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Abstract: Based on earlier lead squalene synthase inhibitor A-87049 (3) and zaragozic acids, a series of
cyclopentanedi— and tricarboxylic acids were synthesized and evaluated against the enzyme. Some exhibited good
potency and SAR revealed the importance of conformation and substitution pattern of these synthetic inhibitors.
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It has been well established that elevated serum cholesterol level is associated with the increased risk of
atherosclerosis and coronary heart disease, and numerous clinical trials have demonstrated the benefits of
lowering serum cholesterol by diet or drug intervention."? In particular, statins® suppress cholesterol
biosynthesis by inhibiting 3-hydroxy-3-methylglutrayl-coenzyme A (HMG-CoA) reductase, an early stage
enzyme in the cholesterol biosynthesis pathway.* Squalene synthase (SS) catalyzes the dimerization of farnesyl
pyrophosphate (FPP) to squalene in the first committed step of de novo cholesterol biosynthesis. Inhibition at
this step of the sterol synthesis pathway would effectively inhibit cholesterol biosynthesis,”® but unlike HMG-
CoA reductase inhibitors it would not prevent the formation of other biologically important products of the
mevalonic acid pathway, such as dolichol and ubiquinone,” This strategy could potentially have advantages over
other existing drugs, such as lovastatin for fewer side effects, and higher efficiency.

It has been demonstrated that SS catalyzed dimerization involves a key cyclopropane intermediate (1).®
Recently, a class of natural product SS inhibitors, zaragozic acids (zaragozic acid A, 2), were discovered.” Based
on these discoveries, a rationally designed, and quickly optimized potent SS inhibitor, cyclobutanedicarboxylic
acid A-87049 (3) was synthesized." In this communication, we described the syntheses of cyclopentanedi~ and
tricarboxylic acids, and the evaluation of them against rat liver SS assay.
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Chemistry

Tetrasubstituted cyclopentanes have far more isomers and than the corresponding cyclobutanes. Earlier
work on the cyclobutane derivatives'® demonstrated that vicinal diacids (or vicinal diamides) had higher inhibitory
activity against SS than the corresponding 1,3-diacids (or diamides). With that in mind, we first prepared some
easily accessible derivatives. Compound 6 and 7 were prepared by opening the commercially available
bisanhydride 4 with amine 5. Compounds 8 and 9 were synthesized using methods shown in Scheme 1.

0960-894X/98/$19.00 © 1998 Elsevier Science Ltd. All rights reserved.
PII: S0960-894X(98)00143-7



892 W. Shen et al. / Bioorg. Med. Chem. Lett. 8 (1998) 891-896

Scheme |
Q 0 H\N Amid Amid
(0] o + /\©\ DMAP
H OPh .;:; Amld CO,H
0 40 5 © HOL g 4 Amid 7 (60)
HO,C '
cloc b, ¢ ~Amid

@ \L 100% T 7%
cocl Amid
OR dcef HO,C 8
Amid

61% COzH

(a) PhMe, reflux; (b) 5, EzN; (c) RuCl;, NalOy; (d) MeOH;

(e) 5, EDC, DMAP; (f) NaOH, MeOH. COzH

Amid g

Both the rigid cyclopropane intermediate (1) and zaragozic acids (A, 2) have their two lipophilic side
chains on the same face of their corresponding rings. Based on these two structures, a series of cyclopentanedi-
and tricarboxylic acids were designed. Diels—Alder reaction of cyclopentadiene with itaconic anhydride and
subsequent esterification gave two separable diesters 10 (66%) and 11 (19%). Further manipulation gave rise to
12 and 13 (Scheme 2). Similarly, the three triacids 14 to 16 were synthesized. Of the six compounds, 12 and
16 have similar steric arrangement to that of zaragozic acids.
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While this work was going on, Rockway et al. synthesized all possible stereoisomers of A-87049, which
established that A-87049 possessed the optimal orientation for cyclobutane-derived inhibitors.'> With this
information, the effort was redirected towards the syntheses of all 3 five-membered ring analogs with similar
steric arrangements. Because the bisanhydride 17 was commercially available, the first compound (18) was
synthesized with a tetrahydrofuran ring. The commercially available diacid chloride (20) was converted to
alcohol 21, which was refluxed in toluene with DBU to generate bislactone 22. Opening of lactone with amine §
and a mild Lewis acid,”® and subsequent oxidation of the alcohol gave the desired diacid 23 in good yield.
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To synthesize the last analog (27) with similar steric arrangement to A-87049, a new novel tandem radical
cyclization was developed based on the research done by Feldman et al.'* Irradiation of the cyclopropane
intermediate (24) in presence of 1.1 equiv of phenyl disulfide gave two products in moderate yield. Further
manipulation of the minor product 25 yielded the desired diacid 29.
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Biological Results and Discussion

