “open” conformation. The final compound displayed
excellent potency and good selectivity over many other phosphatases. The modular approach to drug design
described in this work should be applicable for the design of potent and selective inhibitors of other
therapeutically relevant protein tyrosine phosphatases.

Introduction oral hypoglycemic agents such as metformin, sulfonlyureas, the
thiazolidinediones, and-glucosidase inhibitorsHowever, no
combination of these therapies is completely successful in
ameliorating type Il diabetes for many patients, and more
efficacious agents are needed. A major goal of new therapies
for type Il diabetes is to potentiate the action of insulin. One of
the key proteins involved in insulin signaling is the insulin
receptor. When insulin binds to its receptor, changes in the
intracellular conformation of the receptor result in tke
s phosphorylation of three specific tyrosine residif€Ehis serves
as the first step in insulin signaling, and it is followed by a
cascade of intracellular events that mediate the physiological
effects of insulint! There is compelling evidence that protein
tyrosine phosphatase 1B, or PTP1B, is primarily responsible
for the dephosphorylation of the insulin receptor and, therefore,
acts to downregulate insulin signalitgy.lé A PTP1B inhibitor
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Reversible protein phosphorylation is the predominant strat-
egy used to control the activity of proteins in eucaryotic cells.
Approximately 30% of the 10 000 proteins in a typical mam-
malian cell are thought to be phosphorylatédvany cellular
functions could be artificially manipulated if one could exog-
enously control the activity of protein kinases and phosphatases.
This has led to intense interest in identifying small molecules
capable of inhibiting the action of specific kina$esor
phosphatases’ Such agents offer a great deal of promise a
new therapies for a wide variety of human diseases including
cancer, inflammation, and diabetes.

Type Il diabetes afflicts over 130 million people worldwide,
and the incidence is expected to grow steadily over the next
several year§ Current treatments include injectable insulin and
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Figure 1. 13C/*H HSQC NMR spectra 0d-13CHjs lle-labeled PTP1B in
the absence (black) and presence (red) of 0.1 mM diaryloxamic lacid
Significant chemical shift perturbations in themethyl resonance of lle219
were observed upon addition of ligand.

ries1718 PTP1B deficient mice were viable, healthy, and lean.

They displayed enhanced insulin sensitivity and resistance to

diet-induced obesity. This provides important evidence that
PTP1B inhibition would be an effective diabetes therapy. The
development of PTP1B inhibitors began in the early 1990s and
continues today? 22

In an effort to develop a small, potent, and selective PTP1B
inhibitor, we used a combination of NMR-based screening and

iterative structure-based drug design to identify and optimize a

lead compound. This compound is a potent, competitive inhibitor
of PTP1B with a novel binding mode that selectively inhibits
PTP1B versus many other phosphatases.

Results and Discussion

Discovery of a Catalytic Site Ligand. To identify novel
scaffolds that could be used in the design of potent PTP1B
inhibitors, NMR-based screening of a 10,000 compound library

was employed. Screening was accomplished using a truncated,

292 amino acid version of PTP1B either uniformly labeled with
15N or selectively labeled with-13CH; lle. Ligand binding was
monitored by observing chemical shift changes!t’>N or
IH/13C-HSQC in the presence of test compour@s? As shown

in Figure 1, high-resolution HSQC spectra could be obtained
on the protein, and ligand binding could be detected readily.
The NMR screen identified diaryloxamic acldas a ligand for
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Figure 2. Structure of diaryloxamic acid.
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a2 Reagents and conditions: (a) Cu(OAG)PrOH, reflux (43%); (b) (i)
EtOCOCOCI, EiN, DMF, (ii) aqueous NaOH (16%).

PTP1B (Figure 2). This compound caused chemical shift
changes similar to those for phosphotyrosine (pTyr). Significant
perturbations in thé>N amide resonances were observed for
Val49, Gly220, and Gly 218 and also for the"*CHs resonance
of [le219. In addition, thé&y value of compound as measured
by NMR (Kq = 100uM) compared favorably with the activity
of this compound in a PTP1B-mediatguhra-nitrophenyl
phosphategNPP) hydrolysis assayk(= 293+ 174uM). These
data suggested that diaryloxamic atievas binding to the active
site of PTP1B and could serve as a pTyr mimetic for lead
development. Two other groups have reported monoaryloxam-
ates as phosphotyrosine surrog&fes.
Improving the Catalytic Site Ligand. Reasoning that
occupation of more space within the active site would lead to
a more potent inhibitor, we prepared naphthyloxamic &id
via a three-step sequence (Scheme 1). NMR titration data yielded
a Kg of 26 uM for naphthyloxamic acic, which correlated
well with the K; value of 39+ 14 uM (n = 3) observed in the
pNPP hydrolysis assay. The inhibition kinetics were consistent
with competitive and reversible inhibitidi, indicating that
naphthyloxamic acicb did not form any covalent bonds to
PTP1B and that it did not permanently alter PTP1B in any other
way.

An X-ray structure of compoun& bound to PTP1B was
obtained which clearly showed how the inhibitor binds to the

(25) (a) Iversen, L. F.; Andersen, H. S.; Mgller, K. B.; Olsen, O. H.; Peters, G.
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Figure 3. X-ray structures of PTP1B complexed with inhibit®xa), inhibitor 12 (b), and inhibitor23 (c). Protein color scheme: orangecarbon; red=
oxygen; blue= nitrogen; yellow= sulfur. Inhibitor carbon atoms are shown in green.

active site of PTP1B (Figure 3a). Naphthyloxamic geiinds particular, the phosphate and oxamate groups of the two
to the “open” form of the enzyme, where the WPD loop compounds are similarly positioned, and the naphthalene system
(Trpl79-Serl87) retains a conformation similar to the unoc- occupies the same region of the binding site as the benzene
cupied enzymé@® This is different from that observed for most  ring of phosphotyrosiri@ (Figure 4). The overlaid X-ray
other inhibitors, where the WPD loop closes down toward the structures indicated that a diamide bearing chain might extend
active site cysteine (Cys215).As a result of binding to the oyt of the active site from the 5-naphthyl position. Initial
open conformation, the naphthyloxamates have access to a mucBttempts to substitute the 5- or 6-naphthyl position resulted in
larger active site. The benzoic acid carboxylate group interactSine |oss of inhibitory activity (data not shown). However,
with Arg221, and the benzene ring makes hydrophobic ContaCtsincorporation of a diamido chain at the 4-position gave
with the side chain of GIn262. These critical interactions compoundL2 (Scheme 2) and resulted in nearly a 40-fold boost
stabilize the open form of the enzyme and preclude the WPD in potency, with aK; value of 1.1+ 0.5 xuM. The active site
qup from closing. 'I_'he amide carbonyl oxygen and the ox_anilic contacts observed with compourisl were preserved with
acid anion are posmon_ed to form hydro_gen bonds to a ring of inhibitor 12, but the X-ray structure showed that the naphthyl
backbone amides Qefl_ned by_ the residues SerZil§220. ring system had flipped 180This ring flip occurs to accom-
Ano.ther hé/o_lrror;réobllc mtera.(l:)tlon bet;\{esp the naphthalene modate two interactions between inhibithi2 and PTP1B that
rtion an r ntributes to binding. . : . o
poIn;)talilation }cl)f a gast(;l)(;:i)c Sit:—e;itg 2 Linkgr Despite its are_not possible with comppurﬁi_(ngre 3b). The diamide
unusual binding mode, naphthyloxamic achsHowed some F:haln extends out of the active site fand rea}ches Asp48, where
similarities to phosph(’)tyrosine when bound to PTP1B. In itforms tW.O hydrpgen bonds to the Sld? Ch"’?'” carpoxylate. The
pentyl chain continues past Asp48 and is pointed directly toward

(28) Barford, D.; Flint, A. J.; Tonks, N. KSciencel994 263 1397.
(29) Groves, M. R.; Yao, Z.-J.; Roller, P. P.; Burke, T. R., Jr.; Barford, D. (30) Salmeen, A.; Andersen, J. N.; Myers, M. P.; Tonks, N. K.; Barford, D.
Biochemistry1998 37, 17773. Mol. Cell 20006, 1401.
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Figure 4. Overlay of the PTP1B (yellow ribbor)naphthyloxamic acid®
(green) complex with catalytically inactive PTP1B (Cys215Ser, cyan ribbon)
bound to a phosphotyrosine residue (magenta). The WPD loop in the
catalytically inactive protein (“closed” position) is shown in magenta. Asp48
Scheme 2 @

and Tyr46 are highlighted in orange.
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HOBT, amylamine, EN, DMF, (88%); (€)2 (see Scheme 1), Cu(OAg)
i-PrOH, 80°C (83%), (f) CICOCGQEY, i-PrNEt, CH,Cl, 0 °C — 25 °C;
(g) NaOH, EtOH, 25°C (29%).

a second, noncatalytic phosphotyrosine binding site (sif 2).
Thus, the diamide linkage not only imparted additional binding
energy but also served as a bridge between the catalytic an
noncatalytic binding sites.

