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In the previous communication,1 we reported that
R-phosphonosulfonic acids (R-PSAs) are potent inhibi-
tors of squalene synthase in vitro. A number of these
inhibitors exhibited promising in vivo activity on intra-
venous dosing. However, potency upon oral dosing was
poor (po-ED50 > 15 µmol/kg). The oral absorption of 1
in rats was low (3%), consistent with its high oral/iv
ED50 ratio. We therefore sought to improve the oral
absorption of prototype inhibitors 1 and 2 through a
prodrug approach,2 and our initial efforts in this direc-
tion are described herein.

We surmised that the triacidic nature of the R-PSA
inhibitors was the factor limiting oral absorption. For
compounds with charged groups, masking the charge
with a neutral, bioreversible prodrug ester can increase
the membrane permeability and, hence, the absorption
of the drug.2 To determine how many acidic functions
would have to be masked, we prepared a series of
radiolabeled esters of 1 and determined the extent of
oral absorption in bile-duct cannulated rats (Table 1).3
Although both the parent triacid 1 and the monoester
3 were absorbed poorly (E6%), the diester 4 and the
triester 5 exhibited good oral absorption (80% and 45%,
respectively). Not surprisingly, the cyclohexyl sulfonate
ester of 5 was found to be chemically unstable under
physiological conditions.4 In addition, triesters such as
5 suffered from poor aqueous solubility, whereas the
diesters possessed sufficient solubility. We thus decided
to focus our efforts on phosphonate diester prodrugs.
The discovery of an effective prodrug ester for oral

administration has unique challenges. The prodrug
must have appropriate lipophilicity and stability in
order to permeate the intestinal wall. Once absorbed,
the promoiety must be readily cleaved, either in the
intestinal wall, upon reaching circulation, or at the site

of action, to liberate the active parent drug. An effective
prodrug must achieve a balance between two opposing
tendencies: it must have sufficient stability to the
esterases present in the intestinal lumen and mucosa,
but must be susceptible to similar esterases in the
intestinal wall, the plasma, or the liver. With the R-PSA
inhibitors, this scenario is confounded by the need to
mask two charges on the phosphonate group. Diester
prodrugs must undergo two separate enzymatic conver-
sions (Scheme 1). Since the monoesters (e.g. 3, Table 1)
are poorly absorbed, conversion of the diester to the
monoester must occur postabsorption.
In contrast to carboxylate esters, simple diesters of

phosphonates are not generally bioconverted to the
corresponding free acid.5 For example, diethyl phos-
phonate 4 showed no in vivo activity upon either iv or
po dosing.6 An alternative strategy is the use of an
(acyloxy)alkyl ester, where esterase hydrolysis at the
acyloxy group results in the eventual release of the
parent drug (Scheme 2).7,8 This strategy has found wide
use with carboxylate drugs and is precedented for
phosphinic monoacids with the ACE inhibitor fosino-
pril.9 The use of (acyloxy)alkyl esters as prodrugs for
phosphorus diacids has received limited attention.5,10

As a surrogate endpoint for oral absorption, prodrugs
were evaluated in fasted rats for their ability to inhibit
cholesterol biosynthesis from acetate.11,12 In addition,
the prodrugs were tested for susceptibility to rat intes-
tinal esterases utilizing a mucosal preparation.13,14 The
results for bis((acyloxy)alkyl) prodrugs of 1 are shown
in Table 2. A 4-fold improvement in oral potency over
the triacid was observed for 8 and 9. These two
prodrugs exhibited poor iv potency and similar suscep-
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Table 1. Oral Absorption of Esters of [14C]-1 in
Bile-Duct-Cannulated Rats

compd R1 R2 R3 % absorption

1 K K K 2.9
3 K Et K 6.0
4 Et Et K 79.9
5 Et Et c-C6H11 45.2

Scheme 1

Scheme 2
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tibility toward the mucosal esterases. The poor iv
potency of 8 and 9 suggests that they were not readily
cleaved by plasma or hepatic esterases and were prob-
ably converted to inhibitor 1 in the intestinal wall
during absorption. Esters 6 and 7 were equipotent to
the parent triacid on oral dosing. The higher rate of
enzymatic hydrolysis in vitro and good potency upon iv
dosing suggests that these esters are being converted
to 1 in the intestinal lumen prior to absorption. Con-
versely, prodrugs 13 and 14 exhibited relatively low
mucosal esterase susceptibility as well as poor oral
activity, suggesting that these inhibitors are converted
to 1 too slowly to express good potency. These results
indicate that there is a delicate balance between es-
terase susceptibility and oral efficacy. If conversion is
too rapid, preabsorptive hydrolysis occurs in the intes-
tinal lumen. If conversion is too slow, the active
substance is not revealed before the prodrug suffers
other fates (e.g., excretion or alternate metabolism). In
the case of R-PSA 1, the ((cyclohexylmethyl)carboxy)-
methyl (8) and (pivaloyloxy)methyl (9) esters strike the
optimal balance among the derivatives evaluated in this
study.
Similar results were obtained with prodrugs of the

