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Isoprenoid (Phosphinylmethyl)phosphonates as
Inhibitors of Squalene Synthetase

Sir:

In this paper, we describe our initial findings on the
preparation and biological evaluation of isoprenoid
(phosphinylmethyl)phosphonates (PMPs), stable ana-
logues of farnesyl diphosphate (FPP, 1), as inhibitors of
squalene synthetase. Squalene synthetasel™ catalyzes the
reductive dimerization of two molecules of FPP to form
squalene at the final branchpoint in the cholesterol bio-
synthesis pathway. Considering the recent clinical suc-
cesses achieved with the mevinic acid family of HMG CoA
reductase inhibitors® in the treatment of hypercholester-
olemia and atherosclerosis,® the inhibition of squalene
synthetase has received relatively little attention.’

In designing inhibitors of squalene synthetase based on
the structure of FPP, strategies for dealing with the allylic
diphosphate moiety had to be devised. The diphosphate
is essential for binding and catalysis, but is unsuitable as
an inhibitor component due to its chemical and enzymatic
lability toward both allylic C-O bond cleavage and phos-
phoric anhydride hydrolysis. We have synthesized ana-
logues of FPP, PMPs 2a~c and 3a,b, where the allylic and
anhydride oxygen atoms are replaced with carbon.# The
PMP subunit thereby serves as a stable surrogate for the
diphosphate. We demonstrate herein that isoprenoid
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PMPs are effective inhibitors of squalene synthetase,
binding to the enzyme with affinity comparable to FPP
itself.

(9) (a) Vargas, L. A.; Miao, L. X.; Rosenthal, A. F. Biochim. Bio-
phys. Acta 1984, 796, 123-128. (b) Blackburn, G. M.; Kent,
D. E.; Kolkmann, F. J. Chem. Soc., Perkin Trans. 1 1984,
1119-1125. (c) Blackburn, G. M.; Perrée, T. D.; Rashid, A;
Bisbal, C.; Lebleu, B. Chem. Scr. 1986, 26, 21-24. (d) Stremler,
K. E.; Poulter, C. D. J. Am. Chem. Soc. 1987, 109, 5542-5544.
(10) After the completion of this work, McClard and co-workers
reported the preparation and biological activity of the related
PMP analogues of dimethylallyl and isopentenyl diphosphate.
These substances were found to be inhibitors of FPP synthe-
tase. In addition, the reaction of the latter analogue with
geranyl diphosphate catalyzed by avian liver FPP synthetase
gave a product tentatively identified to be 2a. No biological
data was reported for the putative 2a. See: McClard, R. W ;
Fuyjita, T. S.; Stremler, K. E.; Poulter, C. D. J. Am. Chem. Soc.
1987, 109, 5544-5545.

0022-2623/88/1831-1869%01.50/0 © 1988 American Chemical Society



1870 Journal of Medicinal Chemistry, 1988, Vol. 31, No. 10

Table I. Preparation of PMP Analogues According to Scheme I

% yield
% yield from
triester® from 4 triacid® 6or7 formula®
6a 64 23 60 C17H”05P2K3'2.8H20
6b 71 2b 81 C17H27605P: Ko ¢
6e 65 2¢ 71 ClsH3105P2N83
6d 59 2d 73 C12H1905P2Naad
7a 42 3a 82 C7HgyFyO5P. K,
7b 30 3b 74 C17HosF205PoK3

sAll compounds had IR, 'H NMR, BC NMR, P NMR, ¥F
NMR, and mass spectra consistent with the structures. Spectral
data for representative PMP salt 2a can be found in the foot-
notes.®® % All compounds had C, H, F, and P analyses consistent
with the proposed formula except where indicated. All analytical
samples except 2a were dried to a constant weight at 50 °C uhder
vacuum. “H: caled, 5.95; found, 6.47. This compound is a 1.5:1
mixture of di- and tripotassium salts. ¢C: caled, 38.52; found,
38.96. P: caled, 16.55; found, 17.11.

Scheme 1. Preparation of PMP Analogues 2 and 3%%
1. KOM, H,0, R?OH

2. Oxalyl Chiloride
DMF (cat) ¢
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22:d (X=H) ga-d (R)=Me X=H)
dab (X=F) Za.h (R"=Et X=F)

8R2 = Me except for series ¢, where R?2 = Et. ?See Table I for
yields and analytical data. ©See ref 13. ¢ TMSBr was employed for
X =H, TMSI for X = F.

We developed a general route for the synthesis of PMPs
(Scheme I, Table I) that utilizes the reaction of phos-
phonate-stabilized carbanions with phosphonochloridates!!
in the key coupling step. Phosphonates 4a-d!? were hy-
drolyzed to the corresponding monoacids (4-10 equiv of
KOH, H,0, R?0H, reflux) and then converted to acid
chlorides 5a—d (3 equiv of oxalyl chloride, catalytic DMF,
PhH, room temperature).!* The phosphonochloridates
5a-d were reacted with anion 8 (2.15 equiv)!4 in THF at
-78 °C for 2 h to provide triesters 6a-d. Cleavage of the
esters with TMSBr!® (4-4.5 equiv) in the presence of
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Table II. Inhibition of Squalene Synthetase by PMP and
Related Analogues?!®

compd Igo, uM compd Iso, kM
2a 315 3b 15.5
2b 12.2 10 42
2c 67 11 177
2d ~40% at 600 12 inactive at 200°
3a 29.9 13 inactive at 100°

s Compounds were insoluble at greater concentrations.

