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Abstract: New famesyl phosphonate derivatives of phenylalanine have been prepared as inhibitors of farnesyl-
protein transferase (FPT). Enzyme inhibition studies with bovine brain FPT and rat liver squalene synthase show
that compound 3a is a new, potent and selective FPT inhibitor. Moreover, structural modifications from 33 have
provided some useful information concerning the key structural subunits necessary for optimum and selective
FPT inhibition. Copyright © 1996 Elsevier Science Ltd

The ras genes products (Ras) are monomeric proteins that bind reversibly, and hydrolyze guanosine
triphosphatel. Mutated ras genes are frequently found in a variety of human malignancies and are presumed to
play an important role in human tumor growth. Indeed, mutated ras oncogenes are present in 50% of colon and
more than 90% of pancreatic cancers?. The function of Ras proteins in signal transduction and cell growth
requires several post-translational modifications to increase its hydrophobicity3. These events appear to be
critically required for efficient cell transformation activity of Ras and it has been well established that
farnesylation of the C-terminal cysteine side-chain of p21Ras is the essential step to achieve that goal4. Famesyl-
protein transferase (FPT) is the enzyme that catalyzes the S-prenylation processS and inhibition of FPT has
recently attracted attention® as a potential approach toward the discovery of novel anti-tumor agents. Recent in
vivo data’ describing the efficacy of some FPT inhibitors in controlling tumor growth have strongly reinforced
the potential for these type of compounds in cancer chemotherapy.

Farnesyl-protein transferase catalyzes the attachment of a 15-carbon isoprenoid moiety (farnesyl) to the
cysteine residue of the so-called "CAAX" carboxy terminus of the Ras protein, thus involving participation of
two substrates, namely the Ras protein and the prenyl group donor farnesyl pyrophosphate (FPP).
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Rationally designed FPT inhibitors can be divided into three categories: first, the "multisubstrate-analog"
type of inhibitors8 which combine together structural features from both FPP and the CAAX C-terminus of Ras;
secondly, CAAX analogs (now including non-peptidic type of inhibitors6-9), and thirdly, FPP analogs in which
the labile polyanionic pyrophosphate group is replaced by stable synthetic surrogates like phosphonates!0. The
first reported examplel1 of such a FPP analog was compound 1, a potent FPT inhibitor which has demonstrated
cellular activity against ras-transformed cells.

More recently, Patel and co-workers have reported!2 a new series of p-carboxylphosphonic acid
derivatives of farnesyl as potent FPT inhibitors. For example, compound 2 was found to inhibit FPT with an
IC5q of 75nM.

These results have prompted this report of our preliminary work regarding the synthesis and biological
properties of compound 3a, a new carboxylphosphonic acid derivative in which a (L)-phenylalanine residue has
been combined with a farnesyl phosphonate moiety. The role of the carboxylate function, the importance of the
phenylalanine configuration and the distances between the farnesyl lipophilic part and the phosphonic or
carboxylic acid moieties in compound 3a have also been investigated in order to determine the key sub-structural
features necessary for the binding of 3a to FPT. Finally, we also report on the inhibitory properties of the above-
mentioned compounds at the squalene synthase level, since this enzyme (involved in the biosynthesis of
cholesterol) also uses FPP as a substrate and is known to be inhibited by many FPP analogs.13,14

The phosphonic acid derivatives 3a-g suitable for biochemical evaluation have all been obtained from the
carboxylic acid derivatives of phosphonate diethyl esters 4 according to scheme 1.

Scheme 1
1 Ph
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Famesyl/J?CHz)‘U‘OH 2) LiOH Farnesyl™ (CH,), "N” "R
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4 3a-g
Chemical yields:

, Step 1: Step 2: Step 3:

Cpd R c2 n m R amide ester phosphonate
formation saponification hydrolysis

3a CO;H S 0 0 COyMe 93% 42% 89%
3b COoMe S 0 0 COyMe 93% NA 88%
3c COoH R 0 0 | COMe 93% 79% 62%
3d H NA 0 0 H 77% NA 47%
3e CO,H S 1 0 | COpMe 91% 61% 50%
3 CO-H S 2 0 | COpMe 96% 74% 45%
3g COoH S 0 1 COoMe 96% 58% 16%

NA: not applicable; a. stereochemistry at the amino acid chiral center.
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The first step involves an amide bond formation which was achieved in high yield by condensation of
either phenethylamine, (L) or (D)-phenylalanine with a carboxylic acid derivative 4 in the presence of EDC and
HOOBt. The intermediate carboxylic acid methyl esters (except 3b) are then saponified using lithium hydroxide
in THF/water at 20°C. Finally, compounds 3a-g were obtained by hydrolysis of the phosphonate ester upon
treatment with trimethylsilyl bromide in dichloromethane in the presence of 2,4,6-collidine. All molecules
suitable for biochemical testing were isolated as lysine salts!3.

