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ABSTRACT: Several protein tyrosine phosphatases (PTPases) have been implicated as regulatory agents in
the insulin-stimulated signal transduction pathway, including PTP1B, PTPR, and LAR. Furthermore, since
all three enzymes are suggested to serve as negative regulators of insulin signaling, one or more may play
a pivotal role in the pathogenesis of insulin resistance. We report herein the acquisition of highly selective
PTP1B-targeted inhibitors. We recently demonstrated that PTP1B contains two proximal aromatic phosphate
binding sites [Puius, Y. A., Zhao, Y., Sullivan, M., Lawrence, D. S., Almo S. C., and Zhang, Z. Y.
(1997)Proc. Natl. Acad. Sci. U.S.A. 94, 13420-5], and we have now employed this structural feature to
design and synthesize an array of bis(aryldifluorophosphonates). Not only do the lead compounds serve
as potent inhibitors of PTP1B but, in addition, several exhibit selectivities for PTP1B versus PTPR, LAR,
and VHR that are greater than 2 orders in magnitude.

Signal transduction pathways serve as a highly efficient
mechanism by which events that transpire at the cell surface
are conveyed as biochemical signals to remote subcellular
sites. These phosphoryl-transfer-driven pathways confer upon
the cell an ability to respond, both rapidly and reversibly, to
external stimuli. Although the role of individual protein
kinases in many of these pathways still awaits complete
resolution, the basic framework of several pathways has now
been elucidated. Furthermore, defects in protein kinase
activity have been linked to a variety of disease states.
Consequently, in those instances where protein kinase action
is inappropriately high, protein kinase inhibitors may con-
stitute a valuable new family of therapeutic agents (1).
Protein kinases catalyze the formation of serine, threonine,
and tyrosine phosphomonoesters, species that can be readily
hydrolyzed by protein phosphatases to the corresponding
starting alcohols. It is the relatively metastable nature of the
phosphomonoester moiety that confers the desirable trait of
rapid signal termination exhibited by these pathways. Al-
though protein phosphatases are integral components of
signal transduction, until recently research on the structure
and enzymology of protein phosphatases has lagged con-
siderably behind that of the protein kinases (2). Indeed, the
precise in vivo role of individual protein phosphatases still
remains largely an enigma.

PTP1B was the first protein tyrosine phosphatase (PTPase)
to be purified to homogeneity (3-4). The enzyme is widely
expressed in insulin-sensitive tissues (5). Recent studies have
demonstrated that PTP1B is a negative regulator of the
insulin-stimulated signal transduction pathway. PTP1B an-

tibody-loaded cells exhibit an enhanced response to insulin
stimulation (6). Cell lines overexpressing either wild type
PTP1B or a catalytically inactive mutant likewise exhibit
behavior consistent with the notion that PTP1B downregu-
lates insulin-dependent signaling (7), likely via dephospho-
rylation of the insulin receptor. These results suggest that
PTP1B inhibitors may be therapeutically beneficial in the
treatment of Type II diabetes mellitus and insulin resistance.
In addition to its role in insulin signaling, PTP1B is
overexpressed in a large percentage of human breast cancer
patients, implying that it plays an important role in cell
proliferation (8). Indeed, recent studies have demonstrated
that PTP1B associates with and dephosphorylates p130Cas,
a key component in mitogen-mediated signal transduction
(9). In addition, Liu and Chernoff (10) have shown that
PTP1B binds to and serves as a substrate for the epidermal
growth factor receptor. These results, taken together, not only
establish a direct role for PTP1B in intracellular signal
transduction but also suggest that this PTPase may be a
participant in several pathways.

PTP1 (the rat structural homologue of human PTP1B)
coordinates phosphotyrosine, as well as a plethora of other
aromatic phosphates, within its active site region (11).
However, recently a second (noncatalytic) aryl phosphate
binding site in PTP1B has been discovered, one which lies
adjacent to the active site (12). Since the second aryl
phosphate binding site is less conserved than the catalytic
site, this unexpected structural motif suggests that compounds
containing two appropriately conjoined phosphotyrosine
analogues could serve as potent and highly selective inhibi-
tors of PTP1B. We describe herein several PTPase inhibitors
that exhibit selectivities of up to 2 orders of magnitude in
favor of PTP1B relative to other PTPases.

MATERIALS AND METHODS
General Procedures.All moisture-sensitive reactions were

carried out in oven-dried glassware under a positive pressure
of dry nitrogen. Anhydrous tetrahydrofuran (THF), methyl-
ene chloride,N,N-dimethylformamide (DMF), methyl sul-
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foxide (DMSO), and diethyl ether were purchased from
Adrich in Sure/Seal bottles and were used as such. Benzo-
triazole-1-yl-oxy-tris-(dimethylamino)-phosphonium hexaflu-
orophosphate (BOP),O-(N-succinimidyl)-1,1,3,3,-tetrame-
thyluronium tetrafluoroborate (TSTU), and tetramethylfluoro-
formamidinium hexafluorophosphate (TFFH) were purchased
from Advanced Chemtech. All reactions were followed by
TLC using E. Merck silica gel 60 F-254. Flash column
chromatography was performed by using J. T. Baker silica
gel (230-400 mesh). The structures of new compounds were
characterized and confirmed by1H NMR (300 MHz), 13C
NMR (75 MHz), 31P NMR (121.5 MHz), and ESI for mass
spectral analysis. The final products were purified via
preparative HPLC using three Waters radial compression
modules (25× 10 cm) connected in series: gradient (solvent
A: 0.1% TFA in water; solvent B: 0.1% TFA in acetonitrile)
0-3 min (100% A); a linear gradient from 3 to 5 min (90%
A and 10% B); from 5 to 30 min (65% A and 35% B); a
steep final gradient to 90% B for column cleansing purposes.

Benzyl 4-Formylcinnamate (5). 4-Formylcinnamic acid4
(3.85 g, 0.022 mmol) was dissolved in CH3OH (100 mL)
and water (10 mL). The slurry solution was titrated to
between pH 7 and 8 (pH paper) with a 20% aqueous solution
of Cs2CO3. The resulting homogeneous solution was stirred
for 20 min at ambient temperature. The solvent was
evaporated to dryness, giving solid cesium salt which was
dried under high vacuum overnight. The solid was treated
with benzyl bromide (5.62 g, 0.033 mmol) in DMF (60 mL).
The slurry solution was stirred under a blanket of nitrogen
overnight. The white solid was removed by filtration. The
solvent was evaporated under vacuum to give yellow oil.
The oil was taken up in ethyl acetate (100 mL), and it was
filtered through a pad of Celite to remove the remaining solid
impurities. The solvent was again evaporated, and the
remaining oil was titurated with hexanes (30 mL). At this
point, the desired product solidified. The solid was washed
with hexanes (3× 10 mL) and dried under vacuum to give
benzyl 4-formylcimmate5 (5.32 g, 91%): 1H NMR (300
MHz, CDCl3) δ 10.0 (s, 1H), 7.9 (d,J ) 8.2 Hz, 2H), 7.7
(d, J ) 16.0 Hz, 1H), 7.6 (d,J ) 8.2 Hz, 2H), 7.4 (m, 5H),
6.6 (d,J ) 16 Hz, 1H), 5.2 (s, 2H).

Synthesis of6. Diethyl phosphite (0.11 g, 0.83 mmol) was
added dropwise via a syringe to a suspension of sodium
hydride (0.019 g, 0.79 mmol) in anhydrous THF (7 mL) at
0 °C (ice bath). The resulting slurry solution was stirred for
10 min. The ice bath was removed, and stirring was
continued for another 30 min. The solution was then cooled
to -78 °C (CO2/acetone) and transferred via a cannula to
another flask containing a solution of benzyl 4-formylcin-
namate5 (0.21 g, 0.79 mmol) also at-78 °C. After the
transfer was complete, the mixture solution was warmed to
0 °C, and stirring was continued for 1 h. The reaction was
then quenched with a 10% aqueous solution of ammonium
chloride (20 mL). The aqueous portion was separated and
extracted with ethyl acetate (3× 30 mL). The combined
organic layers were washed with brine (50 mL) and dried
over sodium sulfate. Removal of solvent gave a yellow oil
which was purified by flash column chromatography (SiO2,
CH2Cl2:EtOAc, 1:1) to afford pure product6 (267 mg,
83%): 1H NMR (300 MHz) δ 7.7 (d,J ) 16 Hz, 1H), 7.5
(m, 4H), 7.4-7.3 (m, 5H), 6.5 (d,J ) 16 Hz, 1H), 5.2 (s,
2H), 5.05 (d,J ) 11 Hz, 1H), 4.07-4.03 (m, 4H), 1.3-1.2
(m, 6H).

