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(7) ABSTRACT

The post-translational addition of a farnesyl moiety to the
Ras oncoprotein is essential for its membrane localization
and is required for both its biological activity and ability to
induce malignant transformation. The present invention
describes design and synthesis of a farnesylpyrophosphate
(FPP) analog, 8-anilinogeranyl pyrophosphate (AGPP) that
is transferred to Ras by farnesyltransferase (FTase), in which
the w-terminal isoprene unit of the farnesyl group has been
replaced with an aniline functionality. AGPP potently inhib-
ited FTase activity in vitro (IC5,=0.6 uM) and is highly
selective showing little inhibitory activity against either
geranylgeranyl-protein transferase type I (GGTase I) (IC5,=
31 uM) or the utilization of FPP by the enzyme squalene
synthase (IC5,=1000 uM). Kinetic analyses suggest that
AGPP acts as a competitive inhibitor of FTase with respect
to FPP. In vitro studies using [PHJAGPP show that the
analog was appropriately transferred by FTase to Ras. Deriv-
itization of AGPP with a bulky iodo group on the aniline ring
does not significantly alter its biochemical properties. These
data indicate that the modified molecules are the first truly
transferable analogs of FPP and open the door to additional
analogs to probe the biological function of protein farnesy-
lation.

17 Claims, 10 Drawing Sheets
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FARNESYL PYROPHOSPHATE ANALOGS

This application claims priority from provisional appli-
cation 60/112,208, filed on Dec. 15, 1998.

FIELD OF THE INVENTION

The present invention relates to farnesyl pyrophosphate
analogs and their use in modulating cellular chemistry. More
specifically, the invention relates to unsubstituted and sub-
stituted anilinogeranyl pyrophosphates (AGPP), unsubsti-
tuted and substituted benzyloxyalkylisoprenyl
pyrophosphates, the processes of making the same, inter-
mediates for use in the process of making the same, and the
methods of using the FPP analogs in substitution for farnesyl
pyrophosphate (FPP) or as farnesyl transferase inhibitors
(FTIs).

BACKGROUND OF THE INVENTION

Farnesyl pyrophosphate 1 (FPP) and its C,, homolog,
geranylgeranyl pyrophosphate (GGPP) are isoprenoids that
are involved in a number of cellular processes including
cholesterol biosynthesis, glycoprotein biosynthesis, vitamin
and cofactor synthesis and protein prenylation. Recently, the
enzyme farnesyltransferase (FTase) which can utilize FPP or
GGPP as a substrate depending on the nature of the f
subunit, has attracted considerable interest as a possible
target for the design of chemotherapeutic agents.

An area of interest is the continued search for proteins that
are post-translationally modified in cells as part of normal
metabolism. Farnesylation has been shown to be required
for the normal function of various proteins including Ras.

Mutated forms of the cellular Ras genes are among the
most common genetic abnormalities in human cancer,
occurring in 30% of all neoplasms. This frequency indicates
an important role for aberrant Ras function in carcinogenesis
(1). Ras proteins are synthesized as cytosolic precursors
which localize to the inner leaflet of the plasma membrane
only after undergoing a series of well defined posttransla-
tional modifications (2). The first and obligatory step in this
processing is the transfer by protein farnesyltransferase
(FTase) of the 15-carbon isoprene farnesyl from farnesylpy-
rophosphate (FPP) to a cysteine residue located at the Ras
C-terminus via a thioether linkage (2,3). This Cys residue
forms part of the prenylation recognition sequence, CAAX
(where A s an aliphatic residue and X is most often Met, Ser,
or Gln), present in all Ras proteins (4). Prenylation is
followed by proteolytic removal of the COOH-terminal
tripeptide and carboxymethylation of the now terminal,
prenylated cysteine (2). These modifications render the
C-terminus hydrophobic, which is thought to promote the
association of these proteins with the plasma membrane.
Studies employing site-directed mutants within the Ras
CAAX motif (5,6) or inhibitors of 3-hydroxyl-3-
methylglutaryl CoA reductase (7), the rate limiting enzyme
in isoprenoid biosynthesis, have demonstrated that isopre-
nylation is required for Ras proteins to become membrane
associated and to induce cellular transformation.

Three distinct enzymes responsible for protein isopreny-
lation have been isolated and biochemically characterized
(2). In addition to FTase, two geranylgeranyl-transferases
(GGTases) have been isolated and have been shown to
modify specific protein substrates. While the CAAX
GGTase (also known as GGTase-1) geranylgeranylates pro-
teins which end in a CAAL sequence, where C is cysteine,
A is usually an aliphatic amino acid, and L is leucine (8,9),
the Rab GGTase (also known as GGTase-2) catalyzes the

10

20

25

40

45

50

55

60

65

2

attachment of two geranylgeranyl groups to paired carboxyl-
terminal cysteines in members of the Rab family of GTP-
binding proteins (10). These proteins terminate in a CC or
CXC motif.

A number of basic issues pertaining to the biological
function of protein isoprenylation, and the contribution of
lipid modification in general, remain to be answered. While
farnesylation of Ras is absolutely required for its biological
effects and membrane localization, it is unknown whether
the prenyl group functions as a hydrophobic membrane
association signal (11-16) or by targeted protein-protein
recognition (17,18). The functional significance of protein
farnesylation versus geranylgeranylation to the biological
activity of prenylated proteins is also unknown. Studies
employing inhibitors of FTase have highlighted the impor-
tance of isoprenylation to the membrane association and
activity of the Ras family of signal transduction proteins.
However, inhibition of protein prenylation precludes relat-
ing the effects of many of the downstream events such as
further modification of the target protein by palmitoylation,
proteolysis and carboxymethylation to the biological func-
tion of Ras.

Extensive research studies have established an important
contribution of aberrant Ras function to human carcinogen-
esis (88, 89) Consequently, there is considerable interest in
the development of inhibitors of Ras function for use in
cancer treatment. Since Ras function is absolutely dependent
on lipid modification and tight association with the plasma
membrane, the development of drugs that block Ras mem-
brane association has attracted the greatest interest (89-91).
FTase has proven to be a biochemical target for the devel-
opment of inhibitors of post-translational processing of Ras
that act as potent anti-Ras drugs.

Several general approaches have been employed in the
identification and development of specific FTase inhibitors
(reviewed in 88). First, high throughput random screens
have been used to identify natural or library compounds that
inhibit the ability of FTase to catalyze the addition of
farnesyl to recombinant Ras in vitro. Second, Ras CaaX
tetrapeptide sequences alone are sufficient to signal modi-
fication by farnesylation and can serve as potent inhibitors of
FTase activity in vitro. Therefore, a variety of CaaX-based
peptidomimetic compounds have been synthesized.
Consequently, the potent and selective FTIs identified to
date include a diverse collection of structurally unrelated
compounds. However, the structural requirements of the
prenyl group have not been uncovered.