Rat liver micrsomes were used as the source of squalene synthase, with 3H-Famesyl pyrophosphate (FPP) as the
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substrate. The assay was buffered with KH2PO4 0.055 M, pH 7.4, dithiothreitol 2 mM, 1 mM MgCl; and 1

mM NADPH. Oxidation of squalene to squalene oxide was prevented by excluding oxygen from the assay.
Squalene was extracted with hexane and radioactivity was evaluated by scintillation counting.® The ICs0 was

estimated from the log concentration — % inhibition curve. The results were summarized in Table 1.

Table 1
Compound |05 (UM) Compound | 50 (UM)
3(A-87049) [0.037 13 0.24
6 9.1 15 25% inh @ 1 pM
7 29 16 38% inh @ 1 pM

3 45% inh @ 1 pM 18~ 3.0

K 0.58 19 n.a.

12 4% inh @ 1 pM 73 0.17
13 n.a.' 29 24% inh @ 1 pM

"n.a. indicates less than 20% inhibition when checked at 1

Some information could be obtained from the limited SAR in Table 1. The orientations of the two
lipophilic side chains are not critical for the activity, because they may adopt different conformation to reach the
active sites in squalene synthase. However, the trans arrangement gives slightly more potent activity (9 compared
to 23). The more active compounds (9, 14, 23) have two carboxylic acid groups frans on vicinal carbons. This
was also observed in the cyclobutane series.'™'? This steric arrangement of carboxylic groups may be required
for potent inhibitors of squalene synthase. Compounds (6, 7, 8, 19, 29) with 1,3-dicarboxylic acids are weaker
inhibitors than those with trans-1,2-dicarboxylic acids, even if it (compound 9) has similar structure to A-87049
(3). Compounds 12 and 16 do not exhibit good potency against SS, even though they have the similar steric
arrangement to that of zaragozic acids. Unlike the very rigid skeleton of zaragozic acids, these two compounds
are more flexible and may adopt totally different conformations. Both 14 and 16 possess trans—1,2-dicarboxylic
acid groups similar to 9, but unlike 14, 16 is a weak inhibitor. This again may reflect the steric requirements for
potent SS inhibitors.

In summary, several potent SS inhibitors were identified, though they are weaker than the cyclobutane
analog A-87049 (3). The SAR of this class of compounds may lead to better understanding of squalene synthase
inhibition, and help the designing of better inhibitors.
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bisanhydrides 4 and 17 by X-ray crystallography. We are also grateful to Dr. Xiaolin Zhang for assigning the
structures of regioisomers 10/11, and 25/26 based on two dimensional NMR analysis.



W. Shen et al. / Bioorg. Med. Chem. Lett. 8 (1998) 891-896 895

REFERENCES AND NOTES

1.  The Lipid Research Clinics Coronary Primary Prevention Trial Results. J. Am. Med. Assoc. 1984, 251,
351,

2. The cholesterol Facts: A summary of the evidence relating dietary fats, serum cholesterol, and coronary
heart disease: a joint statement by the American Heart Association and the National Heart, Lung and Blood
Institute. Circulation 1990, 81, 1721.

3. Recent clinical trials: (a) Pedersen, T. R.; Kjekshus, J.; Berg, K.; Haghfelt, T.; Fargeman, O.;
Thorgeirsson, G.; Pyorala, K.; Mertinen, T.; Olsson, A. G.; Wedel, H.; Wilhelmsmen, L. Lancet 1994,
344, 1383. (b) Sheherd, J.; Cobbe, S. M,; Ford, L; Isles, C. G.; Lorimer, A. R.; Macfarlane, P. W.;
McKillop, J. H.; Packard, C. J. New Engl. J. Med. 1995, 333, 1301.

4. Poulter, C. D; Rilling, H. C. In Biosynthesis of Isoprenoid Compounds; Porter, J. W.; Spurgeon, S. L,
Eds.; Wiley: New York, 1981; Vol. 1, pp 413-441.