0] O
d ou s oH N
13 14 15 OH

Figure 5. Selected PTP1B site 2 ligands identified using NMR screening.

represents a region that could impart enzyme selec@i¥ifjus,

the next stage in the design strategy was to utilize the diamide
bridge to position groups in the noncatalytic site that would

not only improve the potency but also impart greater PTP1B
specificity to the series.

NMR screening was again utilized to identify a ligand for
site 2. Binding to the noncatalytic site was specifically monitored
by labeling the protein witA3C-methionine and following the
resonance of Met258, an amino acid present in site 2 (see Figure
3b)24 Screening 10,000 compounds identified several capable
of binding weakly Kg > 1 mM) to this site. Many of these
ligands were small fused-ring aromatic acids, such as 2-ben-
zofurancarboxylic acid13), 2-benzothiophenecarboxylic acid
(14), or 2-quinolinecarboxylic acidlf) (Figure 5). Having two
ligands that bound to proximal sites on the protein along with
a suitable linker provided a straightforward application of the
linked-fragment SAR-by-NMR approaéh.The nature of the
site 2 ligands identified by screening implied that a naphthoic
acid might also be a suitable site 2 ligand. Since 3-hydroxy-2-
naphthoic acid methyl estel®) could easily be linked to
compoundl?2, inhibitor 23 was prepared according to the route
depicted in Scheme 3. Whereas compodrizdwas racemic,
inhibitor 23 was prepared with complete stereocontrol starting
from N-Boc-(9-3-iodoalanine methyl ester.

TheK; for inhibitor 23 was 22+ 6 nM (n = 3). The second
site ligand therefore gave a 25-fold improvement in inhibitory
activity, with a concurrent 2-fold improvement from the
asymmetric catalytic site ligand. The conformations of the
naphthyloxamate and diamide linker regions of inhib&8mere
essentially identical to those of compoul and the naphthoic
acid was positioned in site 2 (Figure 3c). The naphthoic acid
carboxylate group was positioned 2.6 A from Arg254 and 2.8
A from Arg24. Either or perhaps both Arg residues could
therefore be participating in a salt bridge or H-bonding interac-
tion with the naphthoic acid. The naphthalene system forms a
weak (4.1 A) hydrophobic interaction with Met258.

Selectivity Against Other PhosphatasesTo determine the
selectivity of the new compounds, we measured their inhibitory
activity against a panel of several phosphatases including
CD4532 LAR,33 SHP-234 calcineurin®® and TCPTPF6 On the
basis of amino acid sequence homology, TCPTP is the phos-
phatase most closely related to PTP1B. Selectivity for PTP1B

OFver TCPTP inhibition would therefore represent the highest

evel of specificity for the desired phosphatase over another.
The K; values of inhibitorsl, 5, 12, and 23 against the

Discovery and Incorporation of a Site 2 Ligand.Accessing  phogphatases tested are shown in Table 1, and selectivity ratios
the noncatalytic phosphotyrosine binding region was an impor- 4re given in Table 2. Inhibitds showed similar activity against
tant goal. The catalytic domain is generally conserved among ptp1g K = 39 + 14 uM), TCPTP ; = 44 + 8 uM), and
many tyrosine phosphatases, so achieving selectivity for PTP1B| A (Ki = 34.8+ 1.6 uM). This compound shoWed little or
over other phosphatases was likely to be difficult without also
accessing a region outside the active site. As first reported by (32) Penninger, J. M.; Irie-Sasaki, J.; Sasaki, T.; Oliveira-dos-Santos NatJ.
Zhang and Lawrence, the second, noncatalytic site is much lessaz) ChangC s bube N

] - Cheng, A.; Dube, N.; Gu, F.; Trembley, M. Eur. J. Biochem2002
homologous among different tyrosine phosphatases and 50(34 269, 1050.
35

) Qu, C.-K.Biochim. Biophys. Act2002 1592 297.
) Rusnak, F.; Mertz, RRhysiol. Re. 200Q 80, 1483.
(36) Ibarra-Sanchez, M.d. J.; Simoncic, P. D.; Nestel, F. R.; Duplay, P.; Lapp,
W. S.; Trembley, M. L.Semin. Immuno200Q 12, 379.

(31) Puius, Y. A,; Zhao, Y.; Sullivan, M.; Lawrence, D. S.; Almo, S. C.; Zhang,
Z.-Y. Proc. Natl. Acad. Sci. U.S.A.997 94, 13420.
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5-amino-1-pentanol, PRhDEAD, THF (56%); (J 4 M HCI, dioxane (95%); (e) EDCI, HOBT, NMM, C#Cl, (90%); (f) DPIC @), Cu(OAc), i-PrOH
(100%); (g) (i) EtOCOCOCI, BN, DMF, (i) aqueous NaOH; (h) (i) GJEOOH, (ii) aqueous NaOH, (i) A© (28%).

Table 1. K; of Inhibitors 1, 5, 12, and 23 against Various Phosphatases?

compd

phosphatase 1 5 12 23

PTP1B 293+ 175 (3) 39+ 14 (3) 1.1+ 0.5 (6) 0.022+ 0.006 (3)
TCPTP 164+ 36 (2) 444+ 8 (2) 1.1+ 0.9 (3) 0.049+ 0.006 (3)
LAR >900 (2) 34.8+ 1.6 (2) 6.7+ 4.7 (4) 1.3+ 0.5(2)
SHP-2 >900 (2) >300 (2) 29.6+ 3.6 (2) 2.49+ 0.19 (2)
CD45 >360 (2) 176 (1) 41 271 (7) 53.6+ 5.7 (2)
calcineurin >300 (2) >300 (2) >300 (2)

aK; values are in units oM + standard deviation, with the number of determinations in parentheses.

Table 2. Selectivity Ratios for Inhibitors 1, 5, 12, and 23 over
Various Phosphatases

compd

phosphatase 1 5 12 23

PTP1B 1 1 1 1
TCPTP 1 1 1 2
LAR >3 1 6 36
SHP-2 >3 >7 27 104
CD45 >1 >4 380 2700
calcineurin >7 >270 >13000

no activity against SHP-2K{ > 300 uM), CD45 K; > 176
uM), and calcineurin ;i > 300 u«M). Inhibitor 12 showed
similar activity against PTP1B{ = 1.1+ 0.5uM) and TCPTP
(Ki = 1.1 £ 0.9 uM) but modest selectivity over LARK; =
6.7 + 4.7uM). Selectivity for inhibitor12 was good over SHP-2
(Ki = 29.6 + 3.6 uM), CD45 K; = 417 + 271 uM), and
calcineurin Ki > 300 uM). As we had hoped, inhibitoR3

£ 6 nM) over TCPTP K; = 49 £+ 6 nM). Inhibitory activity
against LAR Ki = 1.3+ 0.5uM), SHP-2 K; = 2.49+ 0.19
uM), CD45 (K; = 53.6 £ 5.7 uM), and calcineurink; > 300
uM) demonstrated excellent selectivity for PTP1B.

The inhibitory data for compoun®3 vindicated the hypoth-
esis that PTP1B selectivity against closely related phosphatases
was possible by taking advantage of the site 2 interactions. We
did not have access to the crystal structure of TCPTHRt a
homology model indicated that TCPTP also bore a second
phosphotyrosine binding site similar to the PTP1B second site.
In particular, Arg254 and Arg24 are conserved between PTP1B
and TCPTP (see Figure 3c). However, the exact shape of the
second site is expected to vary because of two point mutations,
Cys32 in PTP1B to His32 in TCPTP and Phe52 in PTP1B to
Tyr52 in TCPTP. We believe that the differences in the second
site alter the interaction of the naphthoic acid with the two
arginine residues, affording some selectivity for PTP1B over

(37) Iversen, L. F.; Mgller, K. B.; Pedersen, A. K.; Peters, G. H.; Petersen, A.

proved to be the most PTP1B selective inhibitor. This compound S Andersen. H. S.. Branner. S.. Mortensen. S. B.. Maller, N. PJ.H.

showed modest but significant selectivity for PTPI8 € 22

Biol. Chem.2002 277, 19982.
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TCPTP. We also observed a modest improvement in inhibition
of LAR and CD45 upon installation of the site 2 ligand on an
asymmetric core, while we saw a more substantial improvement
in activity against SHP-2. These data indicate that the naphthoic
acid may make some binding contacts with each of these
phosphatases, albeit to widely varying degrees. Modification
of the second site ligand, or alternate second site ligands, could
result in still better selectivity for PTP1B.