The initial characterization of FTIs was done in fibroblast
model systems transformed by oncogenic H-Ras (92, 93).
These studies clearly showed that FTIs can potently and
specifically inhibit H-Ras farnesylation, without affecting
the modification of geranylgeranylated proteins. FTI inhi-
bition of H-Ras processing correlated directly with inhibi-
tion of H-Ras-induced signaling, morphologic and growth
transformation (94). Similar dramatic results were seen in in
vivo tumor models using Ras-transformed rodent cells
grown as xenografted tumors in nude mice (95), and in viral
H-Ras transgenic mice in which salivary and mammary
tumors occur stochastically in a high percentage of mice
carrying the transgene (96, 97). An unexpected, but desired,
aspect of these studies is the apparent lack of normal cell
toxicity. This was unexpected because farnesylation is
required for normal Ras function, which is critical for
normal cell viability (97). The reason(s) for the relative
resistance of normal cells to FTIs is presently not known.

Because of previous finding that FTIs were capable of
inhibiting Ras transformation in animal model systems, and
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because of the widespread tendency to view FTIs as Ras
inhibitors rather than FTase inhibitors, many investigators
assumed that human tumors cells that contained mutated Ras
proteins would be more sensitive to FTI action than those
that did not. However, studies have shown that ras mutation
status is not predictive of FTI sensitivity (98). Indeed, it is
clear that these drugs interfere with the processing of other
farnesylated proteins in addition to Ras. There is now
evidence that FTTs may block Ras transformation, in part, by
inhibiting the function of other farnesylated proteins, one or
more of which may represent the critical target for FTI
action (87, 99, 100).

It is clear that the cellular mechanism by which FTIs exert
their biological activity is incompletely understood (88).
Two central issues appear that must be addressed before the
biochemical mechanism by which FTIs function can be
understood. First, it is necessary to understand the biological
significance of the isoprenoid lipid in the context of the
function of a fully processed prenyl protein. For FTIs, the
natural targets for this analysis are the Ras oncoproteins.
Second, as outlined above, it is likely that FTIs inhibit the
farnesylation of additional cellular proteins, many of which
remain to be identified, and are likely to depend upon
prenylation for some aspect of their function. Therefore, the
key to applying FTase-based pharmacological intervention
is a thorough understanding of the in vivo farnesylation
pathways. Knowledge of the complete array of cellular
protein substrates and substrate specificities for FTase and
the cellular role of the isoprenoid moiety will be critical in
improving the design and action of effective FTIs.

Prenyl analogs and FTIs have contributed to the under-
standing of prenylation and such information is useful in the
design and evaluation of therapeutics. The mechanism
underlying FTT action is of interest for several reasons. The
action of the drug is likely to be secondary to the specific
inhibition of Ras farnesylation, suggesting that additional
farnesylated proteins yet to be identified or assigned a
cellular function play a critical role in the biology of
transformation (90). Second, several FTIs are currently
entering phase I trials as anticancer drugs in humans and
rational clinical development will depend on understanding
the biochemical basis for their inhibition of cell growth.

SUMMARY OF THE INVENTION

The present invention provides for the preparation and
functional characterization of unsubstituted anilinogeranyl
pyrophosphate (AGPP), substituted anilinogeranyl
pyrophosphate, unsubstituted and substituted benzyloxy-
alkylisoprenyl pyrophosphate, and pharmaceutically accept-
able salts thereof, which meet the criteria set forth for FPP
analogs (i.e. FTase substrates and inhibitors) in the Back-
ground of the Invention. AGPP and other FPP analogs of the
invention are recognized and transferred to Ras by FTase
with in vitro kinetic properties that are indistinguishable
from those of FPP. AGPP can be modified by iodination
without significantly altering these properties, allowing syn-
thesis of additional analogs. Other analogs of FPP wherein
the w-isoprenyl moiety is replaced by either a functionalized
aniline or a functionalized benzyloxy group may be synthe-
sized by alternate routes. Finally, the present invention
reveals that AGPP and other FPP analogs of the invention
are poorly recognized by, and transferred to, substrate by
GGTase I and are neither substrates for, nor inhibitors of,
squalene synthase, suggesting a high degree of selectivity
toward FTase in vivo. Thus, the present invention provides
for a method of using AGPP as a substrate for FTase in the
prenylation of Ras.
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It is accordingly an aspect of the invention to provide a
FPP analogs which would be efficiently utilized by FTase,
allow for further derivatization for high specific activity
labeling or cross linkers to be designed, and that would be
recognized and transferred to FTase substrate proteins with
an activity approaching that of FPP. Such FPP mimetic
molecules can interfere with other cellular events, while
acting as non FTI anti-Ras molecules.

FPP analogs of the invention also inhibit the function of
FTase.

It is accordingly another aspect of the invention to provide
FPP analogs that are inhibitors of farnesyl transferase and
therefore affect intracellular processes involving the transfer
of farnesyl to intracellular proteins essential to the function-
ing of those intracellular proteins.

Conceptually, FPP can be viewed as a four-section mol-
ecule. The a-isoprene and the pyrophosphate moiety remain
invariant in all of the FPP analogs of the present invention
because an allylic pyrophosphate is essential for FTase
catalyzed transfer to protein substrate (117).

The structure of FPP:
)\/\\)\/\\)\/\ Nopp
w-isoprene B-isoprene a-isoprene Pyrophosphate,
Aniline Isoprene Invariant
or OBz or Alkylene Isoprene

The captions below the a-, -, and w-isoprene units of
FPP above represent the general substitutions made for the
isoprene unit in compounds according to the invention,
wherein aniline may be unsubstituted or substituted, OBz is
a benzyloxy group, which is unsubstituted or substituted as
indicated in Formulae I-II below, and alkylene is an alkylene
linking group having 1 to 10 carbon atoms.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1. Structure of farnesylpyrophosphate 1, gera-
nylgeranylpyrophosphate 2, 8-anilinogeranyl pyrophos-
phate (AGPP) 3a, p-iodo-8-anilinogeranyl pyrophosphate
(AGPP) 3b.

FIG. 2. Differential Inhibition of Farnesyltransferase and
CAAX Geranylgeranyltransferase by AGPP. The assay mix-
tures contained (in a final volume of 25 ul) various compo-
nents as described in “Experimental Procedures”. After
incubation for 15 min at 37° C., the amount of [*H]prenyl
group transferred to the appropriate protein substrate [H-Ras
(CVLS) for FTase and H-Ras (CVLL) for CAAX GGTase]
was measured by precipitation with ethanol-HCI. The assays
contained 10 ng recombinant rat FTase, 5 uM H-Ras, and 0.6
uM [PH]FPP (33,000 dpm/pmol) or 100 ng recombinant rat
CAAX GGTase, 5 uM H-Ras CVLL, and 1 uM [?H]GGPP
(33,000 dpm/pmol) and the indicated concentration of unla-
beled AGPP. The 100% of control values were 1.1 and 5.5
pmol of [*H]farnesyl or [*H]geranylgeranyl transferred per
tube. Each value is the average of duplicate incubations and
is representative of two separate experiments.

FIG. 3. Inhibition of Farnesyltransferase by AGPP and
I-AGPP. The enzymatic activity was measured in the pres-
ence of the various concentrations of either AGPP or
I-AGPP as described in FIG. 3. The 100% control values
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were 1.9 and 2 pmol. Each value is the average of duplicate
incubations and is representative of three separate experi-
ments.

