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Acids as Inhibitors of Protein Tyrosine Phosphatase 1B
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Protein Tyrosine phosphatase 1B (PTP1B) has been implicated as a key negative regulator of
both insulin and leptin signaling pathways. Using an NMR-based screening approach with
15N- and 13C-labeled PTP1B, we have identified 2,3-dimethylphenyloxalylaminobenzoic acid
(1) as a general, reversible, and competitive PTPase inhibitor. Structure-based approach guided
by X-ray crystallography facilitated the development of 1 into a novel series of potent and
selective PTP1B inhibitors occupying both the catalytic site and a portion of the noncatalytic,
second phosphotyrosine binding site. Interestingly, oral biovailability has been observed in
rats for some compounds. Furthermore, we demonstrated in vivo plasma glucose lowering effects

with compound 12d in ob/ob mice.

Introduction

Type Il diabetes is a progressive disease of metabolic
dysregulation characterized by insulin resistance in
peripheral tissues (liver, muscle, and adipose) and im-
paired insulin secretion by the pancreas. At the molec-
ular level, the mechanism of insulin resistance in type
Il diabetes appears to involve defects in postreceptor
signal transduction? and is not due to a structural
defect in the insulin receptor (IR) itself.3 Initial binding
of insulin to the IR evokes a cascade of phosphorylation
events, including the autophosphorylation of the IR on
multiple tyrosine residues,* tyrosine phosphorylation of
IR substrate (IRS) proteins (IRS-1 to -4) and other
adaptor molecules.> Eventually, the metabolic effect of
insulin signaling is manifested with the uptake of
glucose into the peripheral tissues.®

The activation of the IR by autophosphorylation is
reversed by the action of protein tyrosine phosphatases
(PTPases). To date, biochemical, “substrate-trapping”,
and in vivo studies favor PTPase 1B (PTP1B) as the
protein phosphatase directly dephosphorylating the IR.”
The most compelling data came from the targeted
disruption of the PTP1B gene in mice.8® Two laborato-
ries have independently generated PTP1B knockout
mice. These mice exhibit increased insulin sensitivity
and improved glucose tolerance. Unexpectedly, PTP1B
deficiency in these mice provided a protective effect on
diet-induced obesity, enhanced response toward leptin-
mediated weight loss, and suppression of feeding.
Subsequently, substrate-trapping experiments demon-
strate that leptin-activated Janus kinase 2 (Jak2) is a
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substrate of PTP1B.1%11 The evidence strongly suggests
that selective small-molecule inhibitors of PTP1B may
be effective therapeutics in treating insulin resistance,
type 1l diabetes, and obesity.

Recent studies have provided important insight into
the basic structural requirements for PTP1B—substrate
and —inhibitor interactions and have suggested that
identification of highly selective, catalytic site-directed
PTP1B inhibitors are quite possible.12 However, despite
the significant progress made toward developing PTP1B
inhibitors, most of the specific inhibitors reported to date
do not possess oral bioavailability for potential clinical
use. In this communication, we now describe the dis-
covery of 2,3-dimethylphenyloxalylaminobenzoic acid (1)
as a novel general PTPase inhibitor scaffold through an
NMR-based screening. A detailed structure—activity
relationship (SAR) and the development of this series
of compounds into potent, selective, orally available
inhibitors of PTP1B with in vivo efficacy in ob/ob mice
are also reported.

Chemistry

Analogues varying the 2,3-dimethylaniline portion of
1 were prepared via two different routes. In method A
(Scheme 1), a Buchwald coupling between the o-bromo-
cinnamate 2 and naphthylamine 3, followed by the
oxidative cleavage of the resulting quinolone 4 provided
the final product 5.13 A more general route (method B)
started with a condensation between diphenyliodonium
carboxylate (DPIC) and the appropriate aniline (Scheme
2).14 The sterically hindered sec-aniline 6 could be
acylated with ethyloxalyl chloride through an intramo-
lecular acyl-transfer reaction. Subsequent saponification
of the monoester 7 provided the desired oxamic acid 8.

Scheme 3 described the synthesis of requisite p-
aminophenylalanine derivatives for condensation with
DPIC. Heck coupling of 4-bromoaniline derivatives with
methyl 2-acetamidoacrylate yielded the dehydroamino
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a Reagents and conditions: (a) methyl acetamidoacrylate,
Pd(OAc),, P(o-tolyl)s, EtsN, DMF, 110 °C; (b) 10% Pd/C, MeOH/
EtOAc, atm of Hy, 50 °C; (c) NaOH, MeOH, room temp; (d) EDCI,
HOBT, amyl amine, EtsN, DMF; (e) DPIC, Cu(OAc),, DMF, 95
°C; (f) CICOCO.Et, i-PraNEt, CH.Cly, 0 °C to room temp; (g)
NaOH, MeOH, room temp.

ester 9. The double bond of 9 was hydrogenated to give
the p-aminophenylalanine methyl ester, which was then
hydrolyzed to give the acid 10. Coupling of 10 with
amylamine yielded the diamide 11, which was then
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converted to the desired oxamic acid 12 following con-
densation with DPIC, acylation, and hydrolysis.

The enantiomerically pure analogue 17 was synthe-
sized from the readily available aniline 13 (Scheme 4).
Monoiodination of 13 with in situ generated ICI pro-
vided the iodide 14. The aniline 15 derived from DPIC
condensation with 14 was then coupled with acrylamide
to generate the diarylaniline 16. The standard acylation
and hydrolysis protocol yielded 17.

Results and Discussion

NMR Screening. To identify small molecule novel
phosphotyrosine (pTyr) mimetics that could serve as
inhibitors of PTP1B, an NMR-based screen was em-
ployed.1516 With uniformly 1°N-labeled PTP1B (residues
1-288), more than 10 000 low molecular weight com-
pounds (MW =< 350 Da) were tested for binding to this
enzyme. From this screen, 2,3-dimethylphenyloxaly-
laminobenzoic acid (1) was identified as an active site
binder as evidenced by chemical shift perturbations for
the amide resonances of Val49, Gly220, and Gly218
residues in the catalytic site (see Figure 1). NMR
titrations yielded an estimated Ky value of 100 uM for
1 (Table 1).

A detailed kinetic analysis of 1 was then conducted
using pNPP as the small-molecule substrate in a
continuously monitored colorimetry assay. Compound
1 exhibited classical kinetic behavior for a competitive,
reversible inhibitor with an inhibition constant (K;) of
93 uM, consistent with the affinity measured by NMR
(Table 1). Unlike the character displayed by a previously
reported series of PTP1B inhibitors,'” the K; value of 1
does not depend on the pH of the assay buffer system.
Kinetic analysis of 1 against other PTPases in a
selectivity panel indicted that 1 was a general phos-
phatase inhibitor with very little discrimination among
PTP1B, T-cell PTPase (TCPTP), leukocyte antigen-
related tyrosine phosphatase (LAR), CD45, and SH2-
domain-containing phosphotyrosine phosphatase-2 (SHP-
2). Therefore, oxalylarylaminobenzoic acid based com-
pounds, such as 1, represent a novel series of pTyr
mimetics.

In an effort to increase the potency of 1, analogues
varying the 2,3-dimethylaniline were prepared. These
new analogues were then evaluated for their ability to
inhibit PTP1B in both the NMR titration and colorim-
etry assay. To provide higher sensitivity and more
accurate Ky determination, selectively 3C-labeled PTP1B
was used for the NMR studies on these analogues.'® In
general, data from both NMR titration and colorimetry
assay agreed with each other very well. As shown in
Table 1, both regioisomers of the naphthalenylamine-
derived analogues 5 and 8a showed 3- to 4-fold improve-
ment over 1. More importantly, 7-hydroxynaphthalen-
1-ylamine-derived 8b showed further improvement of
affinity, according to both the NMR titration and K;
analysis. The tetrahydronaphthalene analogue 8c was
only slightly better than 1, underlying the importance
of the aromaticity of the naphthalene ring.