Conclusion

Starting with low affinity leads from NMR-based screening,
the inhibitor series was incrementally constructed by fully
utilizing the structural and NMR screening data to rationally
improve both potency and selectivity. Compo2flis among
the most potent nonpeptidic PTP1B inhibitors reported to date,
and it displays excellent selectivity against LAR, SHP-2, CD-
45, and calcineurin. The modest selectivity against TCPTP is
noteworthy given the extremely high sequence identity between
these two phosphatases. It is also interesting that while the site
2 ligand endowed compourZB with improved selectivity for
PTP1B, it also improved inhibitory activity to a lesser extent

25 mL) and brine (1x 25 mL), dried over MgSQ filtered, and
concentrated to a solid. This was recrystallized from 40 mL of ethyl
acetate to give 1.3 g (54%) of 2-((2,3-dimethylphenyl)amino)benzoic
acic® as colorless crystalstH NMR (400 MHz, DMSO¢g) ¢ 12.95
(bs, 1H), 9.44 (bs, 1H), 7.89 (d, 1d,= 7.1 Hz), 7.30 (t, 1H) = 7.2
Hz), 7.11 (m, 2H), 7.03 (t, 1H) = 4.5 Hz), 6.69 (m, 2H), 2.29 (s,
3H), 2.10 (s, 3H)23C NMR (100 MHz, DMSO#€s) 6 170.1 (C), 148.7
(C), 138.3 (C), 137.8 (C), 134.1 (CH), 131.7 (CH), 131.2 (C), 126.3
(CH), 125.9 (CH), 122.1 (CH), 116.2 (CH), 113.0 (CH), 111.2 (C),
20.1 (CH), 13.6 (CHy); MS (ESI)m/z 242 (M + H]™).

To an ice cooled solution of 2-((2,3-dimethylphenyl)amino)benzoic
acid (343 mg, 1.55 mmol) and triethylamine (508, 3.56 mmol) in
dichloromethane (5 mL) was added ethyl oxalyl chloride (4013.56
mmol) over 30 min. The reaction was warmed to ambient temperature
and stirred for 16 h. The reaction mixture was then treated with 1 M
HCI (10 mL) and extracted with dichloromethane 215 mL). The
combined extracts were washed with brine, dried ovelSdR, filtered,
and concentrated in vacuo. The residue was dissolved in 5 mL of
methanol, and 4.5 mL (4.5 mmolf @ M NaOH(aq) was added. After
being stirred fo 2 h atambient temperature, the basic reaction mixture

was diluted wih 1 M HCI (10 mL). The product was isolated via reverse

phase HPLC to provide 235 mg (48%) of 2-[(2,3-dimethylphenyl)-
oxalylamino]benzoic acidl) as a light brown solid:*H NMR (300

against TCPTP and SHP-2. Since these phosphatases appear AHz, DMSO-de) mixture of rotamersy 8.21 (dd, 1H [minor],J =

accommodate a second site ligand, it is possible that selectivity

8.1, 1.0), 8.17 (d, 0.5H] = 6.6 Hz), 8.05 (dd, 0.5) = 7.7, 1.5 Hz),

for these and other tyrosine phosphatases can be achieved by .94 (dd, 1H [minor]J = 7.7, 1.8 Hz), 7.8%7.22 (m, 5.5H), 7.07 (d,

choosing an appropriate second site ligand for each. The NMR
screening method we employed to discover a PTP1B selective
site 2 ligand could serve to find selective, noncatalytic site

0.5H,J = 7.3 Hz), 6.90 (d, 1H [minor]) = 8 Hz), 2.54 (s, 1.5H),
2.51 (s, 3H [minor]), 2.49 (s, 1.5H), 2.45 (s, 1.5H), 2.42 (s, 1.5H),
2.33 (s, 3H [minor]), 2.29 (s, 3H [minor]}3C NMR (100 MHz, DMSO-

ligands for other tyrosine phosphatases as well. Such a strategy) 6 167.1 (C), 166.5 (C), 163.3 (C), 162.0 (C), 140.5 (C), 140.2 (C),
could greatly reduce the discovery time for identifying specific 139-2 (C), 138.6 (C), 138.4 (C), 137.7 (C), 135.2 (C), 134.0 (C), 133.2

tyrosine phosphatase inhibitors. These inhibitors would be useful
tools to probe the role of phosphatases in different cellular

processes and may ultimately lead to new therapeutic agents

for many human diseases.

Experimental Section

Chemistry. General Methods Reactions were dried over Mg$0
or NaSQ,, filtered through a fritted glass funnel or a plug of cotton,
and concentrated with a rotary evaporator at ca. 15 mmHg, warming

(CH), 132.4 (C), 132.2 (CH), 131.3 (CH), 130.2 (CH), 130.1 (CH),
130.0 (CH), 129.1 (CH), 129.0 (C), 128.9 (CH), 128.1 (C), 127.7 (CH),
127.5 (CH), 126.5 (CH), 126.1 (CH), 125.5 (CH), 125.1 (CH), 20.1
(CHgs), 20.0 (CH), 14.5 (CH); MS (ESI) m/z 314 ([M + H]"), 331
(IM + NH4]%), 336 ([M + NaJ").

2-(Naphthalen-1-ylamino)benzoic Acid (4)To 3.42 g (10.0 mmol)
of diphenyliodonium-2-carboxylate monohydratg),(1.43 g (10.0
mmol) of 1-aminonaphthalen&); and 73 mg (0.40 mmol) copper(ll)
acetate was added 40 mL of 2-propanol. The mixture was stirred at
reflux under N for 2.5 h and then concentrated in vacuo. The solid

when necessary. Thin-layer chromatography systems were the samgqgiq,e was taken up in 100 mL of ethyl acetate and extracted with

as those used for column chromatography, iRtlapproximately 0.3.
Thin-layer chromatography was performed using Merck F-254 silica
gel plates. Column chromatography was performed under 55siNg
230-400 mesh silica gel. Analytical HPLC traces and compounds
purified by HPLC were obtained by elution through as@everse-

water (1x 25 mL) and brine (1x 25 mL), dried over MgSQ filtered,

and concentrated to a solid. This was recrystallized from 20 mL of
ethyl acetate to give 1.12 g (43%) of a gray solttt NMR (300 MHz,
DMSO-ds) 6 10.05 (bs, 1H), 7.98 (m, 3H), 7.78 (m, 1H), 7.55 (m,
4H), 7.33 (td, 1HJ = 7.3, 1.0 Hz), 6.92 (d, 1H] = 8.5 Hz), 6.77 (,

phatse .‘tx.’l'“mno"fg‘ a gradie”Tth/’if th i‘qlueouslam'tmnci“m actet?te/ 1H, J = 7.5 Hz);33C NMR (100 MHz, DMSO#k) & 148.7 (C), 136.2
acetonitrile or 0.1% aqueous acetonitrile as eluants. Concentration (C), 134.4 (C), 134.2 (CH), 131.9 (CH), 128.6 (C), 128.4 (CH), 126.3

gradients started at 0% acetonitrile and 100% aqueous medium. Starting(CH) 126.1 (CH), 124.5 (CH), 121.8 (

materials were obtained from commercial suppliers and used without

further purification.'H NMR data are tabulated in the following

order: multiplicity (s, singlet; d, doublet, t, triplet; m, multiplet, b,

broad), number of protons, coupling constants in hertz. Where mixtures

of stereoisomers or rotamers were obtained,'HhédMR resonances

of the major species are reported, unless otherwise indicated.
2-[(2,3-Dimethylphenyl)oxalylamino]benzoic acid (1)(An alter-

nate route to oxamic aci@l has been described previoudfyTo 1.21

g (10.0 mmol) of 2,3-dimethylaniline, 3.42 g (10.0 mmol) of diphe-

nyliodonium-2-carboxylate monohydrat®)(and 73 mg (0.40 mmol)

of copper(ll) acetate was added 40 mL of 2-propanol. The mixture

was stirred at reflux under Nor 23 h and then concentrated in vacuo.

