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a,a-Difluoro-b-ketophosphonates as potent inhibitors of protein
tyrosine phosphatase 1B
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Abstract—A novel series of inhibitors that contain an aryl a,a-difluoro-b-ketophosphonate group has been synthesized and eval-
uated against protein tyrosine phosphatase 1B. These compounds exhibit strong inhibitory activity, the best of which has a Ki value
of 0.17lM. These results demonstrate that aryl a,a-difluoro-b-ketophosphonates are powerful phosphotyrosine mimetics for the
development of potent PTP inhibitors.
� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Protein tyrosine phosphatases (PTPs) are signal trans-
duction enzymes, which catalyze the hydrolysis of
phosphotyrosine residues (pTyr). These enzymes play a
critical role in regulating cell proliferation, differentia-
tion and metabolism. It has been shown that PTPs are
implicated in a number of human diseases such as dia-
betes, cancer, inflammation, and immune dysfunctions.1

In particular, PTP1B is a negative regulator of insulin
signaling and acts by dephosphorylation of the insulin
receptor.2 Recent knock-out studies in mice have dem-
onstrated that PTP1B is an attractive therapeutic target
for the treatment of Type II diabetes and obesity.3

Therefore, it would be highly desirable to develop PTP
inhibitors as therapeutic agents as well as valuable
probes for studying cellular signal transduction.

A common strategy in the development of PTP inhibi-
tors has been the incorporation of bioisosteric replace-
ments of the labile pTyr in appropriate peptide
substrates or small molecule scaffolds.4 These nonhy-
drolyzable pTyr mimetics serve as warheads to direct the
molecule to the catalytic phosphate-binding site of
phosphatases. A wide variety of pTyr mimetics have
been reported including a,a-difluoromethylphospho-
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nates,5a–c sulfotyrosines,5d fluoro-O-malonyltyrosines,5e

cinnamic acids,5f oxa-acetic acids,5g O-carboxymethyl
salicylic acids,5h 2-(oxalylamino)-benzoic acids,5i and
diaryloxamic acids.5j However, many of these pTyr mi-
metics are not quite effective or have very limited cell
permeability. Therefore, the discovery of new pTyr mi-
metics is needed and will greatly facilitate the develop-
ment of potent and selective PTP inhibitors in the field.

As part of our efforts to identify novel PTP inhibitors,
we have synthesized and evaluated aryl a,a-difluoro-b-
ketophosphonates as a new type of pTyr mimetics, and
explored their use in the development of small molecule
inhibitors for PTP1B. To the best of our knowledge,
inhibitory activity of this class against phosphatases has
not been reported in the literature. In an early study
Kluger has shown that acetonylphosphonate, a nonflu-
orinated b-ketophosphonate, is a competitive inhibitor
of acetoacetate decarboxylase.6 Recently, other com-
pounds containing b-ketophosphonate moiety have
been identified as inhibitors of serine protease cathepsin
G7 and glyceraldehyde-3-phosphate dehydrogenase.8

On the other hand, it has been shown that fluorinated
pTyr mimetics like a,a-difluoromethylphosphonates5a–c

and fluoro-O-malonyltyrosines5e are much more potent
PTP inhibitors than the corresponding nonfluorinated
analogues due to direct interactions of the fluorines with
the enzyme active site residues. Thus, aryl a,a-difluoro-
b-ketophosphonates (Fig. 1) are designed to stimulate
a variety of specific interactions with residues in the
active site of the phosphatase. While the difluoro-
methylphosphonate moiety targets the phosphate-binding
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Figure 1. Aryl a,a-difluoro-b-ketophosphonates.
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site through electrostatic interactions, the carbonyl
group adjacent to the aromatic would be able to form
additional hydrogen bonds with residues within the
pTyr binding pocket. Our approach to identify PTP
inhibitors was to begin with simple aryl a,a-difluoro-b-
ketophosphonates and then build up a series of ana-
logues based on small molecule scaffolds.
2. Results and discussion

Our first goal was to make simple aryl a,a-difluoro-b-
ketophosphonates and evaluate their biological activity.
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Scheme 1. Reagents and conditions: (a) HF2PO(OEt)2, LDA, CeCl3, THF,

Table 1. Inhibition of PTP1B by aryl a,a-difluoro-b-ketophosphonatesa

Compound Structure
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O
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OH
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O
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Scheme 1 shows the synthesis of target compounds 3a–e.
Although there are several reports on the preparation of
a,a-difluoro-b-ketophosphonate diesters,9 the method
by Blades et al. describing a cerium-mediated reaction of
benzoyl esters with lithium difluoromethylphosphonate
provides the most direct and reproducible approach.9d

The key intermediate esters 2 were prepared by the
reaction of benzoyl methyl esters 1 with lithium dif-
luoromethylphosphonate, generated by the addition of
diethyl difluoromethylphosphonate to LDA containing
cerium(III) chloride in THF. Subsequently, an aqueous
work-up with 1N hydrochloric acid gave phosphonate
diethyl esters 2 in about 60% yields. Deprotection of 2
was achieved by treatment with excess TMSBr,10 fol-
lowed by hydrolysis, to give the desired phosphonic
acids 3 in quantitative yields.