X-ray Crystallography. The improved potency of
analogues such as 5 and 8b facilitated the determina-
tion of their binding modes using X-ray crystallography.
Diffraction (resolution of 2.2 A) of the PTP1B crystal
(1—322) soaked with 8b revealed an unusual binding
mode of this series of pTyr mimetics.1®
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Figure 1. X-ray crystal structure (2.2 A) of PTP1B soaked
with compound 8b. Carbon is in orange and green for com-
pound 8b, oxygen is in red, nitrogen is in blue, and sulfur is
in yellow. Selected hydrogen bonds are indicated by dashed
lines.

All PTPases have a highly conserved catalytic pocket
with the “signature motif” (I/'V)HCXsR(S/T)G, which
forms a semicircular cage around the pTyr phosphate.
Binding of phosphotyrosine into the catalytic pocket of
PTP1B causes a conformational change in the enzyme,
bringing a flexible WPD (tryptophan, proline, aspartic
acid) loop containing Aspl81 into proximity with the
phosphotyrosine substrate. Formation of the thiolphos-
phoryl enzyme intermediate is facilitated by Asp181,
which acts as a general acid by providing a proton to
the leaving phenolic group and as a general base by
accepting a proton from water during the hydrolysis of
the thiolphosphoryl enzyme intermediate.

The most unusual feature revealed by the X-ray
crystal structure of the PTP1B/8b complex is the
conformation of the WPD loop (Figure 1). With 8b bound
to PTP1B, the flexible loop is in its native, presubstrate
binding conformation, i.e., the open conformation. The

benzoic acid of 8b acts as the physical barrier that
prevents the WPD loop from adopting the closed con-
formation. A unique hydrogen-bonding network is formed
in the catalytic site involving Arg221, Gly220, 11e219,
Ala217, and Ser216. The hydroxy group of the naph-
thalene resides in a hydrophilic pocket formed largely
by the hydroxy groups of Tyr46 and Ser216 and the
amino groups of Lys116 and Lys120. van der Waals
interaction is observed between the side chain of GIn262
and the aromatic portion of the benzoic acid. A 7—x
interaction is also noted between the naphthalene ring
and Tyr46. The open conformation of the WPD loop
exposes additional hydrophobic residues, such as the
hydrophobic portions of Lys116, Lys120, and Asp181 in
the catalytic site, which have not been available to the
inhibitors bound to PTP1B with the WPD loop in the
closed conformation.?°

SAR Development. On the basis of the binding
space revealed by the X-ray structure of 8b, the ortho
substituents of the aryl group of 1 were further explored.
o-Ethyl- (8d), o-isopropyl- (8e), and o-benzyl- (8f) aniline-
based analogues showed 2- to 4-fold improvement in
binding affinity compared to 1. Further potency im-
provement was observed with the o-hydroxyethyl ana-
logue (89, K = 17 uM), which was designed to mimic
the binding of the 7-hydroxynaphthalene analogue 8b.
Further expansion of the hydrogen-bonding interaction
of the hydroxy group of 8g led to the synthesis of acryl-
amide-based 8h with slightly improved inhibitory po-
tency. Interestingly, an o-piperidine substituent yielded
an inhibitor 8i with a K;j value of 14 uM. These results
suggested a rather tolerant catalytic binding site for
both lipophilic and hydrophilic groups and opportunities
for further optimization of the binding elements in the
active site.

An analysis of the binding surface near the catalytic
site of PTP1B revealed at least three binding pockets:
the catalytic site pTyr pocket, the second pTyr site, and
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Table 1. SAR of the Catalytic Site-Directed
Oxalylarylaminobenzoic Acids
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the hexapeptide binding site.2! Zhang and co-workers
had identified the noncatalytic, cleftlike phosphotyro-
sine binding site (site 2) adjacent to the catalytic pocket,
which is not conserved among all PTPases and may
participate in substrate recognition.?? The X-ray crystal
structure of the insulin receptor peptide, D-pY-pY-R,
bound to PTP1B shows the N-terminal phosphotyrosine
bound in the catalytic pocket while the C-terminal
phosphotyrosine is bound in the second arylphos-
phate binding site.2® Our strategy for achieving high
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specificity for PTP1B over other closely related phos-
phatases is through interaction with the active site as
well as the neighboring, less homologous site 2.

A linker was then sought to branch out of the catalytic
site and reach into site 2 with the current template.
Since a number of PTP1B inhibitors have utilized an
alanine moiety as binding elements beyond the catalytic
site pTyr mimetic,2* an alanine-based linker appeared
attractive for initial exploration. The X-ray structure
of 8b suggests that the alanine-based chain could extend
out of the active site from the 4-position of the naph-
thalene, which would also give a system that resembled
a natural phosphotyrosine substrate. We therefore
prepared a prototype compound 18 according to the
route outlined in Scheme 2. The C-terminal pentylamide
of 18 was chosen by balancing the hydrophobicity and
chain length for reaching site 2. Compound 18 not only
exhibited reasonable binding affinity to PTP1B and
TCPTP (Table 2), but also established binding to both
the catalytic site and part of site 2 simultaneously,
according to the X-ray crystal structure (data not shown;
see Figure 2 for general binding mode). X-ray structure
of 18 also revealed two hydrogen-bonding interactions
with Asp48 of PTP1B that are critical for the enhanced
affinity. These interactions also position the pentyl
group in site 2 of PTP1B, which allows introduction of
site 2 ligands with this template. Since the tert-butyl
carbamate of 18 interacts with Asp48 of PTP1B, a basic
amino group in the same position was expected to
provide higher binding affinity. Surprisingly, compound
19 was completely inactive against PTP1B and TCPTP.
The exact cause for such a dramatic change of potency
is not clear. In contrast, compounds containing neutral
groups with hydrogen-bonding donors, such as aceta-
mido (20) and sulfonamido (21), were slightly more
potent than 18.

After establishment of a linker for bridging the cata-
lytic site and site 2, an effort toward optimization of this
series of compounds was undertaken. As shown in Table
2, naphthyl (12a), o-ethyl (12b), o-isopropyl (12c),
o-hydroxyethyl (12d), and o-piperidinyl (12e) based
analogues all displayed K; values of ~1 uM, with a 10-
fold improvement in binding affinity toward PTP1B and
TCPTP when compared to 18. The enantiomerically
pure analogue 17 exhibited a submicromolar inhibitory
constant (K; = 0.17 uM) for both PTP1B and TCPTP,
an over-50-fold improvement over 21.

The X-ray crystal structure of the PTP1B/17 complex
(resolution of 2.2 A) as shown in Figure 2 illustrated
our structure-based inhibitor design approach.’® The
interactions established between PTP1B and the two
carboxylic acids of 8b remained largely intact for 17 in
the catalytic site. Additionally, the acrylamide of 17 was
in hydrogen bond contact with the amino group of
Lys120 (3.04 A) and with the benzoic acid (3.09 A)
intramolecularly. As indicated with 18, two critical
hydrogen bonds are observed between 17 and Asp48,
with the distance being 2.57 (main chain NH) and 2.44
A (sulfonamido NH), respectively. The terminus of the
pentylamide located in the center of site 2 and is well
positioned for further functionalization.

Asp48 has been demonstrated to be a residue for
addressing selectivity because of the point mutation
between PTP1B/TCPTP and other phosphatases such



Oxalylarylaminobenzoic Acids as Inhibitors

Journal of Medicinal Chemistry, 2003, Vol. 46, No. 11 2097

Table 2. SAR of Oxalylarylaminobenzoic Acids Occupying Both the Catalytic Site and a Portion of Site 2
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WPD Loop (data not shown), some of them have been found to be

Figure 2. X-ray crystal structure (2.2 A) of PTP1B soaked
with compound 17. Carbon is in orange and green for com-
pound 17, oxygen is in red, nitrogen is in blue, and sulfur is
in yellow. Selected hydrogen bonds are indicated by dashed
lines.

as LAR (Asn48) and SHP-2 (Asn48).1” Therefore, we
were gratified to find that compound 12a is selective
for PTP1B and TCPTP over other PTPases. As shown
in Table 3, compound 12a showed 6-, 30-, and greater
than 300-fold selectivity for PTP1B/TCPTP over LAR,
SHP-2, and CD45, respectively. Additionally, 12a also
exhibited excellent selectivity profiles over a dual
specificity phosphatase cdc25 (>300-fold) and a protein
serine/threonine phosphatase calcineurin (>300-fold).
TCPTP has the highest homology to PTP1B, with 74%
sequence identity in the catalytic domain, the catalytic
site being identical. Therefore, it is not surprising to
note that compound 12a and its closely related ana-
logues inhibited PTP1B and TCPTP equally well. PTP1B
inhibitors, such as 12a, are well positioned for further
exploring the less homologous site 2 for achieving
selectivity over TCPTP.