FIG. 4. Transfer of Anilinogeranyl from [*H]JAGPP to
p217#7= by Farnesyltransferase. (A) Each reaction con-
tained 1 uM [PH]AGPP (37,400 dpm/pmol) and 10 ng of
recombinant FTase in the absence (triangles) or presence
(circles) of 5 uM p217#7=* Duplicate samples were incu-
bated for the indicated times at 37° C., and ethanol-HCl
precipitated radioactivity was measures as described under
“Experimental Procedures”. The inset shows the migration
of on a 12.5% SDS-polyacrylamide gel of an aliquot from
the reaction carried out for 1 hr in the presence (+) or
absence (=) of p217#7*. The gel was treated with Amplify
solution (Amersham), dried, and exposed to Kodak
X-OMAT AR film for 2 days at -70° C. The migration of
molecular weight markers placed in a adjacent lane is
shown. (B) The AGPP substrate saturation curve for FTase
was determined by varying the amount of [’H]JAGPP in the
standard reaction described above. Assays were carried out
in duplicate for 30 min at 37° C., and the ethanol-HCl
precipitable radioactivity measured. The data is representa-
tive of three independent experiments.

FIG. 5. [°"H]JAGPP and [H]FPP are Bound and Trans-
ferred with Comparable Affinities by Farnesyltransferase.
Farnesyltransferase (10 ng) was incubated in a final volume
of 25 ulin the presence of 1.0 uM [*H]AGPP or [°’H]FPP and
5 uM wild-type p217*"**, After incubation for 30 min at 37°
C., the amount of [*H]prenyl transferred to p2177"* was
determined as described under “Experimental Procedures™.
Each value is the average of duplicate incubations and is
representative of five separate experiments.

FIG. 6. Identification of [’H]JAGPP-Derived Radioactive
Material Transferred to p217*™*, An aliquot from a stan-
dard FTase reaction was subjected to Pronase E digestion as
described under “Experimental Procedures”. The labeled
products, extracted with 1-butanol, were analyzed on C18
reverse-phase TLC plates developed in acetonitrile:water-
:acetic acid (75:25:1). Radioactive zones were located with
a Bioscan Imaging System 200-IBM. The arrows indicate
the position of authentic F-Cys, GG-Cys, and AG-Cys. O
and F denote the positions of the origin and solvent front.
The data shown are representative of two independent
experiments.

FIG. 7. Inhibition of Squalene Synthase by AGPP. The
initial rates of squalene synthase activity were determined
from bovine brain microsomal preparations in the presence
of the indicated concentration of unlabeled AGPP (filled
squares) or unlabeled FPP (open triangles) under the in vitro
conditions described in “Experimental Procedures.” Crude
bovine brain microsomes and 0.05 mM [*H]FPP (105 cpm/
pmol) and unlabeled AGPP and FPP were added at the
indicated concentrations and incubated for 30 min. at 37° C.
The reactions were terminated with 40% (wt/vol) KOH and
95% ethanol. Authentic carrier squalene (20 ug) was added
and the reactions extracted with petroleum ether. The
amount of labeled lipid formed was measured by scintilla-
tion counting. Each value is the average of duplicate incu-
bations and is representative of three separate experiments.

FIG. 8. Progress Curves for Transfer of FPP and Analog
Pyrophosphates to Dansyl-GCVLS by FTase. The reaction is
monitored for fluorescence intensity at 505 nm with exci-
tation at 340 nom. (a) FPP, (b) AGPP, (c)
8-(pentafluoroaniline)geranyl pyrophosphate, (d) blank.

FIG. 9. AGPP Rescues the Biological Activity of Onco-
genic H-Ras in Isoprenoid Depleted Oocytes with Delayed
Maturation Kinetics Relative to FPP.
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DETAILED DESCRIPTION OF THE
INVENTION

The farnesyl pyrophosphate analogs of this invention are
useful as substrates for FTase, and in particular for FTase
mediated isoprenylation of proteins such as the Ras protein.

The farnesyl pyrophosphate analogs of the invention are
also useful as farnesyl transferase inhibitors (FTIs).

The farnesyl pyrophosphate analogs of this invention may
be prepared in free base form, or they may be prepared in the
form of pharmaceutically acceptable salts according to the
conventional practice in the pharmaceutical arts. Likewise,
they can be prepared in pharmaceutically acceptable form in
combination with carriers, adjuvants, excipients and the like.
The dosages of the compounds, their pharmaceutically
acceptable salts and compositions containing them may be
determined by conventional clinical methods in the art.

The farnesyl pyrophosphate analogs according to this
invention may be employed for the treatment of human and
non-human patients in which modulation of farnesyl pyro-
phosphate or FTase inhibition is desired. As farnesyl pyro-
phosphate is involved in a number of cellular processes
including cholesterol biosynthesis, glycoprotein
biosynthesis, vitamin and cofactor synthesis and protein
prenylation, the compounds of the present invention are
useful for affecting such cellular processes and disease states
caused thereby. Also, as FTase is involved in farnesylation
of important intracellular proteins such as Ras, the com-
pounds of the present invention are useful for treating
disease states in which farnesylation of important intracel-
lular proteins such as Ras is implicated, such as cancer.

Recently, the enzyme farnesyltransferase (FTase) which
can utilize FPP or GGPP as a substrate, depending on the
nature of the {3 subunit, has attracted considerable interest as
a possible target for the design of chemotherapeutic agents.
The present invention thus contemplates a method of treat-
ing conditions that are affected by FPP and its analogs.

The compounds of this invention are illustrated by general

formula I:
G G
1\Gz’£ 4})\/\&

Wherein the phenyl ring is unsubstituted or substituted.
Suitable substituents for the phenyl ring are, for example, H,
halo, NO,, NH,, NHR,, N(R-),, N(R);", N5, OH, OR, and
optionally substituted C; to Cg alkyl. R, is C,;;—Cg alkyl (e.g.
methyl, ethyl, i-propyl, n-propyl, n-butyl, i-butyl, s-butyl,
t-butyl, n-pentyl, etc.) or C;—C; alkanoyl (e.g. formyl,
acetyl, propanoyl, etc.). G, is OPP, OR,, or S-linked cys-
teine (which may be in the R, S or racemic configuration).
And Ry is a suitable hydroxy protecting group.

G, is NR® or —CH,—0—;

G, is: —CH,—, —CH,CH,— or

(\)\/\)

G; iss —O—CH,—CH,— or —CH,—;

®
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n is an integer of 0 to 14, inclusive;

R is H or alkyl.
Throughout this description, OPP is the pyrophosphate
group:

O @]
[

P. P
o~ \\o/ \\o—;
o o

In general, according to the present invention, alkyl is a
C, to Cg alkyl substituent group. Examples of alkyl are
methyl, ethyl, i-propyl, n-propyl, n-butyl, t-butyl, s-butyl,
i-butyl, pentyl, etc. Suitable optional substitutents for such
alkyl groups may be one or more substituents such as amine,
alkyl amine, dialkylamine, nitrile, and hydroxy. Preferred
substituted alkyl groups are hydroxymethyl, hydroxyethyl,
aminomethyl, aminoethyl, (NC)CH,—, and (NC)
CH,CH,—.