The inhibitory activity against PTP1B was measured
using O-methyl fluorescein monophosphate (OMFP) as
substrate,11 and IC50 values are shown in Table 1. For
representative compounds, inhibition kinetics were also
determined,11 and Ki values are given in Table 1. The
O(OEt)2

O

CF2PO(OH)2
R

3a, R = H
3b, R = 4-CH3

3c, R = 4-Ph
3d, R = 2-CH2OH
3e, R = 3-Ph

c,d

�78 �C; (b) HCl, H2O; (c) TMSBr, DCM; (d) H2O.

IC50 (lM) Ki (lM)

76 129

62 71

50 NDb

31 ND

180 ND



Table 1 (continued)

Compound Structure IC50 (lM) Ki (lM)
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1.1 ND

aValues are means of duplicate experiments, errors are usually within ±10%.
bNot determined.
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simple phenyl a,a-difluoro-b-ketophosphonate 3a shows
competitive inhibition with an IC50 of 76 lM and a Ki of
129 lM, respectively. Introduction of a methyl group
(3b) or a phenyl group (3c) at the para position slightly
improved inhibitory potency. Compound 3d with a hy-
droxymethyl group at the ortho position also exhibit
good inhibitor activity. Interestingly, compound 3c
(IC50 ¼ 50 lM) with a phenyl group at the para position
is three-times more potent than 3e (IC50 ¼ 180 lM)
where the phenyl group is at the meta position, sug-
gesting that the interaction from the para-substituted
phenyl group with the enzyme is more favorable.

Encouraged by these results, we then explored the
method to incorporate para-substituted phenyl a,a-di-
fluoro-b-ketophosphonate in small molecule scaffolds.
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Scheme 2. Reagents and conditions: (a) HF2PO(OEt)2, LDA, CeCl3, THF, �78 �C; (b) HCl, H2O; (c) NBS/CCl4, benzoyl peroxide, reflux.
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Accordingly, we developed a building block approach,
which utilized 4-bromomethyl diethyl benzoyl-
difluorophosphonate 4 as a useful intermediate
(Scheme 2). The reaction of 4-methyl benzoyl methyl
ester 1b with lithium difluoromethylphosphonate under
the above conditions gave the corresponding phospho-
nate diester 2b. Diester 2b was allowed to reflux with
NBS in carbon tetrachloride in the presence of benzoyl
peroxide to produce the desired benzyl bromide 4 in 87%
yield.

With bromide 4 in hand, we explored the reaction with
several molecular scaffolds such as carboxyamide or
sulfonamide, since they are known to function as a good
hydrogen bond acceptor in many biological systems. As
shown in Scheme 3, the reaction of 4 with 1 equiv of N-
benzyl-2-nitro-benzenesulfonamide 5 at 70 �C in the
presence of K2CO3 gave the corresponding phosphonate
diester. After TMSBr treatment and hydrolysis, phos-
phonic acid 7 was isolated by preparative HPLC. Under
similar conditions, the reaction of 4 with 3-Cbz-amino-
2,3-dihydro-1,5-benzothiazepin-4(5H)-one 612 followed
by TMSBr treatment resulted in phosphonic acid 8.

As shown in Table 1, sulfonamide 7 inhibited PTP1B in
a competitive manner with an IC50 of 12 lM and Ki of
12 lM, respectively. Compared to simple aryl derivative
3a or 3b, compound 7 exhibits 5–6-fold improvement in
potency. Compound 8 containing a benzothiazepinone
scaffold was also 7-fold more potent than 3b, inhibiting
PTP1B with an IC50 of 8.8 lM. These results suggest
that additional recognition elements can lead to better
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Scheme 3. Reagents and conditions: (a) K2CO3, ACN, 70 �C; (b) TMSBr, D
inhibitory activity, as more favorable interactions of the
molecule with the active site residues are possible.13

More importantly, both carboxamides and benzothiaz-
epinones represent potential drug scaffolds for the
development of potent PTP1B inhibitors. One can
imagine designing more potent analogues by introduc-
ing various substituents around these scaffolds that
achieve favorable interactions within the enzyme active
site.