In Vivo Studies. Despite the fact that these dicar-
boxylic acid containing PTP1B inhibitors have low
cellular permeability in a Caco-2 permeability study

orally bioavailable in Sprague—Dawley rats. Following
a 5 mg/kg (mpKk) oral dose, the nonselective inhibitor 5
achieved a high AUC (30.6 ug-h/mL) and long half-life
(7.3 h) and had a bioavailability value of 17% (Table 4).
For the more selective analogues, such as 12b and 12d,
oral AUC (0.94 and 0.55 ug-h/mL, respectively) de-
creased and the volume of distribution (3.6 and 18.6
L/kg, respectively) increased dramatically following a
5 mpk dose, indicating a possible accumulation in the
peripheral tissues. Since PTP1B is an intracellular
protein target, the possible accumulation in insulin-
responsive tissues would be a desirable attribute for
small-molecule inhibitors. Bioavailability values of 23%
and 17% were calculated for 12b and 12d, respectively.

Compound 12d was then evaluated in vivo for its
ability to lower plasma glucose and insulin levels in the
genetically obese C57 BL/6J ob/ob diabetic mouse model.
To maximize compound exposure, 12d was given sub-
cutaneously via minipump to ob/ob mice at 30 and 120
mpk for 6 days. After 6 days of continuous infusion, the
plasma glucose levels of ob/ob mice from the 12d-treated
groups decreased dose-dependently when days 1 and 6
are compared. The plasma glucose level of the rosigli-
tazone-treated group (a positive control) reached the
level of lean control animals.

Figure 3 shows the reduction of the plasma glucose
level in ob/ob mice from this study. We observed an
average of 12% and 24% reduction of plasma glucose
levels with 30 and 120 mpk/day treatment of 12d,
respectively, and 50% reduction with 3 mpk/day treat-
ment of rosiglitazone. However, results from the plasma
insulin levels were less clear. For the 30 mpk treatment
group, we observed a reduction of insulin level (from
35 ng/mL for the vehicle control group to 22 ng/mL),
which was consistent with the reduction of plasma
glucose level and increased insulin sensitivity. For the
120 mpk treatment group, the insulin level actually
remained about the same (37 ng/mL) as the vehicle
control. The rosiglitazone treatment group showed
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Table 3. Phosphatase Selectivity Profile of Compound 12a
Ki + SEM (uM)
compd PTP1B TCPTP LAR SHP-2 CD45 cdc25 calcineurin
12a 1.1+05 1.1+09 6.7 + 4.7 29.6 + 3.6 >300 >300 >300

Table 4. Pharmacokinetic Profiles of Selected PTP1B
Inhibitors Following Five mpk Doses in Rats

ti2 Crax AUC
CLp (iv) Vp (oral)  (oral) (oral) F
compd (L/(h-kg)) (L/kg) (h) (ug/mL) wug-hr/mL) (%)
5 0.03 029 73 1.72 30.6 16.8
12b 1.21 3.59 1.2 0.69 0.94 22.6
12d 1.53 18.6 9.0 0.09 0.55 16.7
@Day 1
400 ODay 6
g 350
g 300
2 250
g 200
]
E 150
g 100
a 50

Vehicle 12d 12d
Control 30 mpk/day 120 mpk/day 3 mpk/day

Rosiglitazone Lean
Control

Figure 3. Plasma glucose lowering effects of 12d following a
6-day treatment in ob/ob mice.

substantial reduction of plasma insulin level as expected
(6 versus 2 ng/mL for the lean control). Also, it is
important to note that the same degree of body weight
increase was seen across the compound-treated groups
and the control groups following the 6-day study (data
not shown). So we were cautiously encouraged by the
initial in vivo results with 12d, which seemed to support
further optimization of this series of compounds.

In conclusion, a novel oxalylarylaminobenzoic acid
based pTyr mimetic was discovered through an NMR-
based fragment screening, and the unique binding mode
of this series of inhibitors to PTP1B was determined by
X-ray crystallography. The structure-based approach
facilitated the development of this series of potent and
selective PTP1B inhibitors, which occupy both the
catalytic site and part of the less homologous, second
phosphotyrosine binding site. Although the core struc-
ture of these inhibitors is charged, we have observed
reasonable bioavailability in rats for some compounds
and demonstrated plasma glucose lowering effects with
compound 12d in ob/ob mice. These inhibitors set the
stage for screening novel site 2 ligands and achieving
selectivity against the most homologous phosphatase,
TCPTP, which will be reported in due course.

Experimental Section

General. Unless otherwise specified, all solvents and
reagents were obtained from commercial suppliers and used
without further purification. All reactions were performed
under nitrogen atmosphere unless specifically noted. Flash
chromatography was performed using silica gel (230—400
mesh) from E. M. Science. Proton NMR spectra were recorded
on a Varian Mercury 300 NMR spectrometer or a Varian
UNITY 400/500, as specified for individual compounds. NMR
spectral experiments were run with Me,Si as an internal
standard, and spectra are reported as shift (multiplicity,
coupling constants, proton counts). Mass spectral analyses

were accomplished on a Finnigan SSQ7000 GC/MS mass
spectrometer using electrospray ionization (ESI) technique.
Exact mass measurements were performed on a Finnigan
FTMS Newstar T70 mass spectrometer. The compound is
determined to be “consistent” with the chemical formula if the
exact mass measurement is within 5.0 ppm relative mass error
(RME) of the exact monoisotopic mass. The purity of the
compounds was determined on two analytic HPLC systems to
be of greater than 90% purity.

Preparative HPLC was performed on an automated Gilson
HPLC system, using a SymmetryPrep Shield RP18 prep
cartridge, 25 mm x 100 mm i.d., S-7 uM, and a flow rate of 25
mL/min; A = 214, 245 nm; mobile phase A, 0.1% TFA in H;0;
mobile phase B, CH3;CN; linear gradient 0—70% of B in 19 min.
The purified fractions were evaporated to dryness on a Savant
SpeedVac. Analytical HPLC experiments for selected com-
pounds were performed on two systems. For system A, samples
were analyzed by a Gilson analytical HPLC system, using a
YMC C-18 column (50 mm x 4.6 mm i.d., S-5 uM, 120 A).
Solvent system used was acetonitrile/0.1% aqueous TFA,
gradient 0—70% over 15 min @ 2 mL/min. System B: Samples
were analyzed by HPLC/MS/ELSD on an Open Access Finni-
gan Navigator/Agilent 1100/Sedere Sedex 75 system using a
Phenomenex Luna C8 column (5 um, 2.1 mm x 50 mm). The
solvent system used was acetonitrile/0.1% aqueous TFA, and
the gradient was 10—100% over 4.5 min at 1.5 mL/min. The
MS was operated in the +APCI mode.