Synthesis of7. DMSO (0.072 g, 0.91 mmol) was added
dropwise via a syringe to a solution of oxalyl chloride (0.10
g, 0.83 mmol) and CH2Cl2 (5 mL) at-78 °C. The resulting
mixture was stirred for 10 min. Then a solution of6 (0.167
g, 0.41 mmol) in CH2Cl2 (3 mL) was added dropwise. After
another 15 min, the reaction mixture was treated with
triethylamine (0.24 g, 2.4 mmol). The cold bath was
removed, allowing the solution to warm to ambient temper-
ature. The reaction solution was then poured into a separatory
funnel containing water (60 mL). The aqueous portion was
extracted with CH2Cl2 (3 × 30 mL). The combined organic
layers were washed with a 1% aqueous solution of HCl (4
× 20 mL). Removal of solvent gave a yellow oil, which
was dried under vacuum. The intermediate product was used
without further purification and treated with diethylamosul-
furtrifluoride (“DAST”) (13) (0.67 g, 4.13 mmol) at 0°C.
After 1 h, the ice bath was removed, and the mixture was
stirred for another 2 h at room temperature. The solution
was then diluted with CH2Cl2 (20 mL) and then slowly added
to an ice cold saturated aqueous solution of sodium bicar-
bonate (50 mL). The aqueous portion was separated and
extracted with CH2Cl2 (3 × 20 mL). The combined organic
layers were washed with brine and dried over Na2SO4.
Removal of solvent gave red oil which was purified by flash
column chromatography (SiO2, CH2Cl2:EtOAc, 9:1) to afford
7 (0.115 g, 66%):1H NMR (300 MHz, CDCl3) δ 8.2 (d,J
) 8.3 Hz, 2H), 7.7 (d,J ) 16 Hz, 1H), 7.6 (d,J ) 8.3 Hz,
2H), 7.4-7.3 (m, 5H), 6.5 (d,J ) 16 Hz, 1H), 5.2 (s, 2H),
4.3 (quintet,J ) 7.4 Hz, 4H), 1.3 (t,J ) 7 Hz, 6H); 31P
NMR (121.5 MHz, CDCl3) δ 13 (t, J ) 115 Hz).

Synthesis of8. 1,4-cyclohexadiene (0.36 g, 4.5 mmol) and
Pd/C (10%) (100 mg) were added to a solution of7 (115
mg, 0.27 mmol) in ethanol (5 mL). The resulting mixture
was stirred at room temperature for 24 h. After the reaction
was complete (TLC analysis), the solution was filtered
through a pad of Celite to remove solid impurities. The
solvent was evaporated to give compound8 (90 mg,
quantitative yield):1H NMR (300 MHz, CDCl3) δ 10.7 (s,
1H), 7.5 (d,J ) 7.7 Hz, 2H), 7.2 (d,J ) 7.7 Hz, 2H), 4.2-
4.0 (m, 4H), 2.9 (t,J ) 7.6 Hz, 2H), 2.6 (t,J ) 7.6 Hz,
2H), 1.2 (t,J ) 7.0 Hz, 6H);13C NMR (300 MHz, CDCl3)
δ 177, 143, 130 (dt,J ) 22 Hz, 14 Hz), 128, 126, 116 (dt,
J ) 263 Hz, 220 Hz), 65 35, 30, 16;31P NMR (300 MHz,
CDCl3) δ 14 (t, J ) 118 Hz).

Synthesis of Compound 9.The acid8 (0.050 g, 0.149
mmol) in dry CH2Cl2 (1 mL) was treated with bis(trimeth-
ylsilyl)trifluoroacetamide (BSTFA) (200µL, 0.754 mmol)
at room temperature for 1 h and subsequently with bromot-
rimethylsilane (TMSBr) (300µL, 2.273 mmol) overnight.
After removal of most of the solvent by rotary evaporation,
the residue was dissolved in water, washed with ether, and
purified by HPLC to afford compound9 (0.030 g, 72%).1H
NMR (300 MHz, D2O) δ 7.4 (d,J = 7.9 Hz, 2 H), 7.2 (d,J
= 7.9 Hz, 2 H), 2.8 (t,J = 7.3 Hz, 2 H), 2.6 (t,J = 7.3 Hz,
2 H); 13C NMR (75 MHz, D2O) δ 178, 143, 132 (dt,J1 = 13
Hz, J2 = 22 Hz), 129, 126 (dt,J1 = 1.3 Hz,J2 = 6.8 Hz), 120
(dt, J1 = 201 Hz,J2 = 261 Hz), 35, 30;19F NMR (282 MHz,
D2O) δ -32 (d,J = 107 Hz);31P NMR (121.5 MHz, D2O)
δ 13 (t,J = 107 Hz); MS (ESI) calcd for C10H11F2O5P 280.2,
found 281.0.

Synthesis of Compound10. The acid8 (0.062 g, 0.184
mmol) was preactivated with TSTU (0.113 g, 0.375 mmol)
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and diisopropylethylamine (DIEA) (65µL, 0.373 mmol) in
5 mL of DMF at room temperature for 10 min. Ammonium
hydroxide (40µL, 0.592 mmol) was then added dropwise.
After 20 min, most of the solvent was removed under vaccum
and the mixture then extracted with CH2Cl2 (3 × 40 mL)/
water (20 mL). The combined organic phase was washed
with brine and dried over Na2SO4. Removal of solvent gave
the crude phosphonodiester of compound10 [1H NMR (300
MHz, CDCl3) δ 7.5 (d,J ) 7.8 Hz, 2 H), 7.3 (d,J ) 7.8
Hz, 2 H), 5.7 (d, 2 H), 4.3-4.0 (m, 4 H), 3.0 (t,J ) 7.6 Hz,
2 H), 2.5 (t,J ) 7.6 Hz, 2 H), 1.3 (t,J ) 7.1 Hz, 6 H);13C
NMR (75 MHz, CDCl3) δ 175, 144 (d,J ) 2.0 Hz), 131
(dt, J ) 13.9, 20.6 Hz), 129, 127 (dt,J ) 2.3, 1.2 Hz), 118
(dt, J ) 220, 240 Hz), 65 (d,J ) 6.8 Hz), 37, 31, 16 (d,J
) 0.5 Hz);19F NMR (282 MHz, CDCl3) δ -32 (d,J ) 118
Hz); 31P NMR (121.5 MHz, CDCl3) δ 13.5 (t,J ) 118 Hz)
(0.050 g, 81%)], which (0.015 g, 0.044 mmol) was subse-
quently treated with excess iodotrimethylsilane (TMSI) (0.5
mL) in 1 mL of dry CH2Cl2 for 12 h at room temperature.
The reaction mixture was then quenched with methanol,
rotary evaporated to a semisolid, washed with ether, and
purified by HPLC to afford compound10 (0.009 g, 72%).
1H NMR (300 MHz, D2O) δ 7.4 (d,J ) 7.9 Hz, 2 H), 7.2
(d, J ) 7.9 Hz, 2 H), 2.8 (t,J ) 7.2 Hz, 2 H), 2.5 (t,J ) 7.2
Hz, 2 H); 13C NMR (75 MHz, D2O) δ 179, 143, 133 (dt,J
) 1.3, 2.3 Hz), 129, 126 (dt,J ) 2.1, 0.6 Hz), 121 (dt,J )
198, 260 Hz), 37, 31;19F NMR (282 MHz, D2O) δ -35 (d,
J ) 105 Hz); 31P NMR (121.5 MHz, D2O) δ 11.6 (t,J )
105 Hz); MS (ESI) calcd for C10H12F2NO4P 279.2, found
280.2.