5. For recent reviews: (a) Biller, S. A.; Neuenscharder, K.; Ponpipom, M. M.; Poulter, C. D. Curr. Pharm.
Des. 1996, 2, 1. (b) Abe, I; Tomesch, J. C.; Wattanasain, S.; Prestwich, G. D. Nat. Prod. Rep. 1994,
279.

6. Some synthetic squalene synthase inhibitors: (a). Brown, G. R.; Foubister, A. J.; Freeman, S.; McTaggart,
F.; Mirrlees, D. J.; Reid, A. C.; Smith, G. J.; Taylor, M. J.; Thomason, D. A.; Whittamore, P. R. O.
Bioorg. Med. Chem. Lett. 1997 7, 597. (b) Dickson, J. K; Biller, S. A.; Magnin, D. R.; Petrillo, E. W.,
Jr.; Hillyer, J. W.; Hsieh, D. C; Lan, S. I.; Rienhart, J. K.; Gregg, R. E.; Harrity, T. W; Jolibois, K.
G.; Kalinowski, S. S.; Kunselman, L. K.; Mookhtiar, K. A.; Ciosek, C. P., Ir. J. Med. Chem. 1996, 39,
661. (c) Iwasaka, Y.; Shibata, J.; Mitsuya, M.; Masaki, H.; Hayashi, M.; Kanno, T.; Sawasaki, Y.;
Hisaka, A. Kamei, T.; Tomimoto, K. Bioorg. Med. Chem. Lett. 1996, 6, 463.

. Joly, A.; Edwards, P. A. Curr. Opin. Lipidol. 1991, 2, 283.

8. Valentijin, A. R. P. M.; De Hann, E.; van der Marel, G. A.; Cohen, L. H.; van Boom, J. H. Recl. Tran.
Chim. Pays-Bas. 1995, 114, 332, and references cited therein.

9.  This class of compounds were also named as squalestatins. (a) Tanimoto, T.; Hamano, K.; Onodera, K.;
Hosoya, T.; Kakusaka, M.; Hirayama, T.; Shimada, Y.; Koga, T.; Tsujita, Y. J. Antibiotics, 1997, 50,
390. (b) Baxter, A.; Fitzgerald, B. J.; Hutson, J. L.; McCarthy, A. D.; Motteram, J. M.; Ross, B. C.;
sapra, M.; Snowden, M. A.; Watson, N. S.; Williams, R. J.; Wrigt, C. J. Biol. Chem. 1992, 267, 11705.
(c) Bergstrom, J. D.; Kurtz, M. M.; Rew, D. J.; Amend, A. M.; Karkas, J. D.; Bostedor, R. G.; Bansal,
V. S.; Duresne, C.; van Middlesworth, F. L.; Hensens, O. D.; Liesch, J. M.; Zink, D.L.; Omstea, M. N.;
Jenkins, R. G.; Huang, L.; Meinz, M. S.; Quinn, L.; Burg, R. W.; Kong, Y. L.; Mochales, S.; Mojena,
M.; martin, 1.; Pelaez, f.; Diez, M. T.; Alberts, A. W. Proc. Natl. Acad. Sci. U.S.A. 1993, 90, 80.

10. Fung, A. K. L,; Baker, W. R,; Fakhoury, S.; Stein, H. H.; Cohen, J.; Donner, B. G.; Garvey, D. S.;
Spina, K. P.; Rosenberg, S. H. J. Med. Chem. 1997, 40, 2123.

11. Tetrasubstituted cyclohexanedicarboxylic acids were found to be weak inhibitors in this project: Shen, W.;
Fakhoury, S. A.; Garvey, D. B.; Cohen, J.; Rosenberg, S. A.; Stein, H. “Cyclopentanediacids and
Cyclohexanediacids as Squalene Synthase Inhibitors”, poster in 212th Amer. Chem. Soc. meeting,
Orlando, Fl, 1996.



896 W. Shen et al. / Bioorg. Med. Chem. Lett. 8 (1998) 891-896

12. Rockway, T.; McClellan, W.; Cohen, J.; Stein, H.; Rosenberg, S. H.; manuscript in preparation, will
submit to Bioorg. Med. Chem. Lett. in 1998.

13. Wang, W. B.; Roskamp, E. J. J. Org. Chem. 1992, 57, 6101.

14. (a) Feldman, K. S.; Berven, H. M.; Weinreb, P. H. J. Am. Chem. Soc. 1993, 115, 11364. (b) A recent
related study: Jung, M. E.; Rayle, H. L. J. Org. Chem. 1997, 62, 4601.