General Synthesis of Oxalylarylaminobenzoic Acids.
Method A, Exemplified by Compound 5. 1-Naphthalen-
1-yl-1H-quinolin-2-one (4). A mixture of 3-(2-bromophenyl)-
acrylic acid methyl ester (2, 135 mg, 0.56 mmol), 1-amino-
naphthalene (3, 80 mg, 0.56 mmol), tris(dibenzylideneacetone)-
dipalladium(0) (3 mg, 0.003 mmol), 2-dicyclohexylphosphino-
2'-(N,N-dimethyl)aminobiphenyl (4 mg, 0.01 mmol), and 60%
NaH dispersion in mineral oil (50 mg, 1.2 mmol) in toluene (2
mL) was heated to reflux for 5.5 h, diluted with water (10 mL)
and 1 N HCI (5 mL), and extracted with ethyl acetate. The
combined extracts were washed with water and brine, dried
(MgSOQ.), filtered, and concentrated. The concentrate was
purified by flash column chromatography on silica gel with
1:1 ethyl acetate/hexanes to provide 97 mg (0.36 mmol, 64%
yield) of 4. *H NMR (300 MHz, DMSO-dg) 6 8.16 (d, J = 9.5
Hz, 2H), 8.12 (d, J = 8.1 Hz, 1H), 7.84 (dd, J = 7.6, 1.5 Hz,
1H), 7.74 (dd, 3 = 8.1, 7.1 Hz, 1H), 7.60 (dd, J = 8.1, 1.0 Hz,
1H), 7.57 (dt, J = 7.3, 1.4 Hz, 1H), 7.46 (ddd, J = 8.4, 7.0, 1.3
Hz, 1H), 7.32 (ddd, 3 = 8.5, 7.1, 1.4 Hz, 1H), 7.25 (dd, J = 7.5,
1.4 Hz, 1H), 7.20 (dd, J = 7.6, 1.0 Hz, 1H), 6.78 (d, J = 9.5 Hz,
1H), 6.30 (d, J = 8.5 Hz, 1H); MS (ESI) (M + H)* at m/z 272.

2-(Naphthalen-1-yloxalylamino)benzoic Acid (5). A
solution of 4 (97 mg, 0.36 mmol) in 1.2 mL of pyridine at room
temperature was treated with 1.2 mL of water, cooled to 0 °C,
treated with KMnO,4 (210 mg, 1.3 mmol), warmed to room
temperature, and stirred for 17 h. The mixture was treated
with methanol (0.2 mL), stirred for 5 min, treated with 1 N
NaOH (4 mL), and filtered through diatomaceous earth
(Celite). The filter cake was washed with water (15 mL), and
the combined filtrates were washed with diethyl ether, cooled
to 0 °C, adjusted to less than pH 3 with 12 N HCI, and
extracted with ethyl acetate. The combined extracts were
washed with brine, dried (MgSO,), filtered, and concentrated.
The concentrate was purified by reverse-phase HPLC to
provide 5 (35 mg, 0.10 mmol, 29% yield) as a 3:2 mixture of
rotamers. 'H NMR (3:2 mixture of rotamers) (500 MHz,
DMSO-dg) ¢ 8.37 (d, J = 8.7 Hz, 1H), 8.05—8.03 (m, 1H), 8.01—
7.95 (m, 1H), 7.87 (dd, J = 1.8, 7.7 Hz, 1H), 7.68—7.73 (m,
1H), 7.63—7.59 (m, 1H), 7.57—7.49 (m, 2H), 7.45—7.38 (m, 1H),
7.34(dt, J=7.5,1.1 Hz, 1H), 7.21 (d, J = 7.7 Hz, 1H), 6.89 (d,
J = 7.3 Hz, 1H); MS (ESI) (M + H)" at m/z 336; HRMS calcd
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for (M + H)* C19H14N;1 05 336.0872, found 336.0881; analytical
HPLC tg = 6.05 min (A), tr = 1.80 min (B).

General Synthesis of Oxalylarylaminobenzoic Acids.
Method B, Exemplified by Compound 1. 2-(2,3-Dimeth-
ylphenylamino)benzoic Acid (6; R = 2,3-Dimethyl). To a
mixture of 2,3-dimethylaniline (1.21 g, 10.0 mmol), diphenyl-
iodonium 2-carboxylate monohydrate (3.42 g, 10.0 mmol), and
copper(l1) acetate (73 mg, 0.40 mmol) was added 40 mL of
2-propanol. The mixture was stirred at reflux under N; for 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 water (2 x 25 mL)
and brine (1 x 25 mL), dried over MgSO., filtered, and
concentrated to a solid. This was recrystallized from 40 mL of
ethyl acetate to give 1.3 g (54%) of colorless crystals. *H NMR
(400 MHz, DMSO-dg) ¢ 12.95 (br s, 1H), 9.44 (br s, 1H), 7.89
(d, 3 = 7.1 Hz, 1H), 7.30 (t, J = 7.2 Hz, 1H), 7.11 (m, 2H),
7.03 (t, J = 4.5 Hz, 1H), 6.69 (m, 2H), 2.29 (s, 3H), 2.10 (s,
3H); MS (ESI) (M + H)* at m/z 242.

2-[(2,3-Dimethylphenyl)oxalylamino]benzoic Acid (1).
To an ice-cooled solution of 6 (R = 2,3-dimethyl) (343 mg, 1.55
mmol) and triethylamine (503 xL, 3.56 mmol) in dichlo-
romethane (5 mL) was added ethyloxalyl chloride (401 uL, 3.56
mmol) over 30 min. The reaction mixture 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 (2 x 15 mL). The combined extracts
were washed with brine, dried over Na,SO,, filtered, and
concentrated in vacuo. The residue was dissolved in 5 mL of
methanol, and 4.5 mL (4.5 mmol) of 1 N NaOH,q) was added.
After being stirred for 2 h at ambient temperature, the basic
reaction mixture was diluted with 1 M HCI (10 mL). The
product was isolated via reverse-phase HPLC to provide 235
mg (48%) of 1 as a light-brown solid. *H NMR (300 MHz,
DMSO-dg, a 1:1 mixture of rotamers) 6 [7.94 (d, J = 7.5 Hz),
7.81 (dd, J = 7.8, 1.7 Hz), 1H in total], [7.55 (td, J = 7.8, 1.7
Hz), 7.48 (td, J = 7.8, 1.7 Hz), 1H in total], [7.41 (td, J = 7.8,
1.1 Hz), 7.35 (td, J = 7.4, 1.4 Hz), 1H in total], [7.29 (dd, J =
7.8, 1.4 Hz), 7.24 (dd, J = 6.1 Hz), 1H in total], [7.19 (d, J =
7.8 Hz), 7.08 (d, J = 7.8 Hz), 1H in total], 7.14 (d, 3 = 7.5 Hz,
1H),[7.03(d, 3 =7.1Hz),6.83 (d,J = 7.1, 1.0 Hz), 1H in total];
MS (ESI) (M + H)" at m/z 314; HRMS calcd for (M + H)*
C17H15sN105 314.1028, found 314.1037; analytical HPLC tg =
6.16 min (A), tr = 1.75 min (B).

2-(Naphthalen-2-yloxalylamino)benzoic Acid (8a)
(Method A). 'H NMR (300 MHz, DMSO-dg) ¢ 7.98—7.82 (m,
4H), 7.72—7.62 (m, 3H), 7.58—7.45 (m, 4H); MS (ESI) (M +
H)* at m/z 336; HRMS calcd for (M + H)* Ci9H14N10s
336.0872, found 336.0879.

2-[(7-Hydroxynaphthalen-1-yl)oxalylamino]benzoic
Acid (8b). A solution of 2-[(7-benzyloxy-1-naphthyl)(carboxy-
carbonyl)amino]benzoic acid (method A from 7-benzyloxy-1-
naphthalenamine) (74 mg, 0.17 mmol) in dioxane (1 mL) at
room temperature was treated with 10% Pd/C (10 mg) and
60% HCIO, (1 drop), stirred under H; (1 atm) for 4 h, and fil-
tered through diatomaceous earth (Celite). The filter cake was
washed with ethyl acetate, and the combined filtrates were
concentrated. The concentrate was purified by reverse-phase
HPLC to provide 8b as a mixture of rotamers. *H NMR (300
MHz, DMSO-dg) 6 10.04 (br s, 1H), 9.91 (br s, 1H), 7.92—7.75
(m, 3H), 7.64—7.14 (m, 6H), [7.11 (dd, J = 8.8, 2.4 Hz), 6.92
(d, J = 7.8 Hz), 1H in total]; MS (ESI) (M + Na)* at m/z 374;
HRMS calcd for (M + Na)t CioHi13N;Os 374.0641, found
374.0628; analytical HPLC tr = 5.78 min (A), tr = 1.53 min
(B).