2,4,6-collidine (1.5-2 equiv) in CH,Cl, at room temperature
followed by salt formation (>3 equiv of NaOH or KOH)
gave inhibitors 2a-d. Similarly, 5a and 5b were coupled
with anion 9 (1.05 equiv, THF, -78 °C, 18 h)!€ to provide
7a and 7b. For the fluorinated esters 7a,b, TMSI' (4
equiv; 2 equiv bis(trimethylsilyl)trifluoroacetamide,
CH,Cl,, 0 °C) was required to effect deprotection to 3a,b.
The PMP salts were purified by MPLC on CHP20P gel,!
eluting with water/acetonitrile or water/methanol gra-
dients, and were isolated as amorphous, hygroscopic lyo-
philates. This route to PMPs readily accommodates
variations in the structure of R! and the substituents on
the P-C-P carbon and thus has advantages over prior
methods. %1019

In order to evaluate the inhibitory potency of the PMP
analogues, we devised a new procedure to measure
squalene biosynthesis from FPP with rat liver micro-
somes.2® The assay conditions?! employed were a modi-
fication of those reported by Agnew? for the yeast enzyme.
Squalene production was quantitated by automated GLC
analysis? of the nonsaponifiable lipid extract. This me-
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thod is rapid and accurate and does not require radio-
labeled FPP.

The ability of PMP analogues to inhibit squalene pro-
duction vs controls are expressed as Iy, values in Table II.
PMPs 2a, 2b, 3a, and 3b, which are isosteric with FPP,
are effective inhibitors of squalene synthetase. The di-
fluoro-PMP surrogate of 3a and 3b was expected to closely
resemble the diphosphate of FPP with regard to ac1d1ty,
favoring the fully ionized form at physiological pH.2>
Despite this factor, no difference in potency is observed
between the corresponding PCH,P (2a,b) and PCF,P
(3a,b) analogues. This suggests that both 2 and 3 can
achieve the ionization state appropriate for binding to the
enzyme. 1,3-Dienyl PMPs 2b and 3b are somewhat more
active than 2a and 3a, respectively, indicating that a vinyl
group may be a superior substitute for the allylic C-O
linkage.# Homologation of 2a to give 2¢ results in a 2-fold
loss of activity. The geranyl derivative 2d is at least 20 fold
less active than the correspondmg farnesyl counterpart 2b.
The full FPP chain length is apparently required for
maximal inhibitory potency. This is consistent with the
observation that geranyl diphosphate is both a poor sub-
strate® and inhibitor™ for squalene synthetase.

Corey and Volante reported that phosphmylphosphate
10 inhibited the conversion of mevalonic acid to squalene
in a 10000g supernatant from rat liver homogenate.,”™ We
have prepared 10 and have shown it to possess comparable
potency to 2a in our assay. We surmise, therefore, that
the anhydride oxygen does not contribute significantly to
the binding of FPP to the enzyme. The 6-fold lower ac-
tivity displayed by the monomethyl ester 11 relative to the
parent acid 2a suggests that a trianionic species may be
required for a full expression of activity. In addition, the
poor inhibition achieved by monophosphonates 12% and
13 indicates that both phosphorous moieties are essential
for good inhibition.
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The inhibition of microsomal squalene synthetase by 2a
was studied at increasing FPP (2.5-100 uM)?# and satu-
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Figure 1. Lineweaver-Burk analysis of the inhibition of mi-
crosomal squalene synthetase by PMP 2a. Concentration of 2a:
0 (w), 10 (@), and 30 uM (4).

rating NADPH (0.9 mM) concentrations. Double-recip-
rocal analysis of the kinetic data (Figure 1) indicates that
2a is a competitive inhibitor with an apparent K; of 10 uM.
Since the apparent K, for FPP under these conditions is
14.8 uM,? 2a binds to the enzyme with an affinity com-
parable to FPP. We infer from this that neither the allylic
nor anhydride oxygens of FPP are critical in substrate
binding.

In conclusion, we have demonstrated that the PMP
moiety can serve as a stable surrogate for the allylic di-
phosphate of FPP in the construction of effective inhib-
itors of squalene. synthetase. Prototypical PMP 2a is a
competitive inhibitor of squalene synthetase, binding to
the enzyme as strongly as the natural substrate, FPP.
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260 °C for 10 min. The docosane internal standard had a
retention time of 3.6-4.0 min, and squalene had a retention
time of 14.7-15.2 min. All reaction mixtures were run in du-
plicate. Potential inhibitors were tested at several different
concentrations in at least two mdependent assays, and the Iy,
values were determined by linear regression analysis of the
combined data. Average standard error = 14% of reported Iy,
values (range = 7-19%).
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(29) A similar apparent K, was reported for the yeast microsomal
enzyme, 2 and more recently for the homogeneous, solubi-
lized yeast enzyme.4®

(30) NMR data for 2a were recorded in 1:1 CD;0D/D,0: 'H NMR
(400 MHz) § 5.06, 5.08, 5.20 (3 t, 1 H each, J = 7 Hz, =CH),
2.22 (m, 2 H, PCH,CH,), 1.9-2.1 (m, 10 H, =CCH,, PCH,P),
1.64 (s, 3 H, =CCHjy), 1.62 (s, 3 H, =CCHj;), 1.56 (s, 6 H,
=CCH,) (an additional CH, is buried beneath the =CCHj's);
13C NMR (67.8 MHz) § 136.0, 135.9, 132.6, 126.3 (d, J = 7 Hz),
125.3, 125.1, 40.5, 404, 335(dd J = 81.4,117.3 Hz), 33.3 (d,
J = 92.7 Hz), 27.5, 27.3, 25.9, 22.0, 17.8, 16.2, 16.1; 3'P NMR
(109 MHz, 'H-decoupled, 85% H,PO, external reference) &
43.9 (d, J = 8 Hz, CPC), 17.2 (d, J = 8 Hz, CPO;). MS (FAB,
+ ions), m/e 531 (M + K), 493 (M + H), 455 (M + 2H - K).
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