The solid residue was taken up in 100 mL of ethyl acetate, with gentle

heating to aid dissolution. The solution was extracted with watet (2

CH), 119.7 (CH), 117.1 (CH),
113.8 (CH); MS (ESIm/z 264 ([M + H]*).
2-(Naphthalen-1-yloxalylamino)benzoic Acid (5)To an ice-cooled
solution of 100 mg (0.380 mmol) of 2-(naphthalen-1-ylamino)benzoic
acid @) in 2 mL of DMF was added 40QuL (2.87 mmol) of
triethylamine and then 20@L (1.79 mmol) of ethyl chlorooxoacetate.
The ice bath was removed, and the reaction was stirred at ambient
temperature. After 2 h, 3 mLf@ M NaOH(aq) was added, the solution
was diluted with 10 mL water, and the mixture was allowed to stir for
2 h. Another 10 mL of water was added to clear the solution, and then
the reaction was stirred for an additional 2 h. The mixture was treated
with 3 mL of 6 M HCI and extracted with ethyl acetate £35 mL).
The combined ethyl acetate layers were back-extracted with water (2
x 5 mL) and brine (1x 5 mL), dried over MgSQ@ filtered, and

(38) Parke, Davis and Co. U.S. Patent No. 3238201, 1966.
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concentrated to an oil. The product was purified via reverse phase propionic acid 8) (500 mg, 1.84 mmol), 1-[3-(dimethylamino)propyl]-

HPLC, eluting with a gradient of ©70% acetonitrile in 0.1% (v/v)

aqueous trifluoroacetic acid. Product-containing fractions were con-

centrated in vacuo below 48C to give 54 mg (16%) of a white
powder: *H NMR (3:2 mixture of rotamers) (500 MHz, DMS@)
8.37 (d, 1H,J = 8.7 Hz), 8.05-8.03 (m, 1H), 8.0+7.95 (m, 1H),
7.87 (dd, 1H,J = 1.8, 7.7 Hz), 7.687.73 (m, 1H), 7.637.59 (m,
1H), 7.57-7.49 (m, 2H), 7.457.38 (m, 1H), 7.34 (dt, 1HJ = 1.1,
7.5 Hz), 7.21 (d, 1H (rotamery,= 7.7 Hz), 6.89 (d, 1H) = 7.3 Hz);
3C NMR (100 MHz, DMSO¢s) 6 167.5 (C), 166.8 (C), 163.6 (C),
163.3 (C), 162.4 (C), 141.6 (C), 138.6 (C), 138.3 (C), 136.5 (C), 134.4
(C), 134.1 (C), 133.4 (CH), 132.3 (CH), 131.5 (CH), 130.3 (CH), 130.1
(C), 129.6 (CH), 129.5 (C), 129.0 (C), 128.7 (CH), 128.5 (CH), 128.4
(CH), 128.2 (CH), 128.2 (CH), 128.1 (CH), 127.3 (CH), 126.8 (CH),
126.8 (CH), 126.5 (CH), 126.0 (CH), 125.9 (CH), 125.6 (CH), 125.3
(CH), 123.9 (CH), 122.9 (CH); MS (ESiyz 336 ([M + H]"), 353
(M + NH4]*), 358 ([M + NaJ").
2-(Acetylamino)-3-(4-aminonaphthalen-1-yl)acrylic Acid Methyl
Ester (7). To a mixture of 4-bromo-1-naphthylaminé)((2.5 g, 11.3
mmol), Pd(OAc) (140 mg, 0.63 mmol), and B{olyl)s (570 mg, 1.87
mmol) in anhydrousN,N-dimethylformamide (10 mL) in a pressure

3-ethylcarbodiimide hydrochloride (EDCI) (493 mg, 2.57 mmol),

1-hydroxybenzotriazole hydrate (360 mg, 2.21 mmol), afgenty-

lamine (32QuL, 2.75 mmol) in anhydroubsl,N-dimethylformamide (10

mL) was adjusted to pH-6 by the addition of triethylamine, and then

the reaction was stirred fc h atambient temperature. The reaction

was diluted with water and extracted with ethyl acetatex(35 mL).

The combined ethyl acetate layers were washed with water and then

brine, dried over Ng&8Q,, filtered, and concentrated in vacuo. The

product was purified via silica gel chromatography, eluting with 5%

(v/v) MeOH/EtOAC to provide amid® as a yellow solid (552 mg,

1.62 mmol, 88%):1H NMR (400 MHz, DMSOdg) ¢ 8.15 (d, 1HJ =

8.0 Hz), 8.07 (s, 1H), 8.04 (s, 1H), 7.87 (t, 1H= 5.9 Hz), 7.45 {(t,

1H, J = 8.0 Hz), 7.36 (t, 1HJ = 8.0 Hz), 7.08 (d, 1HJ = 8.0 Hz),

6.58 (d, 1H,J = 8.0 Hz), 5.52 (s, 2H), 4.27 (q, 1H,= 5.9 Hz), 3.28

(dd, 1H,J = 5.9, 14.0 Hz), 2.943.06 (m, 3H), 1.77 (s, 3H), 1.18

1.39 (m, 4H), 1.14 (heptet, 2H,= 7.8 Hz), 0.84 (t, 3H,) = 7.5 Hz);

13C NMR (100 MHz, DMSOsdg) ¢ 171.1, 169.0, 143.6, 132.4, 128.2,

125.4, 123.9, 123.1, 122.8, 120.7, 107.0, 54.0, 38.9, 38.4, 35.0, 28.5,

28.5, 22.5, 21.8, 13.9; MS (ESiyz 342 ([M + H]*).
2-[(4-(2-(Acetylamino)-2-(pentylcarbamoyl)ethyl)naphthalen-1-

tube was added methyl 2-acetamidoacrylate (2.1 g, 14.7 mmol) and yl)amino]benzoic Acid (10). To a stirred suspension of 2-(acety-

triethylamine (5.3 mL, 37.5 mmoff. The mixture was flushed with
nitrogen for 3 min and then sealed and heated at°Cl€r 4 h. The

lamino)-3-(4-aminonaphthalen-1-y}-pentylpropionamided) (552 mg,
1.62 mmol) and diphenyliodonium-2-carboxylate monohydr2x¢580

reaction mixture was cooled to ambient temperature and then partitionedmg, 1.78 mmol) inN,N-dimethylformamide (10 mL) was added
between ethyl acetate and water. The aqueous layer was extracted oncenhydrous Cu(OAg)(14.6 mg, 0.081 mmol). The mixture was heated
with ethyl acetate, and the combined organic layers were washed with at 95°C for 1.5 h. The reaction mixture was then concentrated in vacuo,

brine, dried (NaSQy), filtered, and concentrated in vacuo. The crude
residue was purified via silica gel chromatography, eluting with ethyl
acetate to provide 2.5 g (76%) of compounas a yellow solid:*H
NMR (400 MHz, DMSOsg) 6 9.34 (s, 1H), 8.15 (d, 1H) = 8.0 Hz),
7.90 (d, 1HJ= 8.0 Hz), 7.78 (s, 1H), 7.63 (d, 1H = 8.0 Hz), 7.51

(t, 1H, J= 7.6 Hz), 7.42 (t, 1HJ = 7.6 Hz), 6.72 (d, 1H) = 8.0 Hz),
6.29 (s, 2H), 3.73 (s, 3H), 1.94 (s, 3HJC NMR (100 MHz, DMSO-

ds) 6 169.4, 166.0, 147.1, 136.2, 129.4, 129.2, 126.7, 123.8, 123.4,

122.9,122.1, 116.4, 106.9, 51.9, 22.4; MS (E&/1 285 ([M + H]").
2-(Acetylamino)-3-(4-aminonaphthalen-1-yl)propionic Acid (8).