2-[Oxalyl-(5,6,7,8-tetrahydronaphthalen-1-yl)amino]-
benzoic Acid (8c) (Method A). *H NMR (500 MHz, DMSO-
ds, @ mixture of rotamers) 6 [7.92 (d, J = 7.5 Hz), 7.81 (dd, J
= 7.8, 1.9 Hz), 1H in total], [7.54 (dt, J = 7.8, 1.6 Hz), 7.48
(dt, 3 =75, 1.6 Hz), 1H in total], [7.41 (dt, J = 7.8, 1.5 Hz),
7.35(dt, 3 =7.5, 1.3 Hz), 1H in total], 7.24—7.03 (m, 3H), [6.96
(d, 3 =7.2 Hz), 6.84 (d, J = 8.1 Hz), 1H in total], 3.11 (td, J
= 16.8, 5.0 Hz, 1H), 2.81 (br s, 1H), 2.75 (m, 2H), 1.89—1.63
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(br m, 3H), 1.62—1.54 (m, 1H); MS (ESI) (M + H)" at m/z 340;
HRMS calcd for (M + H)Jr C19H17N105 3401185, found
340.1196.

2-[(2-Ethylphenyl)oxalylamino]lbenzoic Acid (8d)
(Method B). *H NMR (400 MHz, DMSO-ds, a mixture of
rotamers) 6 [7.92 (d, J = 8.0 Hz), 7.82 (d, J = 7.8 Hz), 1H in
total], [7.56 (t, J = 7.6 Hz), 7.49 (t, J = 7.6 Hz), 1H in total],
7.44—7.27 (m, 4H), [7.21—7.09 (m), 6.84 (d, J = 6.8 Hz), 2H in
total], 2.74—2.60 (m, 2H), 0.94 (t, J = 7.3 Hz, 3H). MS (ESI)
(M + H)* at m/z 314, (M + NH,)* at m/z 331; HRMS calcd for
(M + H)* C17H16N10s 314.1028, found 314.1021.

2-[(2-1sopropylphenyl)oxalylamino]benzoic Acid (8e)
(Method B). 'H NMR (400 MHz, DMSO-ds, a mixture of
rotamers) 0 [7.96 (d, J = 8.0 Hz), 7.82 (d, J = 8.0 Hz), 1H in
total], 7.62—7.14 (m, 6H), [7.06 (d, J = 8.0 Hz), 6.80 (d, J =
8.0 Hz), 1H in total], 3.19 (br m, 1H), 1.16 (d, 3 = 8.0 Hz, 1H).
MS (ESI) (M — H)~ at m/z 326; HRMS calcd for (M — H)~
C18H16N105 326.1029, found 326.1024.

2-[(2-Benzylphenyl)oxalylamino]benzoic Acid (8f)
(Method B). 'H NMR (400 MHz, DMSO-ds, a mixture of
rotamers) 0 [7.92 (d, J = 4.0 Hz), 7.80 (dd, J = 7.8, 4.0 Hz),
1H in total], 7.50—7.39 (m, 2H), 7.36—7.02 (m, 9H), [6.95 (d, J
= 8.0 Hz), 6.79 (d, J = 8.0 Hz), 1H in total], 4.23 (d, 3 = 15.9
Hz, 1H), 3.87 (d, J = 15.9 Hz, 1H); MS (ESI) (M + NH.,)* at
m/z 393; HRMS calcd for (M + H)™ C2,H1sN105 376.1185, found
376.1177.

2-{[2-(2-Hydroxyethyl)phenyl]loxalylamino}benzoic
Acid (8g) (Method B). *H NMR (300 MHz, DMSO-dg) 6 [7.98
(dd, 3 = 7.5, 1.8 Hz), 7.85 (dd, J = 7.5, 1.8 Hz), 1H in total],
7.58—7.22 (m, 6H), [7.18 (d,J =7.5Hz)and 6.83(d, 3 =7.5
Hz), 1H in total], 4.44 (t, J = 6.9 Hz, 2H), 3.12—2.92 (m, 2H);
MS (ESI) (M + H)* at m/z 330; HRMS calcd for (M + H)*
C17H16N105 3300977, found 330.0986.

2-{[2-(2-Carbamoylvinyl)phenyl]oxalylamino}ben-
zoic Acid (8h) (Method B). *H NMR (300 MHz, DMSO-ds, a
mixture of rotamers) ¢ 8.05—7.92 (m, 1H), 7.76 (d, J = 15.6
Hz, 1H), 7.86—7.23 (m, 7H), 7.17—7.08 (m, 1H), 7.05—6.79 (m,
1H), 6.72—6.53 (three sets of d, J = 15.6 Hz, 1H in total); MS
(ESIl) (M + H)t at m/z 355; HRMS calcd for (M + H)*
C13H15N205 3550930, found 355.0921.

2-[Oxalyl(2-piperidin-1-ylphenyl)amino]benzoic Acid
(8i) (Method B). 'H NMR (400 MHz, DMSO-de, a mixture of
rotamers) 6 7.83 (d, 3 = 7.2 Hz, 1H), 7.53 (t, J = 7.2 Hz, 1H),
7.43—7.30 (m, 2H), 7.38 (t, J = 8.4 Hz, 1H), 7.24—7.08 (m, 2H),
6.99 (br m, 1H), 2.86 (br m, 4H), 1.68—1.38 (m, 6H); MS (ESI)
(M + H)* at m/z 369; HRMS calcd for (M + H)* CyH20N20s
369.1450, found 369.1466.

General Synthesis of p-Aminophenylalanine Deriva-
tives, Exemplified by 12a. 2-Acetylamino-3-(4-amino-
naphthalen-1-yl)acrylic Acid Methyl Ester (9, Ar =
2-Naphthalene). To a mixture of 4-bromo-1-naphthylamine
(2.5 g, 11.3 mmol), Pd(OAc), (140 mg, 0.63 mmol), and P(o-
tolyl); (570 mg, 1.87 mmol) in anhydrous N,N-dimethylforma-
mide (10 mL) in a pressure tube was added methyl 2-aceta-
midoacrylate (2.1 g, 14.7 mmol) and triethylamine (5.3 mL,
37.5 mmol). The mixture was flushed with N, for 3 min and
then sealed and heated at 110 °C for 4 h. The reaction mixture
was cooled to ambient temperature and then partitioned be-
tween ethyl acetate and water. The aqueous layer was ex-
tracted once with ethyl acetate, and the combined organic
layers were washed with brine, dried (NazSO,), filtered, con-
centrated in vacuo. The crude residue was purified via silica
gel chromatography, eluting with ethyl acetate to provide 2.5
g (76%) of compound 9 as a yellow solid. *H NMR (400 MHz,
DMSO-dg) 6 9.34 (s, 1H), 8.15 (d, 3 = 8.0 Hz, 1H), 7.90 (d, J
=8.0 Hz, 1H), 7.78 (s, 1H), 7.63 (d, J = 8.0 Hz, 1H), 7.51 (t, J
= 7.6 Hz, 1H), 7.42 (t, 3 = 7.6 Hz, 1H), 6.72 (d, J = 8.0 Hz,
1H), 6.29 (s, 2H), 3.73 (s, 3H), 1.94 (s, 3H); MS (ESI) (M +
H)*™ at m/z 285.