A preferred embodiment of the above compounds of
formula I is illustrated by formula II:

(Im
R1

R2, Gi

R3 RS

R4

wherein R,, R,, R;, R,, and Ry are, for example, H, halo,
NO,, NH,, NHR,, N(R,),, N(R,);*, N5, OH, OR, C; to Cg
alkyl, amino C,-Cg alkyl, hydroxy C,—Cg alkyl, nitrile
C,—C; alkyl, etc. G;, G,, G5, and G, are defined in formula
I. The variable m is an integer of O to 5. R, is C,—C; alkyl
(e.g. methyl, ethyl, i-propyl, n-propyl, n-butyl, i-butyl,
s-butyl, t-butyl, n-pentyl, etc.) or C,—Cy alkanoyl (e.g.
formyl, acetyl, propanoyl, etc.) etc.

Another preferred embodiment of compounds of formula
I is illustrated by formula III:

(1)

R1 I|{6
R N\)\W
\ \ OPP

R3

R4

wherein R,, R,, R;, R, and Ry are, for example, H, halo,
NO,, NH,, NHR,, N(R,),, N(R,);*, N5, OH, OR,, C,—C4
alkyl, amino C,—C, alkyl, hydroxy C,-C, alkyl, nitrile
C,—Cyg alkyl, etc. R, is C;—Cy alkyl (e.g. methyl, ethyl,
i-propyl, n-propyl, n-butyl, i-butyl, s-butyl, t-butyl, n-pentyl,
etc.) or C,—Cy alkanyl (e.g. formyl, acetyl, propanoyl, etc.)
etc., and alkyl is C, to Cg alkyl, for example methyl, ethyl,
n-propyl, i-propyl, n-butyl, i-butyl, s-butyl, t-butyl, n-pentyl,
etc.

An even more preferred embodiment of compounds of
formula III is represented by formula I'V:
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)
L TM
R2, N.
\ \ OPP
R3 RS
R4
wherein

R, R,, R,, and R are H or F;

R; is H, NO,, I, F or N;; and

R is H, methyl or ethyl.

Another preferred compound of formula I is represented
by formula 11:

R1 I|{6
S ST

NH;+

11

COO-

R3 RS

R4

wherein R,—R, are defined above in formula I and the
moiety:

COO-

NH;+

is the aforementioned S-linked cysteine, which may be in the
R, S or racemic configuration, more preferably in the
S-configuration (i.e. derived from the naturally occurring
cysteine).

Preferred compounds of formula 11 are those in which,
R,-R,; are H and the S-linked cysteine is in the
S-configuration (compound 11a).

Even more particularly preferred compounds of formula
IV include:

(1) 8-aniline-3,7-dimethyl-2,6-octadiene pyrophosphate
(AGPP);

(2) 8-(4-nitroaniline)-3,7-dimethyl-2,6-octadiene pyrophos-
phate;

(3) 8-(4-iodoaniline)-3,7-dimethyl-2,6-octadiene pyrophos-
phate;

(4) 8-pentafluoroaniline-3,7-dimethyl-2,6-octadiene pyro-
phosphate;

(5) 8-(4-azido-2,3,5,6-tetrafluoroaniline)-3,7-dimethyl-2,6-
octadiene pyrophosphate; and

(6) 8-(N-ethyl-4-azido-2,3,5,6-tetrafluoroaniline)-3,7-
dimethyl-2,6-octadiene pyrophosphate.

Another preferred embodiment of the compounds of
formula I is exemplified by the compounds of formula V:
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R4
R3 RS
o
RZ \/[/\L\/l\/\ow
R1

wherein R,;—R; are as defined in formula I, p is an integer
from 1 to 10 and OPP stands for the pyrophosphate group.

Particularly preferred compounds of formula V are exem-
plified by formula VI: wherein R,—Ry are as in formula V,
above; q is an integer of 1 to 5, inclusive; and OPP is the

R4
R3 RS
o
RZ \/[/\]}/l\/\OPP
R1

pyrophosphate group.
Particularly preferred compounds of formula VI include
compounds exemplified by formula VII:

R4
R3 RS
o
RY \/HI\)\/\OPP
R1

wherein R? is as defined in formula VI other than H; and R?,
RZ, R*, and R’ are as defined in formula VI; r is an integer
of 1 to 5, inclusive; and OPP is the pyrophosphate group.

Particularly preferred compounds of formula V have been
synthesized, including:

(VD

(VID)

6-benzyloxy-3-methyl-2-hexene pyrophosphate (12);
7-benzyloxy-3-methyl-2-heptene pyrophosphate (13);
8-benzyloxy-3-methyl-2-octene pyrophosphate (14);

9-benzyloxy-3-methyl-2-nonene pyrophosphate; and

10-benzyloxy-3-methyl-2-decene pyrophosphate.

Another preferred embodiment of compounds of formula
I is exemplified by the compounds of formula VIII:

(VIID)
R1
R2 O
O/\/{ \/ﬂs\)\/\opp
R3 RS

R4

wherein R,—R; are as defined in formula I, preferably NO,,
N, NH;, halo, such as F, Cl, Br and I, 1-8 carbon alkyl such
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10
as methyl, ethyl, i-propyl, n-propyl, i-butyl, n-butyl, s-butyl,
t-butyl, etc. The variable s is an integer from 1 to 5.
Another preferred embodiment of compounds of formula
II includes the compounds of formula IX:

(x)

| Il{G \/W
o g
R2, N/\/{ ) opp

R3 RS

R4

wherein R,—R are is as defined in formula I, t is an integer
from 1 to 5 and R® is hydrogen or C,—C; alkyl.

Another preferred embodiment of compounds of formula
I includes compounds of formula X:

&)

R4
R3 RS
R? N
| VH})\/\OPP
Rl R6

wherein R,—R, are as defined in formula I, above and u is
an integer number 1 to 10.

Another aspect of the invention relates to a novel oligo-
ether of formula XI:

Ho/\/{o\/i\)\/\ow

wherein v is an integer from 1 to 10, inclusive; and OPP is
the pyrophosphate group.

Another aspect of the invention relates to compounds of
the formula XII:

HO.
\/H\)\/\ OPP
w

wherein w is an integer of 1 to 10, inclusive and OPP is the
pyrophosphate group.

Another aspect of the claimed invention relates to allylic
diols of formula XIII:

HO\/H\)\/\OH

wherein z is an integer of 1 to 14.
Compounds of formula I possess a pyrophosphate group
which is acidic under physiologic conditions. The com-

XD

(XID)

(XII)
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pounds of the invention may therefore be formulated in the
form of free acid. They may also be formulated as pharma-
ceutically acceptable salts by conventional methods well
known in the art, such as by combining an acidic compound
of the present invention with a physiologically tolerated
base. Such bases include alkali or alkaline earth metal
hydroxides such as NaOH, KOH, LiOH, etc. Such bases also
included organic amines such as dibenzylethylenediamine,
trimethylamine, piperidine, pyrrolidine, benzylamine and
the like, or a quaternary ammonium hydroxide such as
tetramethylammonium hydroxide, and the like.