The phosphonocarboxylic acid 4a (which is the precursor of the final compounds 3a, 3b, 3¢ and 3d) was
prepared from diethyl methylphosphonate by two deprotonation-alkylation sequences using farnesyl bromide and

carbon-dioxide successively as electrophiles (scheme 2).

Scheme 2
0 a. nBuLi, THF, -78°C, ,I
i',_o farnesylbromide, 90% Y (,)
NN - > 0-p=0
0 b. nBul.i, THF, -78°C 0
( COy. 57% z Z Z ‘H
0
4a

The phosphono carboxylic acid intermediates 4e, 4f and 4g were obtained (scheme 3) by farnesylation of
the in situ generated carbanions prepared by regioselective deprotonation of the phosphono carboxylate Se and
5f or the phosphono carboxylic acid ester 5g following the Janecki and Bodalski procedurel6.

Scheme 3
7) 9—/ i 2.2eqLDA, THF, -78°C to -30°C - OJ

P ii -78°C, farnesylbromide =0

o id 0-p JOL
(CHz)n\n/O\H ’d z z (CHZ)n O'H

(6]
S5e n=1 de n=1,38%
Sfn 4f n=2 40%

O.p a. leq LDA, THF, -78°C 2P
7 farnesylbromide, 44% (0]
> 0.
O~ b LioH, THF-H,0, 50°C = - z H
0 58% 0
Sg 4g

In order to assess the importance of the phosphonic acid residue in compound 3a for FPT inhibition, the
bis-carboxylic acid derivative 6 was prepared (scheme 4). The palladium(0) catalyzed coupling of farnesyl
acetatel7 with diethyl malonate gave 55% of mono-farnesyl malonate along with 24% of the bi-farnesyl coupling
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product which could be separated by flash chromatography. Intermediate 7 was obtained in 64% yield by
chemoselective mono-saponification of diethyl farnesylmalonate using 1 equivalent of NaOH in ethanol/water at
20°C. Finally, the dicarboxylic acid 6 was prepared by sequential amide formation with (L)-phenylalanine methyl
ester and mild saponification of the remaining ethyl and methyl esters.

Scheme 4
( a. NaH, THF, PPh;, Pd(PPh;), d
00 farnesylacetate, 65°C, 55% 050
rfo > z Z =z O‘H
5 b. NaOH, E\OH-H,0 0
j RT, 64% z
a. (L)-phenylalanine methyl ester
EDC, HOOB, 89%
}'{ b. LiOH, THF, 20%
0.0 H oo
z ~ z N OH
(o]
[}

It is noteworthy that the a-phosphono carboxylic acid ester derivative 4a could also be prepared by
palladium(0) catalyzed allylic coupling of farnesyl acetate with the anion of diethyl methylphosphonoacetate
(45% yield) in the presence of 10% tri o-tolylphosphine; however this method also leads to the formation of the
bis-farnesylation product (15%) which was difficult to separate by chromatography.

The inhibitory properties of compounds 4a-g, 6 as well as compound 1 and SQ 34919 (a well knownl4

squalene synthase (SS) inhibitor included for comparative purposes) have been determined for FPT from bovine
brain and SS from rat liver microsomes. The results obtained are summarized in table 1.

Table 1
1C5q (uM) values of compounds 3a-g, 6, 1 and SQ34919 as FPT and SS inhibitors
Cpd  [3a 3b 3¢ 3d  |3e 3f 3g s 1 $Q34919

FpT18 [0.08 |[>100 [098 |13 017 |10 047 |37 041 |80
ss1? [13 1.4 0.5 048 (009 |42 022 |24 23 0.017

Results from table 1 show that compound 3a, the (L)-phenylalanine derivative of farnesyl phosphonate,
emerges as the most potent inhibitor of FPT in the series and compares favourably with the previously reported o
-hydroxyphosphonate 1, since 3a appears as a better and more selective FPT inhibitor. As expected, both
phosphonate derivatives 1 and 3a have been found to be competitive inhibitors with respect to farnesyl
pyrophosphate and non-competitive inhibitors with respect to the peptide co-substrate (data not shown). These
resuits show that compound 3a, despite the presence of an amino-acid residue, behaves as a FPP analog and