Synthesis of General Structures11 (Specific Example:
Precursor to Compound15). The acid8 (0.035 g, 0.104
mmol) was activated with BOP reagent (0.070 g, 0.156
mmol) and NMM (0.031 g, 0.309 mmol) in acetonitrile (2
mL) [for the reaction with diaminobenzene (i.e., compounds
16-18), TFFH was used as an activating reagent and DMF
as solvent]. The resulting mixture was stirred at room
temperature for 10 min. A solution of ethylenediamine (0.063
g, 1.05 mmol) in acetonitrile (1 mL) was then added. The
reaction was complete in 30 min (TLC analysis). The solvent
was removed under vacuum, and ethyl acetate (20 mL) and
water (20 mL) were added to the crude product. The aqueous
portion was extracted with ethyl acetate (3× 10 mL). The
combined organic layers were washed with brine (20 mL)
and dried over Na2SO4. Purification was achieved by flash
column chromatography (SiO2, CH2Cl2:CH3OH, 1:1 with 1%
NH4OH for alkylamine) to afford amine11 (intermediate
for compound15) (0.03 g, 76%) which was used subse-
quently in the next coupling reaction:1H NMR (300 MHz,
CD3OD) δ 7.6 (d,J ) 8 Hz, 2H), 7.4 (d,J ) 8 Hz, 2H),
4.4-4.2 (m, 4H), 3.4-3.3 (m, 2H), 3.1 (t,J ) 7.5 Hz, 2H),
2.7 (t,J ) 7.5 Hz, 2H), 2.5 (t,J ) 7 Hz, 2H), 1.4 (t,J ) 7
Hz, 6H).

Synthesis of General Structures12 (Specific Example:
Precursor to Compound15). In a manner similar to the above
procedure, acid8 (0.27 mg, 0.079 mmol), BOP (0.70 g, 0.159
mmol), NMM (0.040 g, 0.40 mmol), and amine11 (0.03 g,
0.079 mmol) gave dimer12 (0.035 g, 63%) after purification
by flash column chromatography (SiO2, CH2Cl2:CH3OH):
1H NMR (300 MHz, CDCl3) δ 7.7 (d,J ) 8 Hz, 4H), 7.5
(d, J ) 8 Hz, 4H), 6.5 (s, 2H), 4.5-4.3 (m, 8H), 3.5 (s,

4H), 3.2 (t,J ) 7.5 Hz, 4H), 2.7 (t,J ) 7.5 Hz, 4H),1.5 (t,
J ) 7 Hz, 12H).

Synthesis of13 (Compounds14, 15, 17, 18; Specific
Example: Compound15). BSTFA (0.15 g, 0.6 mmol) was
added at room temperature to a stirred solution of12 (0.035
g, 0.05 mmol) in CH2Cl2. After 30 min, the solution was
cooled to-78 °C, and TMSI (1.1 g, 0.5 mmol) was added
via a syringe. The resulting mixture was stirred at-78 °C
for 1 h and then at room temperature for 2 h. The solvent
with excess TMSI was removed under reduced pressure. The
crude product was then dissolved in 2 mL of acetonitrile
containing water (10%) and TFA (1%). The resulting solution
was stirred for 1 h. Removal of solvent gave a crude product
which was purified by HPLC to afford pure compound15
(5 mg, 17%): 1H NMR (300 MHz, D2O) δ 7.5 (d, J ) 8
Hz, 4H), 7.3 (d,J ) 8 Hz, 4H), 3.1 (s, 4H), 2.9 (t,J ) 7.2
Hz, 4H), 2.5 (t,J ) 7.1 Hz, 4H);13C NMR (MHz, D2O) δ
176, 143, 132 (dt,J ) 23, 12.4 Hz), 128, 126, 38, 37, 30;
31P NMR (121.5 MHz, D2O) δ 11 (t,J ) 107 Hz); MS (ESI)
calcd for C22H26O8F4P2N2 584.5, found 586.0.

Compound14: 1H NMR (300 MHz, D2O) δ 7.5 (d,J )
7.9 Hz, 4H), 7.3 (d,J ) 7.9 Hz, 4H), 3.0 (t,J ) 7.3 Hz,
4H), 2.6 (t,J ) 7.9 Hz, 4H);13C NMR (75 MHz, D2O) δ
175, 143, 132 (dt,J ) 22.2, 12.6 Hz), 128, 126, 120 (m),
35, 30;31P NMR (121.5 MHz, D2O) δ 11.5 (t,J ) 106 Hz);
MS (ESI) calcd for C20H22O8F4P2N2 556.4, found 557.0.

Compound17: 1H NMR (300 MHz, D2O) δ 7.4 (d,J )
8 Hz, 4H), 7.2 (d,J ) 8 Hz, 4H), 7.1 (t,J ) 7.9 Hz, 1H),
7.0 (s, 1H), 6.9 (d, 7.9 Hz, 2H), 2.8 (t,J ) 6.9 Hz, 4H), 2.5
(t, J ) 6.9 Hz, 4H);13C NMR (75 MHz, D2O) δ 174, 143,
137, 132 (dt,J ) 32, 12.4 Hz), 130, 129, 126, 118, 115, 38,
31; 31P NMR (121.5 MHz, D2O) δ 11 (t, J ) 107 Hz); MS
(ESI) calcd for C26H26O8F4P2N2, 632.6; found 633.2.

Compound18: 1H NMR (300 MHz, D2O) δ 7.5 (d,J )
7.9 Hz, 4H), 7.3 (d,J ) 7.9 Hz, 4H), 7.25-7.20 (m, 2H),
7.1-7.0 (m, 2H), 2.9 (t,J ) 6.8 Hz, 4H), 2.6 (t,J ) 6.8 Hz,
4H); 13C NMR (75 MHz, D2O) δ 175, 143, 132 (m), 130,
129, 128, 127, 126, 37, 31;31P NMR (121.5 MHz, D2O) δ
11.6 (t,J ) 107 Hz); MS (ESI) calcd for C26H26O8F4P2N2

632.6, found 633.2.
Direct Synthesis of General Structure 13 (Compounds16,

19, 20, 39, and40). The appropriate equimolar concentration
of acid 8 was reacted with the specific di- or triamine by
the above-mentioned BOP/NMM procedure to directly give
the corresponding dimer or trimer of general structure12 in
the solution. The latter was then diluted with EtOAc, washed
with water or dilute HCl, evaporated to dryness, treated with
TMSI and purified by HPLC to afford compounds16, 19,
20, 39, and40.

Compound16: 1H NMR (300 MHz, D2O) δ 7.4 (d,J )
7.9 Hz, 4 H), 7.2 (d,J ) 7.9 Hz, 4 H), 7.1 (s, 4 H), 2.9 (t,
J ) 7.2 Hz, 4 H), 2.5 (t,J ) 7.2 Hz, 4 H);13C NMR (75
MHz, D2O) δ 175, 134, 129, 128, 126 (m), 125, 123, 122
(m), 32, 30;19F NMR (282 MHz, D2O) δ -35 (d,J ) 105
Hz); 31P NMR (121.5 MHz, D2O) δ 11.6 (t,J ) 105 Hz);
MS (ESI) calcd for C26H26F4N2O8P2 632.4, found 633.0.

Compound19: 1H NMR (300 MHz, D2O) δ 7.3 (d,J )
7.9 Hz, 4 H), 7.2 (d,J ) 7.9 Hz, 4 H), 6.7 (s, 4 H), 4.0 (s,
4 H), 2.9 (t,J ) 7.0 Hz, 4 H), 2.6 (t,J ) 7.0 Hz, 4 H);13C
NMR (75 MHz, D2O) δ 175, 143, 137, 133, 129, 127, 126
(m), 122 (m), 43, 38, 31;19F NMR (282 MHz, D2O) δ -35
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(d, J ) 105 Hz);31P NMR (121.5 MHz, D2O) δ 11.6 (t,J )
105 Hz); MS (ESI) calcd for C28H30F4N2O8P2 660.5, found
661.8.

Compound20: 1H NMR (300 MHz, D2O) δ 7.3 (d,J )
7.8 Hz, 4 H), 7.16 (d,J ) 7.8 Hz, 4 H), 7.08 (t,J ) 7.6 Hz,
1H), 6.74 (s, 1H), 6.70 (d,J ) 7.6 Hz, 2H), 4.0 (s, 4H), 2.8
(t, J ) 6.9 Hz, 4 H), 2.5 (t,J ) 6.9 Hz, 4 H);13C NMR (75
MHz, D2O) δ 176, 143, 138, 129, 128.9, 128.8, 127-126
(m), 121 (m), 43, 37, 32;19F NMR (282 MHz, D2O) δ -35
(d, J ) 106 Hz);31P NMR (121.5 MHz, D2O) δ 11.5 (t,J )
106 Hz); MS (ESI) calcd for C28H30F4N2O8P2 660.5, found
662.2.