The compounds and pharmaceutically acceptable salts of
the invention may be combined with pharmaceutically
acceptable carriers, excipients, adjuvants, and the like, to
form pharmaceutical compositions. The pharmaceutical
compositions may comprise other physiologically tolerated
and/or beneficial compounds. Suitable carriers may be solid,
such as binders and cutting agents conventional in the pill,
tablet and capsule forming arts, or liquid, such as solvents,
diluents and emulsifiers conventional in the parenteral and
oral elixir compounding arts.

Pharmaceutical compositions comprising compounds of
the invention or pharmaceutically acceptable salts thereof
advantageously contain 0.01% to 100% by weight of the
compound or a pharmaceutically acceptable salt of the
invention, preferably 0.1% to 50%, and even more prefer-
ably 1 to 25%.

The compounds of this invention inhibit farnesyl-protein
transferase and the farnesylation of the oncogene protein
Ras. These compounds are useful as pharmaceutical agents
for mammals, especially for humans. These compounds may
be administered to patients for use in the treatment of cancer.
Examples of the type of cancer which may be treated with
the compounds of this invention include, but are not limited
to, colorectal carcinoma, exocrine pancreatic carcinoma, and
myeloid leukemias.

The compounds of this invention may be administered to
mammals, preferably humans, either alone or, preferably, in
combination with pharmaccutically-acceptable carriers or
diluents, optionally with known adjuvants, such as alum, in
a pharmaceutical composition, according to standard phar-
maceutical practice. The compounds can be administered
orally or parenterally, including intravenous, intramuscular,
intraperitoneal, subcutaneous and topical administration.

For oral use of a chemotherapeutic compound according
to this invention, the selected compounds may be
administered, for example, in the form of tablets or capsules,
or as an aqueous solution or suspension. In the case of tablets
for oral use, carriers which are commonly used include
lactose and corn starch, and lubricating agents, such as
magnesium stearate, are commonly added. For oral admin-
istration in capsule form, useful diluents include lactose and
dried corn starch. When aqueous suspensions are required
for oral use, the active ingredient is combined with emul-
sifying and suspending agents. If desired, certain sweetening
and/or flavoring agents may be added. For intramuscular,
intraperitoneal, subcutaneous and intravenous use, sterile
solutions of the active ingredient are usually prepared, and
the pH of the solutions should be suitably adjusted and
buffered. For intravenous use, the total concentration of
solutes should be controlled in order to render the prepara-
tion isotonic.

The present invention also encompasses a pharmaceutical
composition useful in the treatment of cancer, comprising
the administration of a therapeutically effective amount of
the compounds of this invention, with or without pharma-
ceutically acceptable carriers or diluents. Suitable compo-

12

sitions of this invention include aqueous solutions compris-

ing compounds of this invention and pharmacologically

acceptable carriers, e.g., saline, at a pH level, e.g., 7.4. The

solutions may be introduced into a patient’s intramuscular
5 blood-stream by local bolus injection.

When a compound according to this invention is admin-
istered into a human subject, the daily dosage will normally
be determined by the prescribing physician with the dosage
generally varying according to the age, weight, and response

10 of the individual patient, as well as the severity of the
patient’s symptoms.

In one exemplary application, a suitable amount of com-
pound is administered to a human patient undergoing treat-
ment for cancer. Administration occurs in an amount

15 between about 0.1 mg/kg of body weight to about 20 mg/kg
of body weight of a mammal per day, preferably of between
0.5 mg/kg of body weight to about 10 mg/kg of body weight
of a mammal per day.

Compounds of the invention may be synthesized by

20 methods set forth below.

In particular, compounds of formula I may be synthesized
by Scheme 1 or Scheme 2, as appropriate.

The compounds of formulae III and 11 can be obtained
via Scheme 1.

25
Scheme 1
/]\/\/k/\ 7
30 x Y OAc
l(a)
step (a)
35 o 8
" X x oA
l(b)
step (b)
40 | TG\)\/\)\/\Q
R2, N
\ \ OAc
45 g3 RS
R4
l(c,d)
50 step (c,d)
R1 I|{6 10
R2, N
x ~ a
55
R3 RS
R4
l(e) \f)
60
aun 1
step (e,f)

65 wherein formula R,—R, III and 11 are as defined above.
Additionally, the compound of formula III may be reacted
with iodobeads to form the para-iodoaniline compound
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(reaction step (g), not depicted above). When a compound of
formula III, wherein R;, R,, R, R,, R, and R, are H, the
product of such reaction step (g) is the compound 3 (8-(4-
iodoaniline)-3,7-dimethyl-2,6-octadiene pyrophosphate).

Reaction Conditions for Scheme 1

(a) tert-butylhydroperoxide, SeO,, salicylic acid, CH,Cl,;

(b) the unsubstituted or substituted aniline:
R1 I|{6
R2, N\H
R3 RS
R4

wherein R;—R, are as indicated in formula III, above,
NaBH(OAc),, HOAc, 1,2-dichloroethane;

(¢) K,CO,, MeOH, H,0;

(d) (Ph),PCl,, Hunig’s base, CH,CN;

(e) [(n-butyl),N];, HP,O,, CH,CN;

(f) N-(tert-butoxy carbonyl) cysteine methyl ether;
(g) iodobeads.

Compounds of formula III are based on a geranyl skeleton
where the terminal isoprene unit of the farnesyl moiety has
been replaced by an anilino functional group. Species 1
through 6 above are six examples of molecules that have
been synthesized by the process of Scheme 1. Such com-
pounds possess widely varied functionality, including para-
iodoanilino, para-nitroanilino, para-azidoanilino,
pentafluoroanilino, and para-azidotetrafluoroanilino groups.
The methodology for synthesizing substituted anilino ana-
logs of FPP is robust and versatile. The aniline ring system
in these analogs provides a platform for the introduction of
a wide variety of functional groups and provides a heteroa-
tom linkage connecting the geranyl pyrophosphate moiety to
the phenyl group which replaces the terminal isoprene unit.

The amino linkage is formed by reductive amination of
the aniline by the geranyl o-f3 unsaturated aldehyde (8) with
NaBH(OAc); to form the lipid portion of the analog 9.

Reductive amination of a-f unsaturated aldehydes to
form anilines has not been previously described in the
literature. The invention provides for incorporation of
anilines with very sensitive functional groups such as aryl
azides into the analogs. Previously reported methods to form
this linkage either do not work or destroy sensitive func-
tional groups. The presence of the amine precluded the
implementation of standard methods (72-74) to convert the
lipid allylic alcohol to the desired pyrophosphate via an
activated chloride intermediate. The present invention uti-
lizes modified published procedures (75) to convert the
allylic alcohol to the corresponding allylic chloride using
dichlorotriphenylphosphorane (9—10). The resulting allylic
chloride was then converted to the desired pyrophosphate
analog 1 and the prenyl-analog-cysteine (AG-cys) 11.