To a solution of 2-acetylamino-3-(4-aminonaphthalen-1-yl)acrylic acid

methyl ester7) (2.5 g, 8.8 mmol) in 1:1 (v/v) ethyl acetate/methanol

(50 mL) under N was added Pd/C (10%, 250 mg). The reaction flask

was capped with a hydrogen balloon and heated &06f@r 18 h. The

and the crude residue was purified by reverse phase preparative HPLC
to give benzoic acidlO as a light brown solid (619 mg, 83%)H

NMR (400 MHz, DMSOsg) 6 13.11 (s, 1H), 9.94 (s, 1H), 8.29 (d,
1H,J = 8.4 Hz), 8.18 (d, 1HJ) = 8.4 Hz), 7.98 (d, 1HJ = 8.4 Hz),

7.94 (dd, 1HJ = 1.2, 7.6 Hz), 7.86 (t, 1H) = 5.9 Hz), 7.61 (t, 1H,
J=7.6 Hz), 7.54 (t, 1HJ = 7.6 Hz), 7.41 (d, 1H) = 7.6 Hz), 7.37

(d, 1H,J = 7.6 Hz), 7.26 (td, 1HJ = 1.2, 7.6 Hz), 6.78 (d, 1H] =

8.4 Hz), 6.73 (t, 1H,) = 5.9 Hz), 4.59 (q, 1HJ = 7.6 Hz), 3.42 (dd,
2H,J= 7.2, 13.6 Hz), 3.23 (dd, 1Hl = 7.6, 14.0 Hz), 3.03 (qd, 1H,
J=17.6,14.0 Hz), 2.91 (heptet, 14,= 6.4 Hz), 1.81 (s, 3H), 1.13

1.37 (m, 4H), 1.07 (heptet, 2H,= 5.9 Hz), 0.79 (t, 3H,J) = 5.9 Hz);

3C NMR (100 MHz, DMSOdg) 6 170.5, 170.3, 169.1, 149.0, 135.0,
134.1, 132.9, 131.7, 130.9, 129.2, 127.5, 126.3, 125.9, 124.7, 122.5,
120.0, 116.7,113.6, 111.7, 53.8, 38.5, 35.3, 28.5, 28.4, 22.5, 21.7, 13.8;

mixture was filtered through diatomaceous earth, and the filter bed was MS (ESI)m/z 462 ([M + H]"), 484 (M + NaJ").

washed with 1:1 (v/v) ethyl acetate/methanobl(25 mL). The filtrate

N-Acetyl-4-[(carboxycarbonyl)(2-carboxyphenyl)amino]N-pen-

was concentrated in vacuo to provide the propoinate methyl ester (2.5tyl-1-naphthylalaninamide (12). To an ice-cooled, stirred solution of

g, 100%). The methyl ester was dissolved in methanol (50 mL), and
then 3 N NaOH (4.75 mL, 14.3 mmol) was added dropwise. After the
reaction was stirred fo3 h atambient temperature, the methanol was

2-[(4-(2-(acetylamino)-2-(pentylcarbamoyl)ethyl)naphthalen-1-yl)ami-
noJbenzoic acid0) (619 mg, 1.34 mmol) and triethylamine (680Q,
5.13 mmol) in dichloromethane (10 mL) was added ethyl oxalyl chloride

removed in vacuo, and then the remaining aqueous solution was (452uL, 4.04 mmol) slowly, over 30 min. The reaction was warmed

acidified to pH~ 4.5 with 3 N HCI. The mixture was concentrated to

to ambient temperature and stirred for 16 h. After this tith& HCI

dryness in vacuo, taken up in 10% (v/v) ethanol/dichloromethane (25 (10 mL) was added, and the mixture was extracted with dichlo-

mL), and filtered through diatomaceous earth. The filter cake was
washed with additional 10% (v/v) methanol/dichloromethane (10%, 25

romethane (2« 20 mL). The combined dichloromethane layers were
washed with brine, dried over MNaO,, filtered, and concentrated in

mL). The filtrate was concentrated under reduced pressure to provide vacuo. Crude estérl was hydrolyzed without any further purification.

acid 8 as a brown solid (1.75 g, 74%}H NMR (400 MHz, DMSO-
ds) 6 8.17 (d, 1H,J = 8.0 Hz), 8.08 (d, 1HJ = 8.0 Hz), 7.99 (d, 1H,
J=8.0 Hz), 7.48 (t, 1H) = 7.8 Hz), 7.38 (t, 1H] = 7.8 Hz), 7.12
(d, 1H,J = 7.8 Hz), 6.60 (d, 1HJ = 7.8 Hz), 1.77 (s, 3H), 4.45 (td,
1H,J = 4.8, 9.2 Hz), 3.43 (dd, 1H] = 4.8, 14.0 Hz), 3.05 (dd, 1H,
J=9.2, 14.0 Hz)*C NMR (100 MHz, DMSO#¢s) 6 173.8, 169. 3,

To a solution of crude 2{4-(2-(acetylamino)-2-(pentylcarbamoyl)-
ethyl)naphthalen-1-yl](ethoxyoxalyl)amihieenzoic acid 11) (950 mg)
in methanol (7 mL) at ambient temperature was adté&l NaOH (3.9
mL, 3.9 mmol). The basic mixture was stirred at ambient temperature
for 2 h, and then 1 N HCI (10 mL) was added. The product was purified
by reverse phase preparative HPLC to provide 210 mg of comp8und

143.8, 132.3, 128.3, 125.7, 123.4, 123.3, 123.0, 120.7, 107.1, 53.6,as a light brown solid (0.39 mmol, 29% yield over two steps):

34.3, 22.4; MS (ESIywz 273 ([M + H] ).
2-(Acetylamino)-3-(4-aminonaphthalen-1-yl)N-pentylpropiona-
mide (9). A solution of 2-acetylamino-3-(4-aminonaphthalen-1-yl)-

(40) Dygos J. H,; Yonan, E. E.; Scaros, M. G.; Goodmonson, O. J.; Getman,
Penana R. A Beck G. ASynthe5|§.992 741.

H NMR (400 MHz, DMSO#g) (mixture of rotamersy 13.13 (s,
1H), 8.43 (t, 1H,J = 7.8 Hz), 8.32 (d, 1HJ = 8.4 Hz), 8.22 (dd, 1H,
J= 2.8, 8.4 Hz), [8.18 (dJ = 8.4 Hz), 8.08 (d] = 8.4 Hz), 1H in
total], 8.0-7.83 (m, 3H), 7.757.12 (m, 5H), 6.86:6.80 (m, 1H),
4.58 (q, 1H,J = 7.4 Hz), 3.67-2.82 (m, 6H), [(1.81, s), (1.78, s) (1.75,
s), 3H in total], 1.39-1.00 (m, 4H), 0.92-0.69 (m, 3H);*C NMR
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(100 MHz, DMSO¢k) (mixture of rotamers) (170.6 and 170.4), (169.2

3-((5-Aminopentyl)oxy)naphthalene-2-carboxylic Acid Methyl

and 169.1), (167.3 and 166.6), (163.5 and 163.1), 162.3, (138.6 andEster Hydrochloride (19). To an ice-cooled solution of 1.44 g (71.3
138.5), (136.1 and 135.8), 137.2, (135.3 and 135.2), (133.2, 132.9, andmmol) of 3-hydroxy-2-naphthoic acid methyl estdg), 1.45 g (7.13
132.5), (132.0 and 131.9), 131.4, (130.3 and 130.2), (128.9 and 128.5),mmol) of 5-({ert-butoxycarbonyl)amino)-1-pentanol, and 1.87 g (7.13
127.9, (127.4 and 127.4), (126.7 and 126.6), 126.4, (125.2 and 124.9),mmol) of triphenylphosphine in 15 mL of THF was added 1.2 mL
124.5, (124.4 and 124.2), (53.4 and 53.3), (38.5 and 38.4), (35.4 and(7.62 mmol) of diethylazodicarboxylate. The reaction was stirred and

35.0), 28.5, (28.4 and 28.4), (22.5 and 22.4), 21.6, 13.8; MS (&B&1)
534 (M + H]Y).
S-3-(4-Aminonaphthalen-1-yl)-2-fert-butoxycarbonylamino)pro-
pionic Acid Methyl Ester (16). To a mixture of 3.00 g (9.11 mmol)
of N-(tert-butoxycarbonyl)-3-ioda-alanine methyl ester and 3.57 g
(54.6 mmol) of zinc dust was added 10 mL of DNMFThe mixture
was purged with M and then heated at 65C for 15 min. The

allowed to warm to ambient temperature over 15 h. The solvent was
removed in vacuo, and then the thick oily residue was stirred with 15
mL of 30% ethyl acetate/hexanes to precipitate triphenylphosphine
oxide. The precipitate was filtered away and washed with 5 mL of
30% ethyl acetate/hexanes, and then the combined filtrate and washings
were concentrated to an oil. This was purified by silica gel chroma-
tography, eluting with 30% ethyl acetate/hexanes to give 1.54 g (56%)

disappearance of the starting iodide was monitored by quenching anof a pale yellow oil: *H NMR (400 MHz, CDC}) 6 8.28 (s, 1H), 7.80

aliquot in 1 M HCI, then extracting the acid solution with ethyl acetate,
and TLC analysis of the organic layer, eluting with 20% EtOAc/