Compound39: 1H NMR (300 MHz, D2O) δ 7.5 (t, 6 H),
7.3 (t, 6 H), 3.1 (s, 4 H), 3.0 (t,J ) 5.5 Hz, 2 H), 2.9 (m,
8 H), 2.5 (m, 6 H);13C NMR (75 MHz, D2O) δ 176.1, 175.9,
175.8, 143.4, 143.1, 133-132 (m), 129, 126 (m), 121 (m),
120 (m), 48, 45, 38-37 (m), 34, 31.2, 31.1;19F NMR (282
MHz, D2O) δ -32.3 (d,J ) 106 Hz),-32.4 (d,J ) 106
Hz); 31P NMR (121.5 MHz, D2O) δ 11.6 (t,J ) 106 Hz);
MS (ESI) calcd for C34H40F6N3O12P3 889.6, found 890.2.

Compound40: 1H NMR (300 MHz, D2O) δ 7.5 (d,J )
7.8 Hz, 6 H), 7.3 (d,J ) 7.8 Hz, 6 H), 3.1 (t,J ) 5.7 Hz,
6 H), 3.0 (t,J ) 6.9 Hz, 6 H), 2.9 (t,J ) 5.7 Hz, 6 H), 2.6
(t, J ) 6.9 Hz, 6 H);13C NMR (75 MHz, D2O) δ 177, 143,
133, 129, 126 (m), 122 (m), 54, 37, 35, 31;19F NMR (282
MHz, D2O) δ -32 (d,J ) 106 Hz);31P NMR (121.5 MHz,
D2O) δ 11.6 (t, J ) 106 Hz); MS (ESI) calcd for
C36H45F6N4O12P3 932.7, found 933.8.

Synthesis of Compound22. To a solution of phenyliodosyl
bis(trifluoroacetate) (Loudon et al., 1984) (0.090 g, 0.21
mmol) in 0.3 mL of acetonitrile and 0.3 mL of water was
added the phosphonodiester of compound10 (0.015 g, 0.045
mmol), and the resultant mixture was stirred at room
temperature for 6 h. The solution was then diluted with 2
mL of water, and 1 mL of concentrated HCl was subse-
quently added. Extraction with 3× 6 mL ether and
evaporation of the combined organics after drying furnished
essentially purep-diethylphosphonodifluoromethyl phenyl-
ethylamine (hydrochloride salt)1H NMR (300 MHz, D2O)
δ 7.6 (d,J ) 7.9 Hz, 2 H), 7.5 (d,J ) 7.9 Hz, 2 H), 4.3
(quintet, 4H), 3.3 (t,J ) 7.5 Hz, 2 H), 3.1 (t,J ) 7.5 Hz, 2
H), 1.3 (t, J ) 7.1 Hz, 6 H);13C NMR (75 MHz, D2O) δ
141, 130.1 (dt,J ) 13.7, 20.6 Hz), 129.5, 127 (dt,J ) 2.5,
4.6 Hz), 118 (dt,J ) 222, 252 Hz), 67 (d,J ) 7.2 Hz), 40,
33, 16 (d,J ) 5.2 Hz); 19F NMR (282 MHz, D2O) δ -33
(d, J ) 122 Hz);31P NMR (121.5 MHz, D2O) δ 14.6 (t,J )
122 Hz) (0.012 g, 75%). The acid8 (0.045 g, 0.134 mmol)
was then coupled to thep-diethylphosphonodifluoromethyl
phenylethylamine (hydrochloride salt) (0.050 g, 0.146 mmol)
after preactivation by TSTU (0.080 g, 0.266 mmol) and
phenyliodosyl bis(trifluoroacetate) (70µL, 0.402 mmol) in
2 mL of DMF for 10 min at room temperature. After 5 h,
most of the solvent was removed under vaccum, and the
mixture was extracted with EtOAc (3× 10 mL)/water (10
mL). The combined organic phase was washed with brine
and dried over Na2SO4. Removal of solvent and further
purification by flash column chromatography (10% MeOH
in EtOAc) gave the phosphonotetraester of compound22
[1H NMR (300 MHz, CDCl3) δ 7.5 (d,J ) 7.9 Hz, 4 H),
7.3 (d,J ) 7.9 Hz, 2 H), 7.2 (d,J ) 7.9 Hz, 2 H), 5.5 (t,
1H), 4.2 (m, 8 H), 3.5 (q, 2 H), 3.0 (t,J ) 7.1 Hz, 2 H), 2.8
(t, J ) 6.7 Hz, 2 H), 2.4 (t,J ) 7.1 Hz, 2 H), 1.3 (m, 12 H);

13C NMR (75 MHz, CDCl3) δ 172, 144, 142, 132-130 (m),
129.03, 129.02, 128.73, 128.72, 127-126 (m), 121 (m), 118
(m), 65.07, 65.02, 64.98, 64.94, 41, 38, 36, 32;19F NMR
(282 MHz, CDCl3) δ -32.3 (d,J ) 117 Hz),-32.4 (d,J )
117 Hz);31P NMR (121.5 MHz, CDCl3) δ 13.7 (t,J ) 117
Hz), 7.5(t, J ) 117 Hz)] (0.065 g, 78%). The ethylester
protecting groups were removed via treatment with excess
TMSBr (0.5 mL) in 1 mL of dry CH2Cl2 overnight at room
temperature. Extraction with ether and purification of the
aqueous phase by HPLC furnished compound22 (0.006 g,
10%).1H NMR (300 MHz, D2O) δ 7.4 (t, 4 H), 7.2 (d,J )
8.0 Hz, 2 H), 7.1 (d,J ) 8.1 Hz, 2 H), 3.3 (t,J ) 6.7 Hz,
2 H), 2.8 (t,J ) 7.1 Hz, 2 H), 2.6 (t,J ) 6.7 Hz, 2 H), 2.4
(t, J ) 7.1 Hz, 2 H);13C NMR (75 MHz, D2O) δ 176, 144,
142, 133 (m), 130, 129, 127 (m), 121 (m), 117 (m), 41, 38,
35, 32; 19F NMR (282 MHz, D2O) δ -32.3 (d,J ) 106
Hz), -32.4 (d,J ) 106 Hz);31P NMR (121.5 MHz, D2O) δ
11.6 (t, J ) 106 Hz); MS (ESI) calcd for C19H21F4NO7P2

513.3, found 513.8.
Synthesis of26. Sodium hydride (0.127 g, 5.29 mmol) was

added in several portions to a solution of catechol (0.265 g,
2.4 mmol) in anhydrous DMF (10 mL) at ambient temper-
ature. The resulting suspension was stirred for 30 min.
Methyl 4-(bromomethyl)benzoate25 (1.21 g, 5.29 mmol)
was added in one portion. The reaction was complete in 3 h
(TLC analysis). The solvent was then removed under
vacuum, and the recovered residue was dissolved in ethyl
ether (50 mL) and water (50 mL). The aqueous portion were
separated and then extracted with ether (3× 30 mL). The
combined organic extracts was washed with brine (50 mL)
and dried over Na2SO4. Purification was achieved by flash
column chromatography (SiO2, hexanes:ethyl acetate, 2:1)
to afford compound26 as a white solid (0.8 g, 82%):1H
NMR (500 MHz, CDCl3) δ 8.0 (d,J ) 8.2 Hz, 4H), 7.5 (d,
J ) 8.2 Hz, 4H), 6.9 (m, 4H), 5.2 (s, 4H), 3.9 (s, 6H);13C
NMR (75 MHz, CDCl3) δ 167, 148, 142, 129.8, 129.5, 126,
121, 114, 70, 52.

Synthesis of27. LiBH4 (45 mg, 2.15 mmol) was added in
one portion to a solution of ester26 (0.21 g, 0.51 mmol) in
anhydrous THF (15 mL) and methanol (0.1 mL). The mixture
was heated to reflux for 3 h and then cooled to room
temperature. Ice cold water (50 mL) was slowly added to
destroy the excess LiBH4. The aqueous portion was separated
and then extracted with ethyl acetate (3× 30 mL). The
combined organic layers were washed with brine and dried
over Na2SO4. Removal of solvent gave the alcohol interme-
diate as a white solid (quantitative yield) which was used
without further purification:1H NMR (500 MHz, CDCl3) δ
7.4 (d,J ) 8 Hz, 4H), 7.3 (d,J ) 8 Hz, 4H), 6.9 (m, 4H),
5.1 (s, 4H), 4.6 (s, 4H);13C NMR (75 MHz, CDCl3) δ 149,
140, 136, 127.5, 127, 121, 115, 71, 65.