2-Acetylamino-3-(4-aminonaphthalen-1-yl)propionic
acid (10). To a solution of 9 (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 at 60 °C for 18 h. The mixture was filtered through
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diatomaceous earth, and the filter bed was washed with 1:1
(v/v) ethyl acetate/methanol (2 x 25 mL). The filtrate was
concentrated in vacuo to provide the methyl propionate (2.5
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 mixture was stirred for 3 h at ambient
temperature, the methanol was removed in vacuo and the
remaining aqueous solution was acidified to pH ~4.5 with 3
N HCI. The mixture was concentrated to dryness in vacuo,
taken up in 10% (v/v) methanol/dichloromethane (25 mL), and
filtered through diatomaceous earth. The filter cake was
washed with an additional 10% (v/v) methanol/dichloromethane
(25 mL). The filtrate was concentrated under reduced pressure
to provide acid 10 as a brown solid (1.75 g, 74%). 'H NMR
(400 MHz, DMSO-dg) ¢ 8.17 (d, J = 8.0 Hz, 1H), 8.08 (d, J =
8.0 Hz, 1H), 7.99 (d, J = 8.0 Hz, 1H), 7.48 (t, J = 7.8 Hz, 1H),
7.38 (t, J = 7.8 Hz, 1H), 7.12 (d, J = 7.8 Hz, 1H), 6.60 (d, J =
7.8 Hz, 1H), 1.77 (s, 3H), 4.45 (td, J = 9.2, 4.8 Hz, 1H), 3.43
(dd, 3 = 14.0, 4.8 Hz, 1H), 3.05 (dd, J = 14.0, 9.2 Hz, 1H); MS
(ESI) (M + H)* at m/z 273.

2-Acetylamino-3-(4-aminonaphthalen-1-yl)-N-pentyl-
propionamide (11). A solution of 10 (500 mg, 1.84 mmol),
1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydrochlo-
ride (EDCI) (493 mg, 2.57 mmol), 1-hydroxybenzotriazole
hydrate (360 mg, 2.21 mmol), and n-pentylamine (320 uL, 2.75
mmol) in anhydrous N,N-dimethylformamide (10 mL) was
adjusted to pH ~6 by the addition of triethylamine, and then
the reaction mixture was stirred for 5 h at ambient temper-
ature. The reaction mixture was diluted with water and
extracted with ethyl acetate (3 x 15 mL). The combined ethyl
acetate layers were washed with water and brine, dried over
Na,SOy, filtered, and concentrated in vacuo. The product was
purified via silica gel chromatography, eluting with 5% (v/v)
MeOH/EtOAc to provide amide 11 as a yellow solid (552 mg,
88%). 'H NMR (400 MHz, DMSO-ds) 6 8.15 (d, J = 8.0 Hz,
1H), 8.07 (s, 1H), 8.04 (s, 1H), 7.87 (t, J = 5.9 Hz, 1H), 7.45 (t,
J = 8.0 Hz, 1H), 7.36 (t, J = 8.0 Hz, 1H), 7.08 (d, J = 8.0 Hz,
1H), 6.58 (d, J = 8.0 Hz, 1H), 5.52 (s, 2H), 4.27 (q, J = 5.9 Hz,
1H), 3.28 (dd, J = 14.0, 5.9 Hz, 1H), 2.94—-3.06 (m, 3H), 1.77
(s, 3H), 1.18—1.39 (m, 4H), 1.14 (heptet, J = 7.8 Hz, 2H), 0.84
(t, 3 = 7.5 Hz, 3H); MS (ESI) (M + H)* at m/z 342.

2-{[4-(2-Acetylamino-2-pentylcarbamoylethyl)naph-
thalen-1-yl]Joxalylamino}benzoic Acid (12a). To a stirred
suspension of 11 (552 mg, 1.62 mmol) and diphenyliodonium
2-carboxylate monohydrate (580 mg, 1.78 mmol) in N,N-
dimethylformamide (10 mL) was added anhydrous Cu(OAc);
(14.6 mg, 0.081 mmol). The mixture was heated at 95 °C for
1.5 h. The reaction mixture was then concentrated in vacuo,
and the crude residue was purified by reverse-phase prepara-
tive HPLC to give 2-[4-(2-acetylamino-2-pentylcarbamoyleth-
yl)naphthalen-1-ylamino]benzoic acid as a light-brown solid
(619 mg, 83%).

To an ice cooled, stirred solution of above benzoic acid (619
mg, 1.34 mmol) and triethylamine (680 L, 5.13 mmol) in
dichloromethane (10 mL) was added ethyloxalyl chloride (452
uL, 4.04 mmol) slowly over 30 min. The reaction mixture was
warmed to ambient temperature and stirred for 16 h. After
this time, 1 N HCI (10 mL) was added and the mixture was
extracted with dichloromethane (2 x 20 mL). The combined
dichloromethane layers were washed with brine, dried over
Na,SO,, filtered, and concentrated in vacuo to give the crude
2-{[4-(2-acetylamino-2-pentylcarbamoylethyl)naphthalen-1-yl]-
ethoxyoxalylamino} benzoic acid.