(d, 1H,J = 8.0 Hz), 7.70 (d, 1H) = 8.0 Hz), 7.49 (ddd, 1HJ) = 7.1,
6.8, 1.2 Hz), 7.35 (ddd, 1H] = 7.1, 7.1, 0.9 Hz), 7.17 (s, 1H), 4.66

hexanes. After the iodide had been consumed, the excess zinc wadbs, 1H), 4.13 (t, 2HJ = 6.3 Hz), 3.94 (s, 3 Hz), 3.17 (brq, 2H,=
allowed to settle, and the organozinc solution was added via syringe 5.2 Hz), 1.90 (m, 2H), 1.59 (m, 4H}*C NMR (100 MHz, CDC}) 6

to a stirred and Mpurged solution of 2.02 g (9.11 mmol) of 4-bromo-
1-naphthylamine, 556 mg (1.82 mmol) of tstolyl)phosphine, and
100 mg (0.450 mmol) of palladium(ll) acetate in 5 mL of DMF. The
reaction was stirred at 65C for 1.5 h and then poured into 50 mL of
water and extracted with diethyl ether {315 mL). During the first
extraction, the mixture was filtered through diatomaceous earth to
remove the insoluble zinc salts and precipitated palladium. The
combined ether layers were back-extracted with watex (15 mL)
and brine (1x 15 mL), dried over MgSQ filtered, and concentrated
to a gummy residue. This was purified via silica gel chromatography,
eluting with 40% ethyl acetate/hexanes to give 1.45 g (46%) of 3-(4-
aminonaphthalen-1-yl)-Z€rt-butoxycarbonylamino)propionic acid meth-
yl ester as a yellow foam. The product contained a minor higher
impurity that could be removed during the next stépt NMR (400
MHz, CDCk) 6 8.01 (d, 1H,J = 8.3 Hz), 7.84 (d, 1H,) = 8.3 Hz),
7.52 (t,1HJI=7.2Hz), 7.46 (t, 1HJ= 7.4 Hz), 7.07 (d, 1H) = 7.7
Hz), 6.69 (d, 1H,J = 7.7 Hz), 5.02 (bd, 1J = 8.0 Hz), 4.64 (bq, 1H,
J=6.1Hz), 4.20 (bs, 2H), 3.61 (s, 3H), 3.47 (dd, 1H+ 14.2, 6.0
Hz), 3.36 (dd, 1HJ = 14.0, 6.0 Hz), 1.40 (s, 9H)}:2C NMR (100
MHz, CDCk) 6 172.8 (C), 155.0 (C), 141.7 (C), 132.9 (C), 128.0 (CH),
126.2 (CH), 124.7 (CH), 124.2 (CH), 124.1 (C), 122.7 (C), 121.5 (CH),
109.2 (CH), 79.8 (C), 54.5 (CH or G} 52.0 (CH or CH), 35.2 (CH)),
28.3 (CH); MS (ESI)m/z 245 ([M — Boc + 2H]*), 345 ([M + H]™),
367 (IM + NaJ").
S-3-(4-Aminonaphthalen-1-yl)-2-ert-butoxycarbonylamino)pro-
pionic Acid (17). To a solution of 1.26 g (3.66 mmol) of 3-(4-
aminonaphthalen-1-yl)-Z€rt-butoxycarbonylamino)propionic acid meth-
yl ester 6) in 5 mL of CH;OH was added 1.5 mLfet M NaOH(aq).

166.8 (C), 156.0 (C), 155.0 (C), 136.1 (C), 132.6 (CH), 128.6 (CH),
128.3 (CH), 127.5 (C), 126.4 (CH), 124.3 (CH), 122.1 (C), 107.7 (CH),
79.0 (C), 68.4 (CH), 52.1 (CH), 40.4 (CH), 29.6 (CH), 28.6 (CH),
28.4 (CHy), 23.2 (CH); MS (ESI)m/z 288 ([M — Boc + 2H]*), 388

(IM + H]*), 410 (IM + NaJ%).

The oil was dissolved in 10 mLfel M HCI in dioxane and stirred
at ambient temperature for 1.75 h. The solvent was removed in vacuo
to give 1.23 g (95%) of 3-((5-aminopentyl)oxy)naphthalene-2-carboxy-
lic acid methyl ester hydrochloride as a light yellow solith NMR
(400 MHz, DMSO#g) 6 8.23 (s, 1H), 8.01 (bs, 3H), 7.93 (d, 1Bi=
8.0 Hz), 7.84 (d, 1HJ = 8.3 Hz), 7.54 (ddd, 1HJ = 7.1, 6.8, 1.2
Hz), 7.45 (s, 1), 7.39 (ddd, 1H,= 7.1, 6.8, 1.1 Hz), 4.12 (t, 2H =
6.3 Hz), 3.85 (s, 3H), 2.79 (t, 2H,= 7.7 Hz), 1.79 (m, 2H), 1.65 (m,
2H), 1.52 (m, 2H)#3C NMR (100 MHz, DMSO#€k) 6 166.2 (C), 154.0
(C), 135.5 (C), 131.2 (CH), 128.4 (CH), 128.2 (CH), 127.0 (C), 126.4
(CH), 124.3 (CH), 122.3 (C), 107.7 (CH), 67.8 (@t52.0 (CH), 38.6
(CHyp), 27.9 (CH), 26.5 (CH), 22.4 (CH); MS (ESI)nV/z 288 (M +
H]t).

S-34{[5-[(3-(4-Aminonaphthalen-1-yl)-2-tert-butoxycarbonyl-
amino)propionyl)amino]pentylJoxy} naphthalene-2-carboxylic Acid
Methyl Ester (20). To 510 mg (1.54 mmol) of acid7, 413 mg (2.16
mmol) of 1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide hydrochlo-
ride (EDCI), and 208 mg (1.54 mmol) of 1-hydroxybenzotriazole was
added 12 mL of ChCl, and then 350uL (3.18 mmol) of N-
methylmorpholine. The solution was stirred at ambient temperature for
10 min, and then 500 mg (1.54 mmol) of amifidCl 19 was added.
The solution was stirred at ambient temperature for 19 h and then
concentrated in vacuo. The residue was taken up in 20 mL of ethyl

The reaction was stirred at ambient temperature for 2.5 h and then gcetate and then extracted with wates(20 mL), saturated NaHCO

concentrated in vacuo to an oil. This was diluted with 20 mL of water
and extracted with diethyl ether (8 5 mL). The aqueous layer was
cooled with an ice bath and stirred vigorously, 10 mL of ethyl acetate
was added, and then 6 mlf & M HCI was added immediately. The

(ag) (2x 10 mL), and brine (Ix 10 mL), dried over MgSQ filtered,

and concentrated to a thick oil. The product was purified via silica gel
chromatography, eluting with 60% ethyl acetate/hexanes to give an
oil. Trituration with a small amount of diethyl ether followed by rapid

layers were separated, and the aqueous layer was extracted withevaporation in vacuo gave 480 mg (52%) of the amide as a light brown

additional ethyl acetate (2 10 mL). The combined ethyl acetate layers
were back-extracted with brine ¢ 10 mL), dried over MgSQ filtered,
and concentrated in vacuo to 1.10 g (91%) of a tan solld:NMR
(300 MHz, DMSOdg) 6 8.08 (d, 1H,J = 8.1 Hz), 7.94 (d, 1H,) =

8.5 Hz), 7.48 (ddd, 1H) = 7.1, 6.8, 1.4 Hz), 7.38 (ddd, 1H,= 7.5,
6.8, 0.9 Hz), 7.13 (d, 1H) = 7.8 Hz), 7.10 (d, 1HJ = 9.5 Hz), 6.58

(d, 1H,J = 7.5 Hz), 4.11 (m, 1H), 3.39 (dd, IHl = 14.4, 4.4 Hz),
3.02 (dd, 1H,J = 14.2, 10.2 Hz), 1.30 (s, 9H}*C NMR (100 MHz,
CDCly) 6 174.2 (C), 141.4 (C), 135.9 (C), 132.9 (C), 128.0 (CH), 126.1
(CH), 124.6 (CH), 124.3 (CH), 124.2 (C), 123.2 (C), 121.4 (CH), 109.5
(CH), 79.8 (C), 54.3 (CH), 34.8 (G 28.2 (CH); MS (ESI)m/z 231

(IM — Boc + 2H]"), 331 ([M + H]*), 353 (M + Na]*).