The oxidation of the alcohol derivative was conducted
according to the procedure described previously (see prepa-
ration of 7). Oxalyl chloride (0.32 g, 2.55 mmol), DMSO
(0.32 g, 4.1 mmol), alcohol intermediate (0.18 g, 0.5 mmol),
and Et3N (1 mL) gave aldehyde27 (>95% yield): 1H NMR
(500 MHz, CDCl3) δ 10 (s, 2H), 7.8 (d,J ) 8 Hz, 4H), 7.6
(d, J ) 8 Hz, 4H), 6.9 (s, 4H), 5.2 (s, 4H);13C NMR (75
MHz, CDCl3) δ 192, 148, 144, 135, 129, 127, 121, 115, 70.

Synthesis of28. Diethyl phosphite (0.06 g, 0.43 mmol)
was added dropwise via a syringe to a suspension of sodium
hydride (0.010 g, 0.43 mmol) in anhydrous THF (5 mL) at
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0 °C (ice bath). The resulting slurry solution was stirred for
10 min, the ice bath was removed, and stirring then continued
for an additional 30 min. The solution was recooled to 0°C
and transferred, via a cannula, to a flask containing a solution
of 27 (0.050 g, 0.144 mmol) which was also at 0°C. After
the transfer was complete, the mixture was stirred for 1 h
and then quenched with a 10% aqueous solution of am-
monium chloride (20 mL). The aqueous portion was sepa-
rated and extracted with ethyl acetate (3× 20 mL). The
combined organic layers were washed with brine (30 mL)
and dried over sodium sulfate. Removal of solvent gave
yellow oil 28 (0.083 g, 93%) which was subsequently
oxidized.

Synthesis of29 and Subsequent Deprotection to Furnish
23. The oxidation of28 was carried out according to the
method described previously (see preparation of7). Com-
pound28 (0.083 g, 0.134 mmol), oxalyl chloride (0.1 g, 0.86
mmol), DMSO (0.1 g, 1.3 mmol), and Et3N (0.3 mL) gave
the carbonyl intermediate in quantitative yield:1H NMR
(300 MHz, CDCl3) δ 8.2 (d,J ) 8.3 Hz, 4H), 7.5 (d,J )
8.3 Hz, 4H), 6.88 (m, 4H), 5.2 (s, 4H), 4.2 (quintet,J ) 7.1
Hz, 8H), 1.3 (t,J ) 7 Hz, 12H);31P (121.5 MHz, CDCl3) δ
0 (s); 13C NMR (75 MHz) δ 198 (d, 175.4 Hz), 148, 144,
135 (d, 63 Hz), 130, 127, 122, 114, 70, 64 (d, 7.3 Hz), 16.
The intermediate was treated with DAST (1.34 mmol) at 0
°C. After 1 h, the ice bath was removed and the mixture
stirred for 4 h at room temperature. Aqueous workup was
carried out as described previously (see preparation of7).
Removal of solvent gave a red oil which was purified by
flash column chromatography (SiO2, CH2Cl2:CH3OH, 9:1)
to afford 29 which was treated with excess bromotrimeth-
ylsilane (TMSBr) (1 mL). The solution was stirred overnight.
The TMSBr was evaporated to give white solid and the solid,
was then dissolved in methanol (5 mL) and water (3 mL).
The solution was stirred at ambient temperature for 30 min.
The solvent was again evaporated to give a red oil which
was purified by HPLC to afford23 (18 mg, 24%):1H NMR
(300 MHz, D2O) δ 7.5 (d,J ) 8.1 Hz, 4H), 7.4 (d,J ) 8.1
Hz, 4H), 6.96-6.93 (m, 2H), 6.83-6.79 (m, 2H), 5.1 (s,
4H); 31P NMR (121.5 MHz, D2O) δ 5.3 (t, J ) 105.6 Hz);
13C NMR (75 MHz, D2O) δ150, 141, 128, 127.7, 127.6, 123,
116, 71. MS (ESI) calcd for C22H20F4O8P2 550.3, found
551.0.

Synthesis of30. Compound30 was prepared in a fashion
analogous to that shown in Scheme 2, namely via a two-
step protocol. Acid8 (20 mg, 0.059 mmmol) was activated
with TFFH (17 mg, 0.065 mmol) and DIEA (0.03 g, 23
mmol) in DMF (1 mL). After the mixture was stirred for 20
min at ambient temperature, a solution of 1,3-diaminobenzoic
acid (18 mg, 0.118 mmol) in DMF (1 mL) was added. The
reaction was complete in 1 h (TLC analysis). The solvent
was removed under vacuum. The recovered residue was
dissolved in ethyl acetate (20 mL) and H2O (20 mL). The
aqueous portion was extracted with ethyl acetate (3× 10
mL), and the combined organic layers were washed with
brine and dried over Na2SO4. Purification was achieved by
flash column chromatography (SiO2, CH2Cl2:CH3OH, 1:4)
to afford yellow oil (monosubstituted 1,3-diaminobenzoic
acid) which was used subsequently:1H NMR (300 MHz,
CD3OD) δ 7.5 (d,J ) 8 Hz, 2H), 7.43 (d,J ) 8 Hz, 2H),
7.4 (s, 1H), 7.2 (s, 1H), 7.1 (s, 1H), 4.1 (m, 4H), 3.1 (t,J )
7.2 Hz, 2H), 2.7 (t,J ) 7.1 Hz, 2H), 1.2 (t,J ) 7 Hz, 6H).

The monosubstituted product was converted to the desired
disubstituted species in a manner similar to that just described
using acid8 (20 mg, 0.059 mmol), TFFH (17 mg, 0.065
mmol), and DIEA (0.03 g, 23 mmol) to give dimer30 (40
mg, 85%) after purification:1H NMR (300 MHz, CD3OD)
δ 8.05 (s, 1H), 7.9 (s, 2H), 7.5 (d,J ) 7.9 Hz, 4H), 7.4 (d,
J ) 7.9 Hz, 4H), 4.1-4.0 (m, 8H), 3.0 (t,J ) 7 Hz, 4H),
2.7 (t, J ) 7 Hz, 4H), 1.2 (t,J ) 7 Hz, 12H).

ConVersion of30 to Compounds21, 32-38. Compound
30 (30 mg, 0.038 mmol) was activated with TSTU (30 mg,
0.11 mmol) and NMM (0.05 mL) in DMF at ambient
temperature. After 30 min (TLC analysis), the solvent was
evaporated to give an oily residue which was dissolved in
ethyl acetate (20 mL) and H2O (20 mL). The aqueous portion
was extracted with ethyl acetate (3× 10 mL). The combined
organic layers was washed with water (15 mL), and brine
(15 mL) and dried over Na2SO4. Removal of solvent gave
the activated ester intermediate31 which was dried under
vacuum. This compound was used without further purifica-
tion. The deprotection of31 was carried out by the method
described previously (see synthesis of13). Compound31
(15 mg, 0.017 mmol), BSTFA (0.17 g, 0.68 mmol), and
TMSI (0.11 g, 0.54 mmol) gave31 which was used without
further purification. Appropriate amines (5 molar equiv) and
NMM (15-20 molar equiv) were separately added to a
solution of 31 in DMF (3 mL). The mixtures were stirred
for 5 h. The solvent from the reactions was evaporated under
vacuum to give oily residues. Purification was achieved by
HPLC to afford desired trimers (20-30%).

Compound21: 1H NMR (300 MHz, CD3OD) δ 7.43 (s,
2H), 7.42 (s, 1H), 7.3 (d,J ) 7.8 Hz, 4H), 7.0 (d,J ) 7.8
Hz, 4H), 2.7 (t,J ) 6.9 Hz, 4H), 2.4 (t,J ) 6.8 Hz, 4H);
31P NMR (121.5 MHz, D2O) δ 5.5 (t,J ) 108 Hz);13C NMR
(75 MHz, D2O) δ 215, 173, 168, 142, 137, 131, 130, 128,
126, 118, 38, 31. MS (ESI) calcd for C27H26F4N2O10P2 676.5,
found 677.0.

Compound32: 1H NMR (300 MHz, D2O) δ 7.4 (d,J )
7.9 Hz, 4 H), 7.32 (d,J ) 1.7 Hz, 2 H), 7.30 (d,J ) 7.9 Hz,
4 H), 7.1 (s, 1 H), 3.3 (t,J = 6 Hz, 2 H), 2.9 (t,J ) 6.9 Hz,
4 H), 2.7 (t,J ) 6.9 Hz, 4 H), 2.3 (t,J ) 6 Hz, 2 H), 1.57-
1.55 (m, 4 H);31P NMR (121.5 MHz, D2O) δ 5.4 (t, J )
106 Hz). MS (ESI) calcd for C32H35F4N3O11P2 775.6, found
776.2.