does not interfere with important residues within the peptide binding site of FPT. The inhibitory potency of
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compound 33 is very dependent on the presence of the carboxylic acid function since the carboxylic acid methyl
ester derivative 3b and the decarboxylated analog 3d are much weaker FPT inhibitors. The (L) absolute
configuration of the phenylalanine residue is also very important since the (D) epimer 3¢ is 10 times less potent
as a FPT inhibitor. Interestingly enough, the structure-activity analysis does not reach the same conclusions
when considering squalene synthase inhibition: in that particular case, the methyl ester 3b is equipotent to the
carboxylic acid derivative 3a while both the decarboxylated analog 3d and the D-Phe epimer 3¢ are better SS
inhibitors than the parent compound 3a. These observations may find some interesting applications in future
design of selective SS inhibitors. The same discrepancy is observed when the distance between (L)-Phe-
carboxylic acid or the phosphonate residue with farnesyl is increased by one methylene group (compare 3¢ and
3g with 3a). In both cases, this modification leads to a lower inhibitory potency at the FPT level but to a better
inhibitory profile for SS. Increasing the distance between the carboxylic acid function and the farnesyl residue by
2 methylene groups (compare 3f with 3a) is however deleterious for both enzymes. Finally, the high ICsq value
obtained with compound 6 (in which the phosphonate residue of compound 3a has been replaced by a
carboxylate moiety) clearly demonstrates the importance of the phosphonate group in such types of inhibitors. A
similar observation has been previously reported12 in the case of compound 2 in which replacement of the
phosphonate residue by a carboxylate anion led also to a dramatic loss of FPT inhibitory potency.

In conclusion, compound 3a which can be easily prepared in 5 steps from diethyl methylphosphonate,
farnesyl bromide and (L)-phenylalanine methyl ester is a novel, potent, non peptidic inhibitor of FPT that may
find utility as a potential antitumor agent. The next step toward that goal will be to assess the ability of 3a to
control ras processing in intact cells. It must be pointed out here that cell-penetration of phosphonate derivatives
is no longer a major problem since very efficient prodrugs of the phosphonic diacid moiety have recently been
proposed20 and some of them selected for clinical evaluation2!,

Acknowledgements: We wish to thank Ms E. DUPEYRON for her help in the preparation of this manuscript.

References and notes

1 a) Hall, A. Science 1990, 249, 635. b) Boguski, M.S.; Mc Cormick, F. Nature 1993, 366, 643. c) Bos, J.L.
Eur. J. Cancer 1995, 314, 1051.

2 a) Barbacid M. Ann. Rev. Biochem. 1987, 56, 779. b) Bos, J.L. Cancer Res. 1989, 49, 4682.

3 Lowy, D.R.; Willumsen, B.M. Nature 1989, 341, 384.

4 3) Casey, P.J.; Solsky, P.A ; Der, C.J.; Buss, J.E. Proc. Nat. Acad. Sci USA 1989, 86, 8323. b) Cox, A; Der,
C.J. Curr. Opin. Cell. Biol. 1992, 4, 1008.

5 Reiss, Y.; Goldstein, J.L.; Seabra, M.C.; Casey, P.Y.; Brown, M.S. Cell 1990, 62, 81.

6 a) Tamanoi, F. 7IBS 1993, /8, 349. b) Omura, S.; Takeshima, H. Drugs of the Future 1994, 19, 751. c)
Gibbs, J.B.; Oliff, A.; Kohl, N.E. Cell 1994, 77, 175. d) Hamilton, A.D.; Sebti, S.M. DN & P. 1995, 8, 138.

7 a) Kohl, N.E. et al. Nature Medicine 1995, 1, 792. b) Kohl, N.E. et al. Proc. Natl. Acad. Sci. USA 1994, 91,
9141,

8 Graham, S.L. Exp. Opin. Ther. Patents 1995, 5, 1269.

9 a) Bhide, R.S.; Patel, D.V.; Patel, M.M.; Robinson, S.P.; Hunihan, L.W.; Gordon, E.M. Bioorg. Med. Chem.
Lett. 1994, 4, 17. b) Patel, D.V,; Gordon, EM.; Schmidt R.J.; Weller, HN.; Young, M.G.; Zahler, R;;
Barbacid, M.; Carboni, JM.; Gullo-Brown, J.L.; Hunihan, L.; Ricca, C.; Robinson, S.; Seizinger, BR ;



1296 M. LAMOTHE et al.

Tuomari, A.V.; Manne, V. J. Med. Chem. 1995, 38, 435. ¢c) Manne, V.; Yan, N.; Carboni, J.M.; Tuomari,
AV Ricca, C.S.; Gullo-Brown, J.; Andahazy, M.L.; Schmidt, R.J.; Patel, D; Zahler, R.; Weinmann, R.; Der,
C.J; Cox, A.D.; Hunt, J.T.; Gordon, E.M.; Barbacid, M.; Seizinger, B. Oncogene 1995, 10, 1763.