(41) Jackson, R. F. W.; Moore, R. J.; Dexter, JCOrg. Chem1998 63, 7875.
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foam: H NMR (400 MHz, CDC}) 6 8.27 (s, 1H), 8.14 (d, 1H] =

8.3 Hz), 7.81 (d, 1H) = 8.3 Hz), 7.78 (d, 1H) = 8.6 Hz), 7.72 (d,
1H,J = 8.0 Hz), 7.51 (t, 2H,) = 7.5 Hz), 7.40 (t, 1H,) = 7.4 Hz),
7.37 (dt, 1HJ = 7.1, 0.9 Hz), 7.15 (s, 1H), 7.11 (d, 18= 7.4 Hz),
6.64 (d, 1H,J = 7.7 Hz), 5.47 (bs, 1H), 5.36 (bs, 1H), 4.39 (bg, 1H,
J=6.5Hz), 4.01 (t, 2HJ = 6.3 Hz), 3.90 (s, 3H), 3.47 (m, 1H), 3.27
(m, 1H), 3.05 (m, 2H), 1.74 (m, 2H), 1.41 (bs, 9H), 1.24 (m, 2K
NMR (100 MHz, CDC}) 6 171.2 (C), 166.6 (C), 155.3 (C), 155.0
(C), 141.6 (C), 136.1 (C), 132.6 (CH), 128.7 (CH), 128.4 (CH), 128.3
(CH), 127.5 (C), 126.3 (CH), 124.7 (CH), 124.4 (CH), 124.3 (CH),
124.0 (C), 123.4 (C), 122.0 (C), 121.4 (CH), 109.3 (CH), 107.6 (CH),
79.8 (C), 68.3 (Ch), 55.8 (CH), 52.2 (Ch), 39.1 (CH), 36.4 (CH),
28.5 (CH), 28.3 (CH), 28.3 (CH), 23.0 (CH); MS (ESI) m/z 500
(M — Boc + 2H]*), 600 ([M + H]*), 622 (M + Na]").
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Chart 1.
-4 1
GFSH MEMEKEFEQI DKSGSWAAIY QDIRHEASDF PCRVAKLPKN KNRNRYRDVS 50
PFDHSRIKLH QEDNDYINAS LIKMEEAQRS YILTQGPLPN TCGHFWEMVW 100
EQKSRGVVML NRVMEKGSLK CAQYWPQKEE KEMIFEDTNL KLTLISEDIK 150
SYYTVRQLEL ENLTTQETRE ILHFHYTTWP DFGVPESPAS FLNFLFKVRE 200
SGSLSPEHGP VVVHCSAGIG RSGTFCLADT CLLLMDKRKD PSSVDIKKVL 250
LDMRKFRMGL IQTAEQLRFS YLAVIEGAKF IMGD 288

3-{{5-[[2-(tert-Butoxycarbonylamino)-3-[4-((2-carboxyphenyl)-
amino)naphthalen-1-yl]propionylJamino]pentyl} oxy} naphthalene-
2-carboxylic acid (21).To 382 mg (0.637 mmol) of aminonaphthalene
20, 262 mg (0.766 mmol) of diphenyliodonium-2-carboxylate mono-

compound23 as a light yellow solid. The enantiomeric purity of
compound23 was determined to be 100% by chiral HPLC. The
synthesis oent23 was accomplished according to the same sequence
but starting withN-(tert-butoxycarbonyl)-3-iod@-alanine methyl ester

hydrate (2), and 5 mg (0.028 mmol) of copper(ll) acetate was added 3 to prepareent16. Both enantiomers were treated with diazomethane

mL of 2-propanol. The mixture was stirred at reflux underfdt 17 h

and then evaluated using a ChiralPak AS column from Chiral

and then concentrated in vacuo to a foam. This was taken up in 10 mL Technologies (4.6< 250 mm, 10um), eluting with 30% 2-propanol/

of ethyl acetate, then extracted with water{2 mL) and brine (1x
5 mL), dried over MgSQ filtered, and concentrated to 481 mg
(>100%) of a brown foam. The crude product contained some

hexanestg for 23 = 9.9 min, andgr for ent23 = 15.8 min.!H NMR
(500 MHz, DMSO¢ég): mixture of rotamersy 8.45-8.42 (m, 1H),
8.35-8.30 (m, 1H), 8.26-8.21 (m, 1H), 8.18 (s, 1H), 8.667.95 (m,

iodobenzene and a small amount of unreacted iodonium salt, but these2H), 7.92 (d, 1H,J = 8.2 Hz), 7.84 (m, 2H), 7.6%7.47 (m, 5H), 7.17

did not interfere with the next reaction. Pure a2idcould be obtained

(m, 1H), 6.83 (t, 1H,) = 6.4 Hz), 4.76-4.58 (m, 1H), 4.07 (t, 1H)

by silica gel chromatography, eluting with 50% ethyl acetate/hexanes = 6.4 Hz), 4.03 (t, 1H, = 6.4 Hz), 3.59-2.99 (m, 4H), 2.07 (s, 3H),
to remove nonpolar impurities and then stepping to 75% ethyl acetate/ 1.80-1.63 (m, 4H), 1.39-1.16 (m, 5H). MS (ESI):m/z 720 (M +
hexanes to recover the product. From 100 mg of crude product and 30H]*), 742 ([M + NaJ").

mL of silica gel, 16 mg of pure aci@l was obtained:*H NMR (400
MHz, DMSO-dg) 6 10.03 (bs, 1H), 8.23 (d, 1H} = 5.8 Hz), 8.22 (s,
1H), 7.99 (d, 1HJ = 8.6 Hz), 7.93 (m, 2H), 7.85 (m, 1H), 7.83 (d,
1H, J = 8.3 Hz), 7.61 (dt, 1HJ = 7.1, 1.2 Hz), 7.54 (m, 2H), 7.41
(m, 2H), 7.24 (t, 1HJ = 7.4 Hz), 6.91 (d, 1H) = 8.6 Hz), 6.76 (d,
1H,J = 8.3 Hz), 6.71 (t, 1H,) = 7.7 Hz), 4.30 (m, 1H), 4.09 (t, 2H,
J = 6.3 Hz), 3.83 (s, 3H), 3.49 (dd, 1H,= 13.8, 5.2 Hz), 3.14 (m,
3H), 1.75 (m, 2H), 1.43 (m, 4H), 1.27 (bs;9H), 0.98 (bs, minor
rotamer)2*C NMR (100 MHz, DMSO#€g) 6 171.0 (C), 170.3 (C), 166.2
(C), 155.0 (C), 154.0 (C), 148.9 (C), 135.5 (CH), 135.0 (C), 133.8
(C), 132.8 (C), 131.7 (CH), 131.1 (CH), 131.0 (C), 129.2 (C), 128.4
(CH), 128.2 (CH), 127.6 (CH), 126.9 (C), 126.4 (CH), 126.3 (CH),
125.8 (CH), 124.5 (CH), 124.3 (CH), 122.5 (C), 122.4 (CH), 120.0
(CH), 116.6 (CH), 113.5 (CH), 112.1 (C), 107.6 (CH), 77.9 (C), 68.0
(CHp), 55.3 (CH), 51.9 (CH), 38.4 (CH), 35.1 (CH), 28.6 (CH),
28.1 (CH), 28.0 (CH), 27.5 (CH, minor), 22.7 (CH); MS (ESI)nv/z
620 ([M — Boc + 2H]%), 720 ([M + H]*), 742 (IM + NaJ*).

3-({ 5-[(N-Acetyl-3{ 4-[(carboxycarbonyl)(2-carboxyphenyl)amino]-
1-naphthyl} -L-alanyl)amino]pentyl} oxy)-2-naphthoic Acid (23).To
an ice-cooled solution of 100 mg (0.139 mmol) of amino &ildn 1
mL of DMF was added 200L (1.44 mmol) of triethylamine and then
100 uL (0.90 mmol) of ethyl chlorooxoacetate. The ice bath was

Protein NMR Spectroscopy.Human PTP1B (residues-288) was
cloned into the pGEX-5X vector (Amersham Pharmacia) and expressed
in Escherichia coliBL21(DE3) cells. The final protein construct used
for the NMR studies was 292 residues comprised of the following amino
acid sequence shown in Chart 1. Two point mutations exist in the
construct (E252D and D265E, underlined), along with four additional
N-terminal residues (GFSH) that remain after cleavage of the GST-
fusion.