The recent discovery that PTP1B has a second pTyr
binding site adjacent to the catalytic pocket has led to
the development of bifunctional pTyr analogues against
PTP1B.14a;b Based on our results with the new pTyr
mimetics and sulfonamide scaffold, we synthesized
several bis(aryl a,a-difluoro-b-ketophosphonates) 10
according to Scheme 4. The reaction of sulfonamides 9
with 2 equiv of compound 4 in the presence of K2CO3

gave the corresponding bifunctional phosphonate esters.
After TMSBr treatment and hydrolysis, bis-phosphonic
acids 10 were isolated by preparative HPLC.

These bis(aryl a,a-difluoro-b-ketophosphonates) are
very potent inhibitors of PTP1B with IC50 values in the
range of 0.5–1.3 lM, as shown in Table 1. They are
reversible and competitive inhibitors, and kinetic
experiments show no evidence of time-dependent inhi-
bition. The best compound from this class, 10d, has an
IC50 of 0.6 lM and a Ki of 0.17 lM. Compared to 3a or
3b, compounds 10 exhibit a significant increase in po-
tency by 2 orders of magnitude. Presumably introduc-
tion of the second a,a-difluoro-b-ketophosphonate
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Scheme 4. Reagents and conditions: (a) K2CO3, ACN, 70 �C; (b) TMSBr, DCM, then H2O.
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group provides additional binding interactions with the
second phosphate-binding site or nearby region in
PTP1B. The results also demonstrate that aryl a,a-di-
fluoro-b-ketophosphonates are powerful pTyr mimetic
for developing potent PTP inhibitors based on small
molecule scaffolds.

One of the most effective pTyr mimetics that have been
developed to date is a,a-difluoromethylphospho-
nates.5a–c Our compounds, a,a-difluoro-b-ketophospho-
nates, exhibit comparable or even better inhibitory
activity against PTP1B than a,a-difluoromethyl-
phosphonates. For example, the simple phenyl
difluoromethylphosphonate has been reported to inhibit
PTP1B with an IC50 of 610 lM5c and a Ki of 2500 lM,5b

while the corresponding 3a is more active (IC50 ¼ 76 lM,
Ki ¼ 129 lM). 4-Biphenyl difluorometh-ylphosphonate
has an IC50 of 210 lM,5c and the corresponding 3c has
better activity with an IC50 of 50 lM against PTP1B.
There results indicate that the carbonyl group adjacent
to the aromatic can form effective interactions with
the active site residues similar to the phosphate oxy-
gen in pTyr or the difluoromethyl group in dif-
luoromethylphosphonates. Since the carbonyl group in
these compounds is highly activated and electrophilic,
and they can easily form hydrates in aqueous solution, it
is also possible that the hydrated form can effectively
mimic the water molecule in the active site15 and there-
fore exhibit high binding ability to the enzyme. In
addition, there is a potential for these compounds to
react with the active site Cys or nitrogen nucleophiles of
PTP1B in a reversible co-valent fashion to form hemi-
thioketals or enamines. Further biochemical studies are
required to elucidate detailed mechanism of inhibition
of this class of inhibitors.

Compared to difluoromethylphosphonates, a,a-diflu-
oro-b-ketophosphonates have one extra atom spacing
between the aromatic and the phosphonate group. The
strong inhibitory activity of our compounds against
PTP1B suggests that the additional spacer derived from
the carbonyl group between the aromatic and phos-
phonate has no adverse effects on the ability of the
phosphonate group to bind to the enzyme active site.
The other known examples of pTyr mimetics with the
same atom spacing as a,a-difluoro-b-ketophosphonates
are aryloxymethylphosphonates,16 which have been re-
ported as relatively weak inhibitors against PTP1B. It
will be of interest to replace the carbonyl group of a,a-
difluoro-b-ketophosphonate with other bioisosteric
atoms or functional groups and explore the spatial and
structural requirements that are important for high
affinity binding to the active site of PTP1B.

In conclusion, we have synthesized and evaluated a new
class of PTP1B inhibitors, a,a-difluoro-b-ketophospho-
nates. The approach described here represents an
example of utilizing these pTyr mimetics to identify
potent inhibitors based on small molecules scaffolds,
which provide lead structures for further design and
development of novel PTP1B inhibitors as potential
therapeutic agents. Further studies with this class of
compounds should gain additional mechanistic and
structural insights into molecular recognition in signal
transduction processes.
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