Compounds of formula V, VII and VII may be synthesized
by following Scheme 2.
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Scheme 2

HO
\/fﬂ?a p=1-10
J(a)

step (a)
R1
R2,
~1%
15
Nel
R3 RS
R4
J(b,c,co
step (b,c,d)
R1
R2 16
O.
» O
R3 RS
R4
J(e,f)
step ()
R1
* \/Eﬂ\)\/\ v
O. \
. ORg
R3 RS
R4
J(g,m
step (g,h)
R1
R2, RS
12 (p=1)
\/H\)\/\ A Epzzg
O. 14 (p=3
R3 ) ~ OPP
R4

wherein R,—R; are as defined above for formula V; and
suitable choice of p will yield a compound of formula V, VI
or VII.

In formula 17, Rg is an hydroxy protecting group.
Scheme 2 Reaction Conditions
(2) benzyl chloride;

(b) NaOH, ethyl acetoacetate;

(c) NaOH;

(d) H,S0,;

(e) ethyl diisopropylphosphonoacetate, NaH;
(f) LAH;

(g) (Ph),PCl,, Hunig’s base, CH;CN;

(b) [(n-Bu),N],;HP,0,, CH,CN.

Compounds of formula V are based on an alkyl allylic
pyrophosphate skeleton where the middle isoprene unit of
farnesyl moiety is replaced by a variable length aliphatic
hydrocarbon chain and the terminal isoprene unit is replaced
by either an anilino or a benzyl ether function. These
molecules can adopt a greater range of conformations rela-
tive to the geranyl type analogs because there are fewer



US 6,284,910 B1

15

unsaturated bonds in the molecules. In addition, the overall
length of the molecule can be adjusted in single methylene
increments by changing the length of the hydrocarbon
linker. Three examples of these molecules with different
lengths of hydrocarbon linker have been synthesized per
Scheme 2, taking advantage of all the synthetic lessons
learned in the creation of the first class of analogs. The
length of the hydrocarbon linker chain is set by the choice
of benzyl protected w-chloro-alkanols 15 used to synthesize
the key intermediate ketone 16. This ketone is elaborated to
the trans-isoprenoid like allylic alcohol 17 by a Horner-
Emmons reaction, followed by reduction of the resulting
ester with lithium aluminum hydride (LAH). A wide variety
of benzyl protecting groups (benzyl, p-bromobenzyl,
p-methoxybenzyl, etc.) are stable to this series of reactions
and these alcohols can be converted to the corresponding
pyrophosphates via the chloride. The first example 12 is
transferred to dansyl peptide by FTase with slow kinetics,
showing that this class of analogs represents viable struc-
tures for exploring the role of prenyl groups in biological
systems.

Compounds of formula VIII can be made by modifying
the process of Scheme 2 by substituting compounds of the
general formula HO—CH,—(OCH,CH,),Cl for HOCH,
(CH,),Cl in the first step of scheme 2.

Compounds of formula X may be prepared as depicted in
Scheme 3A.

Scheme 3A
Starting Material:
R1
- \/Eﬂ\)\/\
O N
v ORg 17
R3 RS
R4
Remove OBz group Ho(1Atm)
l Pd/C
HO\/H\)\/\
u ORg
Oxidize o
JSwern Oxidation

o
\/Hu\)\/\ORs

1. KoCOs, MeOH, H,O
2. (Ph)3PCls, Hunig's base, CH;CN
3. [(n—butyl)zN]3, HP,07, CH3CN

Reductive amination and pyrophosphorylation to form product X
R1
R2, RS
& N\/[’W
| . OPP (X)
R4 R6

wherein R,—R, u, and OPP arc as defined above in formula
X and Ry is an hydroxy protecting group.
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This pathway is especially advantageous when the groups
R,—R5 on the benzyl group are not stable to the LAH
reduction to produce the alcohol.

This pathway may also be used to produce compounds of
the formula IX by modifying reaction Scheme 3A. The
suitable starting materials, which are modified forms of 17
above, may be produced by the method of Scheme 2,
wherein compounds of formula: HOCH,CH,(OCH,CH,)
tCl (t is 1-5) are substituted for the compound of formula
HOCH,(CH,),Cl in Scheme 2. The resulting modified ana-
log of 17 is then subjected to the steps outlined in Scheme
3A to produced IX.

Compounds of formula VI and VII may be produced by
the alternate pathway described in Scheme 3B.

Scheme 3B
R1
- \/[/ﬂ\)\/\
© ) AN ORg 17
R3 RS
R4
reduction le(l Atm)
Pd/C
HO\/Hq\)\/\ORs
lOBZ
wherein OBz is optionally substituted by R;—Rs
R4
R3 RS
RZ O\/Eﬂq\)\/\m{8
R1

1. KxCO3, MeOH, H>0
2. (Ph)sPCls, Hunig's base, CH3CN
3. [(n—butyl)zN]3, HP,07, CH;CN

pyrophosphorylation

R4
R3 RS
O\/[/ﬂ\)\/\
RZ ) OPP  (VI)
R1

This pathway is especially advantageous when the groups
R,-R5 on the benzyl group are not stable to the LAH
reduction to produce the alcohol.

This pathway may also be used to produce compounds of
the formula VIII by modifying reaction Scheme 3B. The
suitable starting materials, which are modified forms of 17
above, may be produced by the method of Scheme 2,
wherein compounds of formula: HOCH,CH,(OCH,CH,)
[Cl (t is 1-5) are substituted for the compound of formula
HOCH,(CH,),Cl in Scheme 2. The resulting modified ana-
log of 17 is then subjected to the steps outlined in Scheme
3B to produce VIII.
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The compounds of formula XIII can be obtained from a
compound of formula VI via the pathway of Scheme 4.

Scheme 4

R4

R3 RS
O. \

RZ \/Hz\)\/\OPP VI

R1

Hy(1 Atm)
Pd/C
reduction

HO.
\/Hz\)\/\orl (i

Wherein R;—Ry are as defined in formula VI above; z is
1 to 10 and OPP is the pyrophosphate group.

The corresponding compounds of formula XII may be
obtained from the compounds of formula VI by removing
the benzyloxy group via mild hydrogenolysis.

The compounds of formula XI can be obtained by block-
ing the terminal OH group, converting the 1-hydroxy group
to the chloride, subjecting the same to pyrophosphorylation
and finally removing the terminal OH group.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

General Methods—[1-*H]farnesyl pyrophosphate ([°H]
FPP, 15 Ci/mmol) and [1->H]geranylgeranyl pyrophosphate
(PHIGGPP, 15 Ci/mmol) were obtained from American
Radiochemical Co. Recombinant wild-type p217*"* pro-
tein (p217"** CVLS) and its derivative p217"** CVLL were
produced in bacteria as described previously (19).
Geranylgeranyl-cysteine (GG-Cys) and farnesyl-cysteine
(F-Cys) were synthesized as described by Kamiya et al. (20)
and purified by preparative TLC. All other solvents and
chemicals were reagent grade and purchased from standard
commercial sources.