To a solution of above crude ester (950 mg) in methanol (7
mL) at ambient temperature was added 1 N NaOH (3.9 mL).
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 compound 12a as a light-brown solid (0.39 mmol, 29%
yield over two steps). *H NMR (400 MHz, DMSO-ds, a mixture
of rotamers) ¢ 13.13 (s, 1H), 8.43 (t, J = 7.8 Hz, 1H), 8.32 (d,
J = 8.4 Hz, 1H), 8.22 (dd, J = 8.4, 2.8 Hz, 1H), [8.18 (d, J =
8.4 Hz), 8.08 (d, J = 8.4 Hz), 1H in total], 8.01—7.83 (m, 3H),
7.75—7.12 (m, 5H), 6.86—6.80 (m, 1H), 4.58 (q, J = 7.4 Hz,
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1H), 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); MS (ESI) (M + H)* at
m/z 534; HRMS calcd for (M + H)" CoH32N307 534.2240, found
534.2246; analytical HPLC tg = 6.66 min (A), tr = 1.84 min
(B).
2-{[4-(2-Acetylamino-2-pentylcarbamoylethyl)-2-
ethylphenyl]oxalylamino}benzoic Acid (12b). Light-
brown solid; *H NMR (300 MHz, DMSO-ds, a mixture of rota-
mers) 6 8.17—8.01 (m, 1H), 7.98—7.74 (m, 2H), 7.60—6.93 and
6.83—6.71 (m, 6H), 4.52—4.36 (m, 1H), 3.07—2.84 (m, 4H),
2.83—2.53 (m, 2H), 1.87 (s, 3H), 1.42—1.01 (m, 9H), 0.93 (t, J
= 7.7 Hz, 2H), 0.88—0.74 (m, 3H); MS (ESI) (M + H)* at m/z
512; HRMS calcd for (M + H)" Cy7H34N307 512.2397, found
512.2416; analytical HPLC tg = 6.49 min (A), tr = 1.82 min
(B).
N-Acetyl-4-[(carboxycarbonyl)(2-carboxyphenyl)ami-
no]-3-isopropyl-N-pentylphenylalaninamide (12c). Light-
brown solid; *H NMR (500 MHz, DMSO-ds, a mixture of
rotamers) 6 7.90—8.16 (m, 2H), 6.73—7.60 (m, 4H), 4.40—4.52
(m, ca. 0.6 H), 2.7—3.3 (m, ca. 5.4H), 1.77 and 1.74 (s, 3H),
1.1-1.41 (m, 11H), 0.62—0.90 (m, 3H); MS (ESI) (M + H)*
at m/z 526; HRMS calcd for (M + H)* CysH3sN30O7 526.2553,
found 526.2579; analytical HPLC tg = 6.86 min (A), tr = 1.89
min (B).
N-Acetyl-4-[(carboxycarbonyl)(2-carboxyphenyl)-
amino]-N-pentyl-3-(2-hydroxyethane)phenylalanin-
amide (12d). *H NMR (300 MHz, DMSO-ds, a mixture of
rotamers) 6 8.14—7.58 (m, 3H), 7.52—6.85 (m, 6H), 4.80—4.30
(m, 3H), 3.60—3.79 (m, 2H), 3.04—2.64 (m, 6H), 1.82—1.73
(multiple s, 3H in total), 1.40—1.10 (m, 4H), 0.84 (t, J = 7.4
Hz, 3H); MS (ESI) (M + H)" at m/z 528; HRMS calcd for (M +
Na)* Cy7H33N3OgNa 550.2165, found 550.2187; analytical
HPLC tg = 5.60 min (A), tr = 1.58 min (B).
2-{[4-(2-Acetylamino-2-pentylcarbamoylethyl)-2-pip-
eridin-1-ylphenyl]oxalylamino}benzoic Acid (12e). Light-
brown solid; *H NMR (500 MHz, DMSO-ds, a mixture of
rotamers) 6 7.90—8.16 (m, 2H), 6.73—7.60 (m, 4H), 4.40—4.52
(br m, ca. 0.6 H), 2.7-3.3 (m, ca. 8.4H), 1.77 and 1.74 (s, 3H),
1.19-1.62 (m, 18H); MS (ESI) (M + H)* at m/z 567; HRMS
calcd for (M + H)* CsoH3oN4O7 567.2819, found 567.2844;
analytical HPLC tg = 5.52 min (A), tr = 1.52 min (B).
3-(4-Amino-3-iodophenyl)-2-methanesulfonylamino-
N-pentylpropionamide (14). To a stirred solution of 3-(4-
aminophenyl)-2-(S)-methanesulfonylamino-N-pentylpropiona-
mide (13) (1.1 g, 3.4 mmol) in acetic acid (5 mL) was added
Nal (0.59 g, 3.9 mmol) followed by the addition of chloram-
ines-T trihydrate (1.1 g, 3.9 mmol). The solution was stirred
for 1 h, concentrated under reduced pressure, diluted with
aqueous NayS;0, solution, and partitioned between EtOAc and
aqueous NaHCOg;. The organic layer was washed with brine,
dried (Na,S0O.), filtered, concentrated under reduced pressure,
and purified on silica gel, eluting with 20% EtOAc/hexanes to
provide 0.78 g (1.7 mmol, 50%) of 14 as a light-yellow solid.
1H NMR (300 MHz, DMSO-dg) 6 7.83 (t, J = 5.6 Hz, 1H), 7.32
(d, 3 =2.2 Hz, 1H), 6.85 (dd, J = 7.8, 2.2 Hz, 1H), 6.63 (d, J
= 7.8 Hz, 1H), 4.18 (q, J = 7.5 Hz, 1H), 3.04 (t, J = 6.3 Hz,
1H), 2.94 (t, J = 6.3 Hz, 1H), 2.82 (s, 3H), 2.66 (dd, J = 13.8,
6.0 Hz, 1H), 2.54 (dd, J = 13.8, 6.0 Hz, 1H), 1.40—1.10 (m,
6H), 0.68 (t, J = 7.4 Hz, 3H); MS (ESI) (M + H)" at m/z 454.
2-[2-(2-Carbamoylvinyl)-4-(2-methanesulfonylamino-
2-pentylcarbamoylethyl)phenylamino]benzoic Acid (16).
To a stirred suspension of 14 (214 mg, 0.47 mmol) and DPIC
(168 mg, 0.49 mmol) in N,N-dimethylformamide (5 mL) was
added anhydrous Cu(OAc) (7.3 mg, 0.040 mmol). The resulting
mixture was heated to 95 °C for 90 min. The reaction mix-
ture was then concentrated under reduced pressure. The
residue was further concentrated to a constant weight on an
oil pump to give 2-[2-iodo-4-(2-methanesulfonylamino-2-pen-
tylcarbamoylethyl)phenylamino]benzoic acid (15) as a light-
brown solid (306 mg), which was used directly without further
purification.
To a mixture of 15 (306 mg, 0.51 mmol), Pd(OAc), (6 mg,
0.026 mmol), P(o-tolyl)s (23 mg, 0.80 mmol) in anhydrous N,N-
dimethylformamide (10 mL) in a pressure tube was added
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acrylamide (66 mg, 0.93 mmol) and triethylamine (0.25 mL,
1.79 mmol). The mixture was flushed with N; for 3 min before
it was sealed and heated to 90 °C for 16 h. The reaction
mixture was cooled to ambient temperature, and the solvent
was removed on a SpeedVac. The residue was taken up in
methanol and purified on a Gilson preparative HPLC to
provide 153 mg of 16 (0.28 mmol, 60%) as a yellow solid. *H
NMR (300 MHz, DMSO-dg) 6 9.53 (s, 1H), 8.00 (t, J = 5.6 Hz,
1H), 7.90 (dd, J = 8.1, 1.8 Hz, 1H), 7.64—7.53 (m, 2H), 7.54
(d, 3 =15.6 Hz, 1H), 7.33 (dd, J = 7.2, 1.8 Hz, 1H), 7.31 (d, J
= 7.2 Hz, 1H), 7.09 (br s, 1H), 6.75 (td, 3 = 7.5, 0.9 Hz, 1H),
6.70 (d, J = 8.7 Hz, 1H), 6.61 (d, J = 15.6 Hz, 1H), 4.02 (q, J
= 7.2 Hz, 1H), 3.15-2.76 (m, 4H), 2.65 (s, 3H), 1.36—1.16 (m,
6H), 0.81 (t, J = 7.2 Hz, 1H); MS (ESI) (M + H)" at m/z 517.
2-{[2-(2-Carbamoylvinyl)-4-(2-(S)-methanesulfonyl-
amino-2-pentylcarbamoylethyl)phenyl]oxalylamino} -
benzoic Acid (17). Method B from 16. Light-yellow solid;
H NMR (300 MHz, DMSO-dg, a mixture of rotamers) ¢ 8.05—
7.92 (m, 1H), 7.79 (d, J = 15.6 Hz, 1H), 7.86—7.23 (m, 7H),
7.17 (d, 3 = 7.8 Hz, 1H), 7.05 and 6.79 (d, J = 8.4 Hz, 1H in
total), 6.74—6.53 (three sets of d, J = 15.6 Hz, 1H in total),
4.38 (m, 1H), 3.10—2.69 (m, 4H), 2.43 (s, 3H), 1.11—1.42 (m,
6H), 0.90—0.77 (m, 3H); MS (ESI) (M + H)" at m/z 589; HRMS
caled for (M + H)* C,7H33N4OoS 589.1968, found 589.1979;
analytical HPLC tg = 4.89 min (A), tr = 1.35 min (B).
2-{[4-((S)-2-tert-Butoxycarbonylamino-2-pentyl-
carbamoylethyl)phenyl]oxalylamino}benzoic Acid (18).
White solid; *H NMR (300 MHz, DMSO-ds, a mixture of
rotamers) 0 7.86 (s, 1H), 7.55—7.41 (m, 2H), 7.38 (br d, J =
6.9 Hz, 1H), 7.17 (d, J = 8.1 Hz, 2H), 7.09 (d, J = 8.1 Hz, 2H),
6.71 (d, J = 8.7 Hz, 1H), 4.00—4.10 (br m, 1H), 3.06—2.95 (br
m, 2H), 2.89—2.80 (br m, 2H), 1.42—1.14 (m, 6H), 1.28 (s, 9H),
0.85 (t, J = 6.9 Hz, 3H); MS (ESI) (M + H)* at m/z 542; HRMS
calcd for (M + H)™ CagH3sN30g 542.2502, found 542.2510.
2-{[4-(2-(S)-Amino-2-pentylcarbamoylethyl)phenyl]-
oxalylamino}benzoic Acid (19). Light-brown oil; *H NMR
(300 MHz, DMSO-dg, a mixture of rotamers) 6 8.35—8.07 (m,
3H), 7.96—7.85 (m, 1H), 7.68—7.36 (m, 3H), 7.25—7.17 (m, 2H),
3.95-3.84 (m, 1H), 3.13—2.87 (m, 4H), 1.40—1.08 (m, 6H),
0.90—-0.77 (m, 3H); MS (ESI) (M + H)* at m/z 442.
2-{[4-(2-(S)-Acetylamino-2-pentylcarbamoylethyl)-
phenyl]oxalylamino}benzoic Acid (20). White solid; *H
NMR (300 MHz, DMSO-ds, a mixture of rotamers) 6 8.12—
8.03 (m, 1H), 7.97-7.82 (m, 2H), 7.66—7.32 (m, 3H), 7.28—
7.14 (m, 3H), 4.42 (q, J = 6.0 Hz, 1H), 3.06—2.85 (m, 3H), 2.80—
2.66 (m, 1H), 1.75 (s, 3H), 1.40—1.10 (m, 6H), 0.86—0.78 (m,
3H); MS (ESI) (M + H)* at m/z 484; HRMS calcd for (M + H)*
CasH30N307 484.2084, found 484.2079.
2-{[4-(2-(S)-Methanesulfonylamino-2-pentylcar-
bamoylethyl)phenyl]oxalylamino}benzoic Acid (21). White
solid; *H NMR (300 MHz, DMSO-de, a mixture of rotamers) 6
7.86 (s, 1H), 7.55—7.41 (m, 2H), 7.38 (br d, J = 6.9 Hz, 1H),
7.17 (d,J =8.1 Hz, 2H), 7.09 (d, J = 8.1 Hz, 2H), 6.71 (d, J =
8.7 Hz, 1H), 4.00—4.10 (br m, 1H), 3.06—2.95 (br m, 2H), 2.89—
2.80 (br m, 2H), 2.84 (s, 3H), 1.42—1.14 (m, 6H), 0.85 (t, J =
6.9 Hz, 3H); MS (ESI) (M + H)™ at m/z 520; HRMS calcd for
(M + H)* C24H30N30S 520.1753, found 520.1746.
NMR-Based Screening. Human PTP1B (residues 1—288)
was cloned into the pGEX-5X vector (Amersham Pharmacia)
and expressed in E. coli BL21(DE3) cells. The final protein
construct used for the NMR studies was 292 residues compris-
ing the following amino acid sequence:

41

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

Two point mutations exist in the construct (E252D and D265E,
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highlighted in yellow), along with four additional N-terminal
residues (GFSH) that remain after cleavage of the GST fusion.

Uniformly N-labeled and *CHs(IVLM)-labeled PTP1B was
prepared by growing the bacteria on a minimal medium
containing 1 g/L of *SNH,CI (Cambridge Isotopes) or by adding
100:100:50 mg/L of *C-y-methionine/3,3'-*3C-a-ketovalerate/
3-18C-a-ketobutyrate®® 1 h before induction with 1 mM IPTG.
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), and succinic acid
(1.5). The cell pellets were resuspended in a buffer containing
10 mM sodium phosphate (pH 7.4) and 150 mM NaCl (PBS
buffer). The cells were then lysed using a microfluidizer
(Microfluidics International), and the resulting lysate was
clarified via centrifugation at 76000g for 10 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 of a buffer containing 50 mM Tris (pH 8.0) and 10
mM reduced glutathione. The N-terminal GST fusion was
cleaved with thrombin (1 U of thrombin/mg of PTP1B) at 4 °C
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 1071 and
loaded onto a glutathione Sepharose 4B column to remove the
GST. The flow-through (containing PTP1B) was collected and
dialyzed against NMR buffer (see below). Typical protein yields
were 10—20 mg of PTP1B per liter of culture.

The NMR samples were composed of uniformly **N-labeled
or BCHs(IVLM) PTP1B in an H,O/D,O (9/1) Tris-buffered
solution (25 mM, pH 7.5) containing DTT (10 mM). Ligand
binding was detected by acquiring sensitivity-enhanced *H/
N- or H/¥C-HSQC spectra?®> on 400 uL of PTP1B in the
presence and absence of added compound. Protein concentra-
tions were 300 and 25 uM for the >N- and CHjs(IVLM)-
labeled samples, respectively. A Bruker sample changer was
used on a Bruker AMX500 spectrometer equipped with a
cryoprobe.?® Compounds were individually tested at concentra-
tions of 0.1—15.0 mM, and binding was determined by moni-
toring changes in the HSQC spectra. Dissociation constants
were obtained for selected compounds by monitoring the
chemical shift changes of the protein resonances as a function
of ligand concentration. Data were fit using a single binding
site model. A least-squares grid search was performed by
varying the values of K4 and the chemical shift of the fully
saturated protein.

Biological Assay. The procedure for the pNPP assay has
been described elsewhere.?”

X-ray Crystallographic Studies: Protein Production,
Crystallization, and Data Collection. The final concentra-
tion of the purified PTP1B protein (1—322) was 3—4 mg/mL
and contained various amounts of reducing agents, normally
2—4 mM DTT. Crystals of PTP1B belonging to space group
P3:21 (a=b=288.4 A, c =104.5 A) were grown routinely using
the protocol described by Puius et al.??> with the following
changes. The buffers used in protein crystallization were
degassed for approximately 30 min and then sparged with
argon gas prior to their use for crystallization. This simple
precaution extended the lifetime of the reactive cysteine
(Cys215) in the active site and provided a more stable and
structurally homogeneous conformation of the active site. This
protocol also allowed the direct soaking of all the PTP1B
inhibitors into the crystals. Soaking times ranged from 1 to 5
h and were normally no more that 2 h. Soaking was performed
using 50 uL of the reservoir in the crystallization well and
mixed with a 2—4 ulL of stock (DMSO) solution of the
compound at 100 uM. The soaking protocol was validated with
a control compound, 2-(oxalylamino)-4,5,6,7-tetrahydrothieno-
[2,3-c]pyridine-3-carboxylic acid.” No significant differences
were observed within an extended area (~20 A) around the
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active site when the structure obtained was compared with
the one reported. The soaking protocol permitted the rapid
structure determination of PTP1B/inhibitor complexes.

After the soaking period, crystals were transferred to a
cryoprotectant solution for 5—10 s with rayon loops and
exposed to the X-rays. The cryoprotectant solution consisted
of 100 mM HEPES and 0.2 M magnesium acetate adjusted to
pH 7.1 with NaOH at a 16% w/v concentration of PEG8000
with a 35% v/v concentration of glycerol. Crystallographic data
were collected routinely in a conventional, in-house protein
crystallography laboratory, and occasionally at sector 17 at
the Advanced Photon Source (ID and BM lines of IMCA-CAT).
The data collection hardware was a Mar Research image plate
(180 mm), a Mar Research 345 mm image plate, or a Mar
Research 165 mm CCD detector, all driven by the manufac-
turer’s software. For a complete data set, 80 1° frames were
collected at a crystal to detector distance of 80—90 mm.
Exposure times were typically 10 min/frame. This strategy
resulted in >95% completeness in the vast majority of the data
sets with reducing R factors between 5% and 9%. Data were
processed with HKL2000 and scaled with SCALEPACK or
within HKL2000. Phase and map calculations were performed
using XPLOR or CNX. The modeling and electron-density
fitting software QUANTA was used to manipulate the models.

Pharmacokinetic Analysis. Experimental details for
pharmacokinetic analysis were previously described.?®

In Vivo Study with ob/ob Diabetic Mouse Model. To
evaluate the effects of PTP1B inhibitors in ob/ob mice,
compound 12d was administered subcutaneously via osmotic
minipumps. Briefly, male ob/ob mice and their lean litter
mates of 5—6 weeks (average age) (The Jackson Laboratories)
were acclimated to the animal research facilities for 5 days.
They were weighed, and tail snip glucose levels were deter-
mined by the glucose oxidase method (Precision G glucose
meter, Abbott Laboratories, North Chicago). The animals were
randomized into five treatment groups based on their plasma
glucose levels and body weight (animals with glucose levels
between 250 and 400 mg/dL were used). Baseline plasma
insulin samples were taken from a subset of the animals
representing each treatment group randomized once (n = 10
ob/ob and n = 6 lean ob/+ litter mates; ELISA, ALPCO
Diagnostics, Windham, NH). The five treatment groups were
as follows: vehicle control, minipump (n = 10); 12d, 30 mg/
kg minipump (n = 10); 12d, 120 mg/kg minipump (n = 10);
rosiglitazone, 3 mg/kg minipump (n = 10); lean control, no
minipump (n = 10).

On day 1, the Alzet minipumps (model 2001, 1 uL/h, 7 days,
200 uL reservoir) was primed and loaded with vehicle control
(20% DMSO/80% PEG400) and drugs. Animals were then
implanted with Alzet minipumps. The animals were continu-
ously dosed sc from days 1—6. After the day 6 dosing, tail bleed
glucose and insulin (ob/ob and ob/+ only) levels, as well as
body weight, were determined under nonfasting conditions by
10:00 a.m.
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