10 Manne, V.; Ricca, C.S.; Gullo-Brown, J.; Tuomar, A.V.; Yan, N.; Patel, D.; Schmidt, R.; Lynch, M.J;
Ciosek, C.P.; Carboni, ].M.; Robinson, S.; Gordon, EM.; Barbacid, M.; Seizinger, B.R.; Biller, S.A. Drug
Dev. Res. 1995, 34, 121.

11 a) Pompliano, D.L.; Rands, E.; Schaber, M.D.; Mosser, S.D.; Anthony, N.J.; Gibbs, J.B. Biochemistry 1992,
31, 3800. b) Gibbs, J.B.; Pompliano, D.L.; Mosser, S.D.; Rondo, E.; Lingham, R.B.; Singh, $.B.; Scolnick,
EM ; Kohl, NE; Oliff, A. J. Biol. Chem. 1993, 268, 7617.

12patel, D.V.; Schmidt, R.J.; Biller, S.A.; Gordon, EM.; Robinson, S.S.; Manne, V. J. Med. Chem. 1995, 38,
2906.

13 Abe, I, Tomesch, J.C.; Wattanasin, S.; Prestwich, G.D. Nat. Prod. Rep. 1994, 11, 279.

14 Ciosek, C.P.; Magnon, D R.; Harrity, T.W.; Logan, J.V.; Dickson, J.K.; Gordon, EM.; Hamilton, K.A ;
Jolibois, K.G.; Kunselman, L. K.; Lawrence, R.M.; Mookhtiar, K.A.; Rich, L.C.; Slusarchyk, D.A.; Sulsky,
R.B,; Biller, S.A. J. Biol. Chem. 1993, 268, 24832,

15 All new compounds have been fully characterised by CHN analysis, IR, MS and NMR spectra. Compounds
3a-3g have been isolated as mixtures of epimers at the carbon center next to the phosphoryl and/or carboxyl
groups. In the case of compound 3a, the epimers at the diethylester precursor level have been separated but
spontaneous epimerization was observed upon deprotection.

16 Janecki, T.; Bodalski, R. Tetrahedron Lett. 1991, 32, 6231.

17 Trost, B. M.; Verhoeven, T. R. J. Amer. Chem. Soc. 1980, 102, 4730.

18 FPT was partially purified by ion exchange chromatography on a Hi-Trap Q sepharose column from bovine
brain according to a) Reiss, Y.; Goldstein, J.L.; Seabra, M.C.; Casey, P.J.; Brown, M.S. Cell 1990, 62, 81. b)
Moores, S.L.; Schaber, M.D.; Mosser S.D.; Rands, E.; O'Hara, M.B.; Garsky, V.M.; Marshall, M.S;
Pompliano, D.L.; Gibbs, J.B. J. Biol. Chem. 1991, 268, 14603.

FPT activity was measured by fluorimetry using 2uM dansyl-GCVLS and 2uM FPP as described by
Pompliano, D.L.; Gomez, R.P.; Anthony, N.J. J. Amer. Chem. Soc. 1992, 114, 7945.

1983 activity was determined using 0.55 pM of 3H-FPP according to the method described by Dufresnes, C.;
Wilson, K.E.; Singh, S.B.; Zink, D.L.; Bergstrom, J.D.; Rew, D.; Polishook, J.D.; Meinz, M.; Huang, L.;
Silverman, K.C.; Lingham, R.B.; Mojena, M_; Cascales, C.; Pelaez, F.; Gibbs, J.B. J. Nat. Products 1993, 56,
1923.

20 a) Starrett, J.E.; Tortolani, D.R ; Hitchcock, M.J.; Martin, J.C.; Mansuri, M.M. Antiviral Res. 1992, 19, 267.
b) De Lombaert, S.; Singh, K; Blanchard, L.; Soliman, V.F. Bioorg. Med. Chem. Lett. 1994, 4, 899. c)
Dickson, J K, Biller, S.A.; Magnin, D.R; Petrillo, E.W; Hillyer, JW._; Hsieh, D.C.; Lan, S.-J.; Rinehart, JK_;
Gregg, JW.; Harrity, T.W_; Jolibois, K.G.; Kalinowski, S.S.; Kunselman, L.K.; Mookhtiar, K.A.; Ciosek,
C.P.J Med Chem. 1996, 39, 661.

21 For example, BMS-188494 which is the bis(pivaloyloxy-methyl) ester prodrug of the phosphonic acid BMS-
187745 (a potent SS inhibitor) is an orally active hypocholesterolemic agent which has now entered phase II
clinical trials (Gregg, R. E. XII International Symposium on Drugs Affecting Lipid Metabolism Houston, TX,
Nov. 1995).

(Received in Belgium 11 March 1996; accepted 7 May 1996)