General Synthetic Chemical Procedures. All reactions
were conducted under dry argon, and stirred magnetically
except as noted. Reaction temperatures refer to the external
bath temperatures. All reactions and flash chromatography
procedures were conducted under diminished light. Analyti-
cal TLC was performed on precoated (0.25 mm) silica gel
60F-254 plates purchased from E. Merck and developed
with 30% ethyl acetate in hexane, except where noted
otherwise. Preparative TLC was performed on precoated
silica gel plates (E. Merck #13793-7) purchased from
Alltech. Visualization was achieved either by UV
irradiation, anisaldehyde-sulfuric acid spray followed by
heating, or treating the plates with a 5% ethanolic phospho-
molybdic acid solution followed by heating. Flash chroma-
tography was performed on Merck silica gel 60 (230-400
mesh ASTM) purchased from VWR. All chromatographic
solvents were purchased from VWR (E. M. Science—
OMNISOLV High Purity Grade) and used as received.
Anhydrous acetonitrile was purchased from Aldrich. Acti-
vated MnO, was purchased from Fluka; all other reagents
were either purchased from Aldrich or Alfa Aesar, unless
otherwise noted. IR spectra were recorded as liquid films
using a NICOLET® 560 ESP FTIR spectrometer. NMR
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spectra were obtained in CDC1; (unless otherwise noted) at
200 MHz with a Varian XI.200 spectrometer, or at 500 MHz
with a Varian INOVA instrument. Chemical shifts for the
following deuteriated solvents are reported in ppm down-
field using the indicated reference peaks: CDCl; (CDCl,
internal peak, 7.27 ppm for 'H, 77.4 ppm for *C), D,0
(TSP, 0 ppm), C,H, (C,Hj internal peak, 7.37 ppm for ‘H).
Mass spectra were obtained with a Hewlett Packard 5890
Series II gas chromatograph with a 5972 series mass selec-
tive detector. Combustion analyses were performed by
Atlantic Microlabs, Inc. Norcross, Ga.

(E,E)-3,7-Dimethyl-1-acetoxyl-2,6-octadien-8-al (5)

Geranyl acetate was oxidized as described previously
with some modification (21). Forty milliliters (0.36 mol) of
90% tert-butyl hydroperoxide was added to a stirred sus-
pension of 1.11 g (0.01 mol) of SeO,, 1.4 g (0.01 mol) of
salicylic acid, and 75 ml of CH,Cl, in a 250 ml round
bottom flask covered in aluminum foil. The resulting solu-
tion was allowed to stir to homogeneity at room temperature
before being placed at 0° C. After ten minutes, 21.5 m1(0.10
mol) of geranyl acetate (4) was introduced dropwise. The
mixture was stirred for 5 h at 0° C., and then for 20 h at rt.
TLC analysis indicated the presence of starting material and
two oxidized products (R 0.38 aldehyde, R, 0.19 alcohol).
The solution was diluted with 100 ml toluene, and solvents
were removed under reduced pressure. The residue was then
dissolved in toluene, washed with 5% NaHCO; to remove
H,SeO;, saturated CuSO,, saturated aqueous Na,S,05 (2x),
water, brine, dried over MgSO, and filtered. The solvent was
removed under reduced pressure affording a crude oil, which
was dissolved in 100 ml dry CH,Cl, and cooled to 0° C.
40.95 g (0.47 mol) of activated MnO, was added, and the
suspension was stirred for 5 h at 0° C., then overnight at rt.
The mixture was filtered over a short bed of Celite, and
washed thoroughly with dry CH,CL,. Solvent was evapo-
rated under reduced pressure to yield a crude, pale yellow oil
which was purified by flash chromatography on silica gel
(5% EtOAc in hexane) affording 10.68 g (51 %) of 5 as a
colorless oil; "H NMR (C.Hy, 200 MHz) 89.47 (s, 1H), 5.98
(t, 1H, J=6.9 Hz), 5.48 (t, 1H, J=6.9 Hz), 4.75 (d, 2H, J=6.8
Hz), 2.11 (q, 2H, J=7.3 Hz), 1.92 (1, 2H, J=7.3 Hz), 1.91 (s,
3H), 1.79 (s, 6H), 1.59 (s, 3H); "*C NMR (50.3 MHz)
8195.47, 171.39, 153.70, 140.73, 140.08, 120.01, 61.48,
38.13, 27.33, 21.37, 16.77, 9.62.

(E,E)-8-Aniline-3,7-dimethyl-1-acetoxyl-2,6-
octadiene (6)

The reductive amination procedure of Abdel-Magid et al.
(22-25) was modified as follows. Into a 250 ml 3-neck flask
covered in aluminum foil was introduced 150 ml of 1,2-
dichloroethane, followed by 7.88 g (37.48 mmol) of 5, 3.76
ml (41.22 mmol) of fresh aniline, and 2.58 ml (44.89 mmol)
of glacial acetic acid. After stirring for thirty seconds at
room temperature, 11.12 g (52.47 mmol) of NaBH(OAc),
was added. The solution was stirred for 5 h at which time
TLC analysis indicated no remaining starting material (R, of
6 0.46). The reaction mixture was quenched by pouring into
a separatory funnel containing 200 ml of 5% NaHCOj;. The
product was extracted with ether (3x75 ml), dried (MgSO,),
and concentrated to give a pale yellow, viscous oil. Purifi-
cation by flash chromatography (10% EtOAc in hexane)
yielded 9.15 g (85%) of a light-straw colored to colorless oil;
'H NMR (200 MHz) 87.18 (m, 2H), 6.69 (m, 1H), 6.62 (m,
2H), 5.38 (m, 2H), 4.60 (d, 2H, J=7.2 Hz), 3.82 (s, 1H), 3.65
(s, 2H) 2.33-2.02 (m, 4H), 2.08 (s, 3H), 1.72 (s, 3H), 1.69
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(s, 3H); *C NMR (50.3 MHz) 5171.42, 148.84, 142.12,
133.13, 129.43, 125.71, 118.93, 117.44, 113.13, 61.68,
52.03, 39.50, 26.21, 21.37, 16.74, 15.00. IR: 3416, 3052,
3020, 2915, 2855, 1736, 1670, 1603, 1507, 1443, 1382,
1366, 1313, 1233, 1179, 1154, 1095, 1024, 992, 954, 868,
749, 693. LRMS (EI): m/z 287(M*), 159 (2), 93 (7), 77 (2),
43 (2). Anal. Caled for C;H,.NO,: C, 75.22; H, 8.77; N,
4.87. Found: C, 75.38; H, 8.63; N, 4.93.