Compound33: 1H NMR (300 MHz, D2O) δ 8.0 (d,J =
19 Hz, 1 H), 7.95 (d,J = 7.5 Hz, 1 H), 7.87 (m, 1 H), 7.7-
7.5 (m, 8 H), 7.4 (d,J = 1.7 Hz, 2 H), 7.3 (d,J = 7.9 Hz, 4
H), 7.2 (t,J = 1.7 Hz, 1 H), 5.0 (s, 2 H), 3.0 (t,J = 6.9 Hz,
4 H), 2.7 (t,J = 6.9 Hz, 4 H);31P NMR (121.5 MHz, D2O)
δ 5.4 (t, J = 105 Hz); MS (ESI) calcd for C38H35F4N3O9P2

815.7, found 816.2.
Compound34: 1H NMR (300 MHz, D2O) δ 7.4 (d,J )

7.9 Hz, 4H), 7.3-7.2 (m, 6H), 7.1 (s, 1H), 3.8 (m, 1H), 3.0
(t, J ) 6.9 Hz, 4H), 2.7 (t,J ) 6.9 Hz, 4H), 2.6 (m, 1H),
1.97-1.90 (m, 2H), 1.70-1.59 (m, 6H);31P NMR (121.5
MHz, D2O) δ 5.4 (t, J ) 105 Hz). MS (ESI) calcd for
C34H37F4N3O11P2 801.6, found 802.2.

Compound35: 1H NMR (300 MHz, D2O) δ 7.5 (d,J )
7.9 Hz, 4 H), 7.4 (d,J ) 7.9 Hz, 4 H), 7.3 (d,J ) 1.7 Hz,
2 H), 7.2 (m, 3 H), 6.9 (d,J = 8.5 Hz, 2 H), 3.6 (t,J ) 6.5
Hz, 2 H), 3.1 (t,J ) 7.3 Hz, 4 H), 2.9 (t,J ) 6.5 Hz, 2 H),
2.8 (t,J = 7.3 Hz, 4 H);31P NMR (121.5 MHz, D2O) δ 5.4
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(t, J ) 105 Hz); MS (ESI) calcd for C35H35F4N3O10P2 795.6,
found 796.2.

Compound36: 1H NMR (300 MHz, D2O) δ 7.85 (s, 2
H), 7.80 (d,J ) 8.6 Hz, 2 H), 7.50-7.42 (m, 7 H), 7.27 (d,
J ) 7.8 Hz, 4 H), 4.6 (s, 2 H), 3.0 (t,J = 6.5 Hz, 4 H), 2.7
(t, J = 6.5 Hz, 4 H);31P NMR (121.5 MHz, D2O) δ 6.5 (t,
J = 94 Hz). MS (ESI) calcd for C34H34F4N4O11P2S 844.7,
found 845.2.

Compound37: 1H NMR (300 MHz, D2O) δ 7.97 (s, 2
H), 7.87 (s, 1 H), 7.7 (m, 3 H) 7.55 (d,J ) 7.9 Hz, 4 H),
7.35 (d,J ) 7.9 Hz, 4 H), 4.7 (s, 2 H), 3.1 (t,J = 6.9 Hz, 4
H), 2.7 (t, J ) 6.9 Hz, 4 H). MS (ESI) calcd for
C36H31F10N3O9P2 901.6, found 902.0.

Compound38: 1H NMR (300 MHz, D2O) δ 7.8 (d,J )
8.1 Hz, 2 H), 7.4 (d,J ) 7.9 Hz, 4 H), 7.38 (s, 2 H), 7.3 (d,
J ) 8.1 Hz, 2 H), 7.26 (d,J ) 7.9 Hz, 4 H), 7.2 (s, 1 H), 4.5
(s, 2 H), 2.9 (t,J ) 7.2 Hz, 4 H), 2.6 (t,J ) 7.2 Hz, 4 H);
31P NMR (121.5 MHz, D2O) δ 5.5 (t, J ) 108 Hz). MS
(ESI) calcd for C35H33F4N3O11P2 809.6, found 810.2.

Recombinant PTP1B, LAR, PTPR, and VHR.The cDNA
encoding the catalytic domain of human PTP1B (amino acids
1-321) was obtained using the polymerase chain reaction
(PCR) from a human fetal brain cDNA library (Stratagene).
The PCR primers used were 5′-AGCTGGATCCATATG-
GAGATGGAAA AGGAGTT (encoding both aBamHI and
a NdeI site), and 3′-ACGCGAATTCTTAATTGTGTGG
CTCCAGGATTCG (encoding anEcoRI site). The PCR
product was digested withBamHI andEcoRI and subcloned
into a pUC118 vector. The PTP1B coding sequence was
confirmed by DNA sequencing. The coding region for
PTP1B was then cut from pUC118-PTP1B withNdeI and
EcoRI and ligated to the corresponding sites of plasmid
pT7-7. The PTP1B coding sequence was placed in frame
downstream of the phage T7 RNA polymerase promoter at
theNdeI site of pT7-7 to provide the translational initiation
at Met 1 of PTP1B. The resulting plasmid pT7-7/PTP1B
was used to transformEscherichia coliBL21(DE3). The
expression and purification of the recombinant PTP1B is
described in ref 12. Recombinant PTP1, the rat structural
homologue of human PTP1B, was expressed and purified,
as described previously (14). The pGEX plasmid containing
the coding sequence for both of the PTPase domain of human
PTPR was a generous gift from Dr. Frank Jirik of the
University of British Columbia. The recombinant glutathione
S-transferase (GST) fusion protein was purified, and the
intracellular fragment of PTPR containing both of the PTPase
domains was cleaved off the fusion protein as described (15).
Recombinant LAR containing both PTPase domains were
purified as described (16). Recombinant VHR dual specificity
phosphatase was purified to homogeneity according to a
published procedure (17).

PTPase Assay with p-Nitrophenyl Phosphate as a Sub-
strate.The phosphatase activity was assayed at 25°C in a
reaction mixture (0.2 mL) containing appropriate concentra-
tions of p-nitrophenyl phosphate (pNPP) as substrate. The
buffer used was pH 7.0, 50 mM 3,3-dimethylglutarate, 1 mM
EDTA. The ionic strength of the solution was adjusted using
NaCl to I ) 0.15 M. The reaction was initiated by addition
of enzyme and quenched after 2-3 min by addition of 1
mL of 1 N NaOH. The nonenzymatic hydrolysis of the
substrate was corrected by measuring the optical density of
the control without the addition of enzyme. The amount of

productp-nitrophenol was determined from the absorbance
at 405 nm using a molar extinction coefficient of 18 000
M-1cm-1 (18). Steady state kinetic parameters were evalu-
ated by fitting directly theV vs [S] data to the Michaelis-
Menten equation using KINETASYST (IntelliKinetics, State
College, PA).

PTPase Assay with a pTyr-Containing Peptide as a
Substrate.A synthetic tris-phosphotyrosyl dodecapeptide
(TRDIpYETDpYpYRK-NH2) corresponding to the amino
acid sequence 1142-1153 of the kinase activation loop of
the insulin receptor was used as a more physiologically
relevant substrate. All assays were performed at 25°C in
pH 7, 50 mM 3,3-dimethylglutarate, 1 mM EDTA, ionic
strength of 0.15 M buffer. A continuous spectrophotometric
assay described previously was employed to determinekcat

and Km (19) for the pTyr-containing peptide. The dephos-
phorylation reaction was monitored by the increase in
fluorescence at 305 nm. Fluorometric determinations were
performed on a Perkin-Elmer LS50B fluorometer which was
equipped with a water-jacketed cell holder, permitting main-
tenance of the reaction mixture at the desired temperature.

Determination of Inhibition Constant (Ki). Inhibition
constants for the PTPase inhibitors were determined for
PTP1B, LAR, PTPR, and VHR in the following manner.
The initial rate at eight different substrate concentration
concentrations (0.2Km to 5 Km) was measured at three
different fixed inhibitor concentrations (11). The inhibition
constant was obtained, and the inhibition pattern was
evaluated using a direct curve-fitting program KINETASYST
(IntelliKinetics, State College, PA).