metabolically stable diphenyl ether R-PSA 2.1 The bis-
((pivaloyloxy)methyl) derivative 15 was found to be the
most potent analog on oral dosing, exhibiting a 6-fold
enhancement over the parent triacid 2 (Table 3). Pro-
drug 15 was also evaluated as a cholesterol-lowering
agent in hamsters.15 At an oral dose of 31 µmol/kg for
5 days, 15 lowered plasma cholesterol levels by 22%,
whereas 300 µmol/kg of the parent triacid 2 was
required to achieve the same effect. Therefore, a 10-
fold increase in oral potency was achieved with this
prodrug ester in the hamster model. Consistent with
these results, the systemic bioavailability of 2 following
an oral dose of 15 in rats was 17%.16,17 The hepatic oral
bioavailability18 of 2 following an oral dose of 15 in bile-
duct-cannulated rats was 28%, indicating significant
first pass extraction.
We postulated that prodrugs of 1 and 2 are being

absorbed primarily as the intact diesters, not as the
corresponding monoesters, on the basis of the data
shown in Table 1. This hypothesis is supported by the

observation that mono((pivaloyloxy)methyl) ester 22
exhibited oral activity in rats (po ED50 ) 13 µmol/kg)
weaker than the corresponding diester 15. The bio-
availability of 2 on dosing 15 to rats is probably limited
by the hydrolysis of the prodrug to the monoester and
triacid in the intestinal lumen.19

The synthesis of bis((acyloxy)methyl) prodrugs (R2 )
H) of 1 and 2 commenced with the selective deesterifi-
cation of triester 231 with TMSBr20 (Scheme 3). The
resulting potassium salt 24 was converted to the cor-
responding silver salt and alkylated with iodide 2521 to
provide the protected prodrug 26, via a procedure
similar to that reported by Farquhar.10f Removal of the
cyclohexyl sulfonate protecting group required very mild
reaction conditions, in order to spare the sensitive
acyloxymethyl functionality. Solvolysis of 26 in aqueous
trifluoroethanol buffered with potassium acetate proved
to be an extremely gentle and effective method for
deesterification of the cyclohexyl sulfonate. Using this
procedure, prodrugs 6-10 and 15 were obtained as
water soluble potassium salts in pure form directly from

Table 2. Inhibition of Cholesterol Biosynthesis in Rats by
Prodrugs of 1

rat model ED50 (µmol/kg)

compd R1 R2 iv [SEM] po [SEM]
relative esterase
susceptibilitya

1 parent tri-K+ salt 0.25 [0.10] 16.5 [1.9]
6 n-hexyl H 0.18 [0.08] 14.0 [2.9] 6.5
7 i-Pr H 1.7b 18.8 [3.0] 8.1
8 c-C6H11CH2 H -35% at 4 4.1 [1.9] 0.49
9 t-Bu H -40% at 22 3.9 [1.1] 1
10 Ph H 1.5b 15.0 [4.1] 1.5
11 Et Me 7.0b 11.6 [4.3] 1.7
12 Et i-Pr ndc -43% at 28 1.1
13 t-Bu Me nd -35% at 28 0.20
14 Ph Me nd -33% at 28 0.21

a Initial hydrolysis rate by rat intestine mucosal esterases
relative to 9; see ref 13 for further details. b Data based upon one
determination. c nd ) not determined.

Table 3. Inhibition of Cholesterol Biosynthesis in Rats by
Prodrugs of 2

rat model ED50 (µmol/kg)

compd R1 R2 iv [SEM] po [SEM]
relative esterase
susceptibilitya

2 parent tri-K+ salt 0.20 [0.05] 19.5 [5.2]
15 t-Bu H 1.7 [0.39] 3.5 [1.3] 15
16 Et Me ndc 12.6b 17
17 Et Et nd 10.9b nd
18 Et i-Pr nd 7.9b nd
19 i-Pr Me nd 10.1b nd
20 i-Pr i-Pr nd -45% at 28 nd
21 t-Bu Me nd 12.8 [2.0] 0.45

a Initial hydrolysis rate by rat intestine mucosal esterases
relative to 9; see ref 13 for further details. b Data based upon one
determination. c nd ) not determined.

Scheme 3a

a (a) TMSBr, allyl-TMS, CH2Cl2, then KOH/H2O; (b) AgNO3,
H2O; (c) R1CO2CH2I (25), toluene, 0 °C (55-70% from 23); (d)
KOAc, CF3CH2OH, H2O, 40 °C (72-97%).
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the reaction mixture. Monoester 22 was prepared by
selective hydrolysis of 15 at pH 7 (Scheme 4).
Preparation of the bis((acyloxy)alkyl) prodrugs (R2 )

alkyl) could also be accomplished via the method
described in Scheme 3; however, in the final solvolytic
deprotection step, formation of the desired product was
accompanied by further hydrolysis of one of the prodrug
ester side chains, resulting in a mixture of bis- and
mono((acyloxy)alkyl) products.22 This problem was
circumvented by performing the esterification with the
sulfonate unprotected. The tripotassium salt 1 or 2was
converted to the corresponding trisilver salt 27 as an
isolable solid (Scheme 5). Alkylation with the ap-
propriately-substituted chloride 2823 followed by an
aqueous KHCO3 workup provided the potassium salts
of prodrugs 11-14 and 16-21 directly.
In summary, the systematic application of a prodrug

strategy was applied to achieve a large improvement
in the oral potency of two highly charged parent drugs.
These efforts resulted in R-PSA squalene synthase
inhibitors which are potent oral cholesterol lowering
agents in animal models. The synthesis and biological
evaluation of R-PSAs in optically pure form will be the
subject of future publications.
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