(E,E)-8-Aniline-3,7-dimethyl-2,6-octadien-1-0l (7)

A 500 ml 3-neck flask covered in aluminum foil was
charged with a solution of acetate 6 (8.00 g, 27.8 mmol) in
250 ml of methanol. Potassium carbonate (11.53 g, 83.4
mmol) dissolved in 20 ml of water was added, and the
mixture was stirred at room temperature overnight. TLC
analysis indicated complete hydrolysis to the alcohol 7
(R/0.20). The mixture was then concentrated to ca. 100 ml
on a rotary evaporator. Water was added (100 ml), and the
mixture was extracted with four 100-mL portions of ether.
The combined extracts were washed once with brine (100
ml), dried (MgSO,,), and concentrated to yield 6.48 g (95%)
of 7 as a viscous, light-straw colored to colorless oil; *H
NMR (200 MHz) 87.18 (m, 2H), 6.71 (m, 1H), 6.61 (m, 2H),
5.40 (m, 2H), 4.13 (d, 2H, J=6.9 Hz), 3.65 (s, 2H), 2.30-1.98
(m, 4H), 1.69 (s, 6H); "*C NMR (50.3 MHz) $148.84,
139.45, 132.94, 129.45, 125.83, 124.09, 117.46, 113.18,
59.67, 52.01, 39.51, 26.24, 16.55, 15.04. IR: 3543, 3371,
3051, 3019, 2975, 2914, 2856, 1668, 1603, 1506, 1443,
1431, 1383, 1313, 1267, 1179, 1154, 1095, 992, 867, 749,
693. LRMS (EI): m/z 245(M™), 159 (1), 146 (1), 93 (5), 77
(2), 41 (1), 29 (1). Purification by flash chromatography
(30% EtOAc in hexane) yielded the analytical sample of 7.
Anal. Caled for C,;H,3NO: C, 78.32; H, 9.45; N, 5.71.
Found: C, 78.13; H, 9.46; N, 5.88.

(E,E)-8-Aniline-1-chloro-3,7-
dimethyl-2,6-octadiene (8)

The allylic chloride was synthesized as described for
homoallylic alcohols by Sandri et al. (26) with some modi-
fication. Into a 25-mL pear shaped flask was added alcohol
7 (1.24 g, 5.05 mmol), N,N-diisopropylethylamine (1.41 ml,
8.09 mmol), and 12 ml of dry acetonitrile. The solution was
stirred at 0° C. for 10 min. Solid dichlorotriphenylphospho-
rane (2.45 g, 7.58 mmol) was then added evenly to the
reaction mixture over a 10 min period. After the final
addition of Ph;PCl,, the reaction was allowed to stir at 0° C.
for an additional hour, at which time TLC analysis (R,0.62)
indicated only the allylic chloride 8. The mixture was then
loaded directly onto a silica gel column and purified by flash
chromatography (hexane, then 5% EtOAc in hexane) to
yield 1.00 g (75%) of pure chloride 8 as an unstable colorless
oil which rapidly turned brown; *H NMR (200 MHz) §7.19
(m, 2H), 6.96 (m, 3 H), 5.31 (m, 2H), 4.02 (d, 2H, J=7.6 Hz),
3.68 (s, 2H), 2.18-1.86 (m, 4H), 1.69 (s, 3H), 1.63 (s, 3H);
C NMR (50.3 MHz) 8145.47, 141.27, 133.67, 131.60,
129.38, 122.19, 120.86, 117.68, 55.25, 41.25, 38.89, 26.05,
16.20, 15.35.

(E,E)-8-Aniline-3,7-dimethyl-2,6-octadiene
pyrophosphate (3)

The pyrophosphate was prepared as previously described
(27,28). To a 50-mL glass centrifuge tube was added 7.45 g
(7.6 mmol) of tris(tetrabutylammonium) hydrogen pyro-
phosphate. The flocculent white solid was dissolved in 20 ml
of dry acetonitrile with vortexing. The milky white solution
was then centrifuged at 2000 rpm for 10 min. The clear
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supernatant was decanted into a flame-dried, 100-mL,
round-bottomed flask charged with 1.00 g (3.8 mmol) of
chloride 8. The mixture was allowed to stir at room tem-
perature for 2 hr. Solvent was removed and the pale yellow
residue was dissolved in 3 ml of ion exchange buffer (ion
exchange buffer was generated by dissolving ammonium
bicarbonate (2.0 g, 25.3 mmol) in 1.0 L of 2% (v/v)
isopropyl alcohol/water). Then, the resulting milky yellow
solution was loaded onto a pre-equilibrated 2x30-cm col-
umn of Dowex AG 50W-X8 (100-200 mesh) cation
exchange resin (ammonium form). The flask was washed
twice with 5 ml of buffer and both washes were loaded onto
the column before elution with 190 ml (two column
volumes) of ion exchange buffer. The turbid yellow eluant
was collected in a 600-mL freeze-drying flask, frozen, and
lyophilized to yield 1.71 g of a cream-colored solid. The
material was dissolved in 10 ml of 10:10:3 (v/v/v) chloro-
form:methanol:25 mM ammonium bicarbonate in a 50-mL
glass centrifuge tube. The contents were mixed thoroughly
on a vortex mixer, and the suspension was cleared by
centrifugation for 10 min at 2000 rpm. The supernatant
solution was removed with a pipette, the residue suspended
in 10 ml of 10:10:3 (v/v/v) chloroform:methanol:25 mM
ammonium bicarbonate, and the process repeated twice. The
supernatant solutions were combined (30 ml total) and
stored at —20° C. ATLC chamber was presaturated with 100
ml of 6:3:1 (v/v/v) isopropanol:concentrated ammonium
hydroxide:water. Then, 1 ml of the chloroform:methanol:a-
mmonium bicarbonate supernatant was loaded onto a 20
emx20 cmx2 mm fluorescent silica preparative TLC plate
and developed in the above solvent. The pyrophosphate was
detected by short-wave UV light (R,0.3-0.4). Notice: Do not
expose pyrophosphate longer than necessary (1-2 seconds)
as the compound is sensitive to short-wave UV light. The
desired band was removed, extracted with 30 ml of 10:10:3
(v/v/v) chloroform:methanol:25 mM ammonium
bicarbonate, and concentrated to yield 35 mg (1.05 g overall,
61%) of 3 as a light-cream colored solid; "H NMR (D,0,
200 MHz) 87.28 (m, 2H), 6.88 (m, 3H), 5.42 (m, 2H), 4.47
(t, 2H, J=6.7 Hz), 3.69 (s, 2H), 2.25-2.01 (m, 4H), 1.69 (s,
3H), 1.64 (s, 3H); >°C NMR (D,0, 50.3 MHz) 5148.74,
145.78, 135.54, 132.55, 129.83, 122.87, 122.22, 118.39,
65.78 (d, J=5.3 Hz), 54.41, 41.50, 28.29, 18.52, 16.73; *'P
NMR (D,0, 202.4 MHz) 8-6.87 (1P, d, J=22 Hz), -10.84
(1P, d, J=22 Hz). For increased solubility and ease of
handling, the solid was dissolved in 25 mM ammonium
bicarbonate, and converted to the sodium cation form by
passage through a Dowex AG 50W-X8 cation exchange
resin (100-200 mesh, Na™). The column was eluted with 2%
isopropyl alcohol/water and lyophilized to yield an off-white
solid.

(E,E)-8-Aniline-3,7-dimethyl-2,6-octadiene-S-(N-
tert-butoxycarbonyl-