RESULTS AND DISCUSSION

The propagation and termination of signaling events
controlling many cellular processes are determined by the
level of tyrosine phosphorylation. The phosphorylation level,
in turn, is maintained in an exquisite balance by the reciprocal
activities of protein-tyrosine kinases and phosphatases. The
PTPase family is presently comprised of approximately 100
enzymes which can be either receptor-like or cytoplasmic.
Membership to this family of enzymes requires the presence
of the PTPase signature motif, (H/V)CX5R(S/T), housed
within the catalytic domain (2). The receptor-like PTPases,
exemplified by LAR (leukocyte common antigen-related) and
PTPR, generally have an extracellular domain, a single
transmembrane region, and one or two cytoplasmic PTPase
domains. The intracellular PTPases, exemplified by PTP1B,
contain a single catalytic domain and various amino or
carboxyl terminal extensions including SH2 domains that
may have targeting or regulatory functions. Interestingly,
based on the similar biochemical and structural properties,
the PTPase superfamily also includes the dual specificity
phosphatases, such as VHR (20) and cdc25 phosphatases,
that can utilize protein substrates containing phosphotyrosine,
as well as phosphoserine and phosphothreonine (21).

Several PTPases, including LAR, PTPR, and PTP1B, have
been implicated in the insulin-mediated signal transduction
pathway (4). All three PTPases are considered to be negative
regulators of insulin action. For example, high intracellular
concentrations of LAR reduce the ability of insulin-sensitive
cells to respond to insulin (22). Furthermore, all three
enzymes appear to either associate with and/or catalyze the
dephosphorylation (and inactivation) of the insulin receptor
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(IR) (23-27). Indeed, there now exists a body of evidence
which suggests that one or more of these PTPases play a
pivotal role in the pathogenesis of insulin resistance (6, 27-
28). We describe herein highly selective PTP1B inhibitors
that exhibit little or no activity against PTPR, LAR, or the
dual specificity PTPase VHR.

Many of the PTPase inhibitors that have been identified
to date, such as vanadate, tend to exhibit broad activity
against a multitude of phosphatase targets. Several recent
reports have focused on the design of novel PTPase inhibi-
tors, with the ultimate goal being the acquisition of potent,
yet highly selective agents. Burke and his colleagues have
shown that the aryl phosphate group in PTPase substrates
can be replaced with a hydrolytically resistant difluorophos-
phonate moiety to produce effective PTPase inhibitors (29-
32). Several tripeptide-cinnaminc acid conjugates were
reported to exhibitKi values of under 100 nM against PTP1B
(33). However, the electrophilic nature of the cinnamic acid
moiety does raise the possibility that these species serve as
affinity labels rather than simple reversible inhibitors. In the
area of covalent modifying agents,R-halobenzylphospho-
nates have been recently shown to rapidly inactivate the
Yersinia PTPase (34). Finally, there have been several
examples of nonpeptidic reversible inhibitors of PTPases.
Perhaps the most notable is the recent report of oxazole-
containing species that exhibit a 10-fold preference for
PTP1B relative to that of several dual specificity Cdc25
phosphatases (35).

As noted in the Introduction, we recently found that
PTP1B contains two adjacent aryl phosphate binding sites,
one at the active site and the other at a proximal noncatalytic
site (12). Bisphosphate1 is bound to PTP1B at these two
distinct sites in a mutually exclusive fashion. Each site is
approximately 50% occupied (Figure 1). One of the aryl
phosphate components of the active site bound1 engages in
interactions that are identical to those found in the corre-
sponding phosphotyrosine-containing structure. This includes
a key electrostatic interaction with Arg-221 and an array of
hydrogen bond interactions with the amide NH groups of

the Ser-216-Arg-221 backbone. Seventy-seven percent of the
nonpolar surface area of active site embedded1 is buried.
The bisphosphate1 present at the noncatalytic site has one
of its aryl phosphate moieties engaged in electrostatic
interactions with Arg-24 and Arg-254. Nearly 75% of the
nonpolar surface area of1 bound to the noncatalytic site is
enveloped by the enzyme. Two molecules of1 cannot
simultaneously bind to PTP1B due to an otherwise unfavor-
able steric interaction between the two distal phosphate
moieties on each ligand. In contrast, since phosphotyrosine
does not contain this double aryl phosphate structural motif,
PTP1B is able to simultaneously bind two molecules of
phosphotyrosine (12). Since structural features that are
important for phosphotyrosine recognition in the catalytic
site are conserved among different PTPases, it may be
difficult to generate selective inhibitors targeted primarily
to the catalytic site. Thus, this newly discovered structural
arrangement has potentially important implications in terms
of inhibitor design. Can highly selective and potent PTP1B
inhibitors be obtained by tethering together two small ligands
that can simultaneously occupy both aryl phosphate binding
sites? To address this question we have synthesized and
tested an array of bis- and tris-difluorophosphonate aromat-
ics.1 Several of these compounds exhibit PTP1B selectivities
of greater than 100-fold.

PTPases not only catalyze the dephosphorylation of
phosphotyrosine in active site directed peptides but also
utilize nonpeptidic nonnatural aryl phosphates as substrates
as well. For example, PTP1 catalyzes the efficient hydrolysis
of aryl phosphates1-3 (11). We decided to employ the basic

structural framework contained within2 for use in inhibitor
design since this species is not only recognized by the active
site region of PTP1 but is also readily synthetically available
as well. We also note that, except for the missingR-amino
moiety, compound2 is structurally identical to phosphoty-
rosine itself. The hydrolytically resistant difluorophosphonate
analogue (8) of 2 was prepared as outlined in Scheme 1.

The effect of the difluorophosphonates on the PTP1B,
LAR, PTPR, and VHR-catalyzedpNPP hydrolysis reaction
was examined at 25°C and pH 7.0 (for details, see Materials
and Methods). In every case examined, these compounds
inhibit the PTPase reaction reversibly and the mode of
inhibition is competitive with respect to the substrate (Figure

1 Although difluorophosphonate was used as a nonhydrolyzable pTyr
mimetic in this study, we note that other non-phosphorus-based pTyr
surrogates such asO-malonyl tyrosine and fluoro-O-malonyl tyrosine
(37) may also be employed to occupy the pTyr binding sites.

FIGURE 1: PTP1B contains two adjacent aryl phosphate binding
sites, one at the active site and the other at a proximal noncatalytic
site (12). Compound1 binds to these two sites in a mutually
exclusive fashion, whereas phosphotyrosine is simultaneously
accommodated in both sites. The structure presented is of compound
1 bound to the PTP1B/C215S catalytically inactive mutant.
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2). The catalytic domain of rat PTP1 (residues 1-321) is
97% identical to that of human PTP1B (36). As expected,
rat PTP1 and human PTP1B exhibit nearly identicalKi values
toward the difluorophosphonates inhibitors prepared in this
work (data not shown).

Compound9 is a modest inhibitor of PTP1B, LAR, and
PTPR, and an exceedingly poor inhibitor of the dual
specificity PTPase VHR (Table 1). The inhibitory efficacy
(Ki ) 420 ( 32 µM) of 9 for PTP1B is similar to theKm

(280 ( 30 µM) displayed by the substrate2 (11). We
previously found that the Michaelis constants for several
nonnatural aryl phosphate substrates of PTP1 accurately
reflects the affinity that these species display for the enzyme
(11). This enzyme affinity is recapitulated in the difluoro-
phosphonate derivative9 as well.

Does the free (and presumably negatively charged) car-
boxylate in9 augment enzyme affinity? Apparently not, since
the corresponding carboxamide-containing species (10) ex-
hibits no more than a 2-fold difference in inhibitory potency
versus its free acid counterpart for all four PTPases evaluated
in this study. This result suggests that9 can be dimerized or
trimerized through an amide linkage without any significant
loss in inhibitory activity. We prepared a variety of com-
pounds containing two or more subunits of9 (Table 1). The
dimers were prepared as illustrated in Scheme 2.

Compounds14 and15 are better PTPase inhibitors than
the parent compounds9 and10. This is especially true with
PTP1B, where an order of magnitude improvement in
inhibitory efficacy is apparent. In contrast, neither14 nor
15 are particularly effective inhibitors of VHR or PTPR.
Similar trends are observed in the aromatic series16-18.
The meta-substituted derivative17 is the most effective
PTP1B inhibitor in this series. This compound is nearly 2
orders of magnitude more potent as a PTP1B inhibitor
compared to that of the parent compound9. Furthermore,
17 is 40-fold more selective for PTP1B than for LAR, 200-
fold more PTP1B-selective than for PTPR, and 4200-fold
more PTP1B-selective than for VHR. We also prepared the
benzylic counterparts of16 and 17, namely 19 and 20,
respectively (Table 2). Compounds16and19exhibit nearly
identical inhibitory potencies for all four PTPases. The same
is true for17 and20 as well, with the sole of exception of
VHR. Although compound20 is a weak inhibitor of VHR,
it is nevertheless a much better inhibitor for this enzyme
than its counterpart17. We also prepared the benzoic acid
analogue21. The latter exhibits inhibitory behavior analogous
to that displayed by17 (with the exception that21 is a more
effective VHR inhibitor than that of17). Finally, we
synthesized the unsymmetrical bis-difluorophosphonate22.
Structurally, this compound bears some resemblance to a
phosphoTyr-phosphoTyr dyad, with the exception of the
missing N- (i.e., amino) and C-termini (i.e., carboxyl) groups.
Although the aromatic phosphonates of22 are more structur-
ally analogous to their naturally occurring phosphotyrosine

FIGURE 2: Effect of compound38 on the PTP1B-catalyzed
hydrolysis of pNPP. The experiment was performed at 25°C and
pH 7.0. Compound38 concentrations were 0µM (9), 1 µM (b),
2 µM (2), and 3µM (1), respectively.