Uniformly 5N-labeled and3CH;(IVLM)-labeled PTP-1B was
prepared by growing the bacteria on a minimal medium containing 1
g/L of *NH4CI (Cambridge Isotopes) or by adding 100/100/50 mg/L
of 13C-y-methionine/3,3'%C-a-ketovalerate/3C-o-ketobutyraté* 1 h
before induction with 1 mM IPTG, respectively. Carbenicillin (0.1 mg/
mL) was used as the selection agent. In addition to the standard salts,
metals, and vitamins, the media contained the following additives (g/L
of culture): Ala (0.5); Arg (0.4); Asp (0.4); Cys (0.05); Glu (0.65);
GIn (0.4); Gly (0.55); His (0.1); Lys (0.42); Phe (0.13); Pro (0.1); Ser
(2.1); Thr (0.23); Tyr (0.17); adenine (0.5); guanosine (0.65); thymine
(0.2); uracil (0.5); cytosine (0.2); sodium acetate (1.5); succinic acid
(1.5). The cell pellets were resuspended in a buffer containing 10 mM
sodium phosphate (pH 7.4) and 150 mM NacCl (PBS buffer). The cells
were then lysed using a microfluidizer (Microfluidics International)

removed, and the reaction was stirred at ambient temperature for 2 h.and the resulting lystate clarified via centrifugation at 76 10

Next, 2 mL d 2 M NaOH was added, along with 5 mL of water. After
being stirred for another 2 h, the reaction was diluted with 10 mL of
water, and stirred again for 2 h. The reaction was monitored for

min. The clarified cell lysate was loaded onto a Glutathione Sepharose
4B column (Pharmacia), and the resin was washed with 20 column
volumes of PBS buffer. The protein was eluted with 5 column volumes

disappearance of the less polar naphthoic ester by reverse-phasef g puffer containing 50 mM TRIS (pH 8.0) and 10 mM reduced

analytical HPLC. Additione2 M NaOH could be added if hydrolysis
was incomplete, though a total of 3 mif ® M NaOH was sufficient

to complete the hydrolysis. The reaction was cooled with an ice bath,
and then 3 mL of 6 M HCI| was added. The mixture was extracted
with ethyl acetate (3x 5 mL) and then the combined ethyl acetate
layers were back-extracted with water 25 mL) and brine (1x 5

mL), dried over MgSQ filtered, and concentrated to a foam containing
crude oxamic aci®2. This was dissolved in 1 mL of trifluoroacetic
acid and allowed to stand at ambient temperature for 10 min. The
trifluoroacetic acid was removed in vacuo, and the resulting foam was
taken up in 3 mL 62 M NaOH. To the basic solution was added 300
uL of acetic anhydride, and the mixture was stirred at ambient
temperature for 30 min, after which the pH 7. A small amount of

insoluble material was filtered away, and then the product was isolated

by reverse phase HPLC, eluting with &®0% acetonitrile in 0.1%
(v/v) aqueous trifluoroacetic acid gradient to give 28 mg (28%) of

glutathione. The N-terminal GST fusion was cleaved with thrombin (1
U thrombin/mg of PTP-1B) at 4C for 72 h. Cleavage was monitored

by SDS-PAGE analysis. The resulting solution was then concentrated
and dialyzed to remove the glutathione (final dilution factor of #p

and loaded onto a Glutathione Sepharose 4B column to remove the
GST. The flow-through (containing PTP-1B) was collected and dialyzed
against NMR buffer (see below). Typical protein yields were-20

mg of PTP-1B/L of culture.

The NMR samples were composed of uniforriity-labeled or3-
CHs(IVLM) PTP-1B in an HO/D,0 (9/1) TRIS buffered solution (25
mM, pH = 7.5) containing DTT (10 mM). Ligand binding was detected
by acquiring sensitivity-enhancéd/**N- or *H/*3C-HSQC spectrd*

(42) Kay, L. E.; Keifer, P.; Saarinen, 7. Am. Chem. S0d.992 114, 10663.
(43) Stonehouse, J.; Shaw, G. L.; Keeler, J.; Laue, B. Magn. Resorl994
107, 178.
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on 400uL of PTP-1B in the presence and absence of added compound.the vast majority of the data sets with reduciRdactors between 5
Protein concentrations were 300 and 24 for the **N- and **CHs- and 9%. Data were processed with HKL2000 and scaled with
(IVLM)-labeled samples, respectively. A Bruker sample changer was SCALEPACK or within HKL2000. Phase and map calculations were
used on a Bruker AMX500 spectrometer equipped with a cryoptbbe. performed using XPLOR or CNX. The modeling and electron-density
Compounds were individually tested at concentrations of 5.0 mM, fitting software QUANTA was used to manipulate the models. Refined
and binding was determined by monitoring changes in the HSQC crystallographic coordinates for the structure of hPTP1B complexed
spectra. Dissociation constants were obtained for selected compoundsvith compoundsb, 12, and23 have been deposited with the Protein
by monitoring the chemical shift changes of the protein resonances asData Bank (www.rcsb.org) with entry codes 1INOG6, 1NL9, and 1INNY,
a function of ligand concentration. Data were fit using a single binding respectively.
site model. A least-squares grid search was performed by varying the  Biological Assay.Protein tyrosine phosphatase 1B (PTP1B) activity
values ofKp and the chemical shift of the fully saturated protein. was determined by measuring the rate of hydrolysis of a surrogate
X-ray Crystallography. The final concentration of the purified  substrate p-nitrophenyl phosphateplPP, C1907 Sigma, St. Louis,
protein sample was-34 mg/mL and contained various amounts of MO). The assay was carried out at room temperature in 96 well
reducing agents, normally-2 mM DTT. Crystals of PTP1B (residues  polypropylene or polyethylene plates in a total volume of Z0Gwvell.
1—321) belonging to space grol8:21 @ =b =88.4 A,c = 104.5 Appropriate dilutions of the compounds were made in DMSO and then
A) were grown routinely using the protocol described by Piugth diluted 10-fold into assay buffer (25 mM HEPES (pH7.5), 150 mM
the following changes. The buffers used in protein crystallization were NaCl, and 0.1 mg/mL BSA). A 1uL volume of 5 different
degassed for approximately 30 min and then purged with argon gasconcentrations of the test compound (inhibitor) or 10% DMSO in assay
prior to their use for crystallization. This simple precaution extended buffer was added to individual wells containing 40 of 3.2, 8, 20,
the lifetime of the reactive cysteine (Cys215) in the active site and and 50 mMpNPP in water. The reaction was initiated by adding 50
provided a more stable and structurally homogeneous conformation of L of PTP1B diluted in & assay buffer (50 mM HEPES, 300 mM
the active site. This protocol allowed the soaking of all the PTP1B NaCl, and 0.2 mg/mL BSA). The phosphatase activity resulted in the
inhibitors directly into the crystals. Soaking times ranged from one to formation of the colored produgp-nitrophenol pNP) which was
5 h and were normally no more that 2 h. Soaking was performed using continuously monitored at 405 nm every 30 s for 15 min using an
50 uL of the reservoir in the crystallization well and mixed with a  appropriate plate reader. The absorbance at 405 nm was converted to
2—4 ul of stock (DMSO) solution of the compound at 100 mM  nanomoles ofpNP using a standard curve, and the initial ratepiP
concentration. The soaking protocol permitted the rapid structure formation was calculated. For each concentration of test compound
determination of PTP1B:inhibitor complexes. (inhibitor) or DMSO control, the initial rates were used to fit the
After the soaking period, crystals were transferred to a cryoprotectant rectangular hyperbola of Michaelidvlenten by nonlinear regression
solution for 5-10 s with rayon loops and exposed to the X-rays. The analysis (GraphPad Software Prism 3.0). The ratio of the applrént
cryoprotectant solution consisted of 100 mM HEPES and 0.2 M Vna Vs inhibitor concentration was plotted, and the competikyevas
magnesium acetate adjusted to pH 7.1 with NaOH at a 16% w/v calculated by linear regression to be the negatiiatercept. The
concentration of PEG8000 with a 35% v/v concentration of glycerol. uncompetitveK; was similarly calculated from the-intercept of the
Crystallographic data were collected both in a conventional, in-house, plot of the reciprocal of the apparentm.x versus the inhibitor
protein crystallography laboratory and at sector 17 at the Advanced concentratiorf’
Photon Source (ID and BM lines of IMCA-CAT). Conventional sources
were used routinely. The data collection hardware were a Mar Research Acknowledgment.  The authors thank Jamey Mack for
Image Plate (180 mm), a Mar Research 345 mm image plate, or a MarPreparation of thé3C methyl-labeled PTP1B for NMR-based
Research 165 mm CCD detector, all driven by the manufacturer's screening and Mark Mullally for determining the enantiomeric
software. For a complete data set;-8M0 I frames were collected at  purity of inhibitor 23.
a crystal to detector distance of 890 mm. Exposure times were ) . ) o o
typically 10 min/frame for in-house data collection and 10 s for the  Supporting Information Available: Kinetic data of inhibition
synchrotron source. This strategy resulted-i86% completeness in  for naphthyloxamic acic. This material is available free of
charge via the Internet at http://pubs.acs.org.

(44) Hajduk, P. J.; Gerfin, T.; Boehlen, J.-M.;'bkli, M.; Marek, D.; Fesik,
S. W.J. Med. Chem1999 42, 2315. JA0296733
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