Scheme 1: Synthesis of the Aryl Difluorophosphonate
Ligand 8 from 4-Formylcinnamic Acid

Table 1: Ki Values of Aryl Difluorophosphonates9, 10, 14-18 as
Competitive Inhibitors (vsp-Nitrophenyl Phosphate) of PTP1B,
VHR, LAR, and PTPR
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counterparts than the phosphonates in17and21, it is evident
that the latter are more formidable PTP1B inhibitors.

In addition to the amide-linked tethers illustrated in
Scheme 2, we also prepared ether-based tethers,23 and24
(Scheme 3). Although23 displays little inhibitory activity

against either VHR or PTPR, it is the most potent LAR
inhibitor that we have identified to date. The selectivity that
23 exhibits for PTP1B versus LAR is a relatively modest
18-fold. This PTP1B selectivity improves dramatically with
the resorcinol derivative24 (>75-fold versus LAR). Fur-
thermore,24, like its catechol counterpart23, is essentially
ineffective as an inhibitory agent for VHR or PTPR.

Both 21 and24 exhibit similar inhibitory profiles against
the PTPases examined in this study. In addition, both
compounds contain functionality (the carboxylate in21 and
the phosphonate in24) upon which additional molecular
fragments can be attached. We decided to focus on com-
pound 21 for additional studies due to its more ready
synthetic availability and the fact that24 is susceptible to
decomposition over time. Derivatives of21 [32-38 (Tables
3 and 4)] were prepared as illustrated in Scheme 4. Nearly
all of these compounds are highly selective for PTP1B. This
includes 34 and 36, which exhibit a 75- and 370-fold
preference for PTP1B versus that of LAR and PTPR,
respectively, and35, which displays an 81- and 1060-
foldselectivity in favor of PTP1B over LAR and PTPR,
respectively. However, the highest PTP1B selectivity is
exhibited by compounds37 and38. 37 displays aKi of 2.6
µM for PTP1B, which is more than 100-fold better than the
corresponding values against VHR and LAR (we were unable
to detect any inhibition of PTPR at 400µM). As an aside,
we note that although37 is a weak inhibitor of VHR, it is
nevertheless one of the most potent VHR inhibitory agents
identified in this study. In contrast,38 is not only the most
powerful PTP1B-targeted agent that we have identified to
date, but it is also an exceedingly poor VHR inhibitor.

The presence of two phosphotyrosine binding sites in
PTP1B suggests that inhibitors, which can simultaneously
occupy both sites, should exhibit favorable inhibitory proper-
ties. Furthermore, based upon a comparison of amino acid
sequences and/or known three-dimensional structures, it
appears that VHR, LAR, and PTPR all lack the second
noncatalytic phosphotyrosine binding site. Consequently, the
fact that the difluorophosphonate dimers in this study exhibit
a high selectivity for PTP1B versus the three other PTPases
is consistent with the notion that these dimers concurrently
occupy both phosphotyrosine sites in PTP1B. However, it
is also possible that one difluorophosphonate moiety is bound
to the active site and the second is merely associated with
some positively charged residue on the surface of the
enzyme. Indeed, there are a number of such residues (e.g.,
Lys36, Arg43, Arg45, Arg47, Lys116, and Lys120) within
the vicinity of the PTP1B active site. Consequently, we
wondered whether three aromatic difluorophosphonates on
a single compound might improve inhibitory efficacy even
further. Compounds39 and40 were synthesized to test this
notion. Compound39 is structurally analogous to15 with
the exception that the former contains an additional ethy-
lamine moiety substituted with an aromatic difluorophos-
phonate. Interestingly, there is a 6-fold improvement in
inhibitory activity versus15, with both compounds39 and
40. Although these results neither confirm nor refute the

2 Preliminary data indicate that exposure of the 3T3L1 adipocyte
cell line to compound33enhances insulin-mediated uptake of glucose,
an observation consistent with PTP1B inhibition (Zhao et al., unpub-
lished results).

Scheme 2: Two-Step Synthesis of Aryl
Difluorophosphonate Dimers from the Ligand8 and Various
Diamines

Table 2: Ki Values of Aryl Difluorophosphonates19-24 as
Competitive Inhibitors (vsp-Nitrophenyl Phosphate) of PTP1B,
VHR, LAR, and PTPR
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possibility that the two phosphotyrosine binding sites in
PTP1B are simultaneously occupied by the inhibitors de-
scribed herein, the inhibitory prowess of39/40 relative to
15does suggest that additional interactions between inhibitor
and enzyme can be accessed with an appropriately placed
third difluorophosphonate moiety.

Finally, we assessed the ability of compound40 to inhibit
the PTPase-catalyzed hydrolysis of a pTyr-containing peptide
that better mimics the physiological substrates. The substrate
we chose was a synthetic tris-phosphotyrosyl dodecapeptide
(TRDIpYETDpYpYRK-NH2) corresponding to the major
sites of autophosphorylation in the kinase activation loop of
the insulin receptor. We found that compound40was a com-
petitive inhibitor of the insulin receptor peptide substrate
and displayed aKi value of 1.73( 0.21 µM for PTP1B,

61.8 ( 7.4 µM for LAR, and 1150( 170 µM for PTPR.
These results are similar to those obtained withpNPP as a
substrate (Table 4). Because the inhibitors described in this
report were PTPase active site directed, it was expected that
identicalKi values be obtained irrespective of the substrates
used.

In summary, we have previously shown that PTP1B
contains two proximal aryl phosphate binding sites. Com-
pounds such as1 exhibit an equivalent affinity for both sites.
As a consequence, we prepared an array of bis- and tris-
(aryl difluorophosphonates) that are designed to simulta-
neously occupy both sites. The free energy of binding from
the occupancy of these sites should result in enhanced
enzyme affinity. Indeed, the bis-aryl derivative38 is a 450-
fold more potent PTP1B inhibitor than its mono-aryl
counterpart9. Furthermore, the interaction of an inhibitor
with two independent sites should result in high selectivity
if one of these sites is not present in other PTPases. To the
best of our knowledge, the most selective PTP1B inhibitors
identified to date exhibit a 10-fold preference relative to the
dual specificity cdc25 phosphatases (35). The inhibitors
described herein likewise display a preference for PTP1B
versus a dual specificity phosphatase (i.e. VHR), but one
that is 3-4 orders of magnitude in size. This high selectivity

Scheme 3: Synthesis of Catechol-Based Derivatives23

Table 3: Ki Values of Aryl Difluorophosphonates32-36 as
Competitive Inhibitors (vsp-Nitrophenyl Phosphate) of PTP1B,
VHR, LAR, and PTPR

Table 4: Ki Values of Aryl Difluorophosphonates37-40 as
Competitive Inhibitors (vsp-Nitrophenyl Phosphate) of PTP1B,
VHR, LAR, and PTPR
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is presumably a consequence of the known dissimilarities
in primary and tertiary structures between the tyrosine-
specific PTPases (38-39) and the dual specificity phos-
phatases (40-41). Remarkably, compounds such as37 and
38 not only display a strong PTP1B selectivity compared to
a dual specificity phosphatase but also exhibit a>100-fold
preference for PTP1B relative to the other tyrosine-specific
PTPases implicated in the insulin-driven signaling pathway.
These results demonstrate that it should be feasible to develop
potent and PTPase-selective inhibitors for individual mem-
bers of the large phosphatase family of enzymes. Potent, yet
highly selective, PTPase inhibitors should not only prove
useful in dissecting the precise roles played by specific
PTPases in the insulin-mediated signal transduction pathway,2

but may ultimately furnish a molecular basis upon which
therapeutically useful agents can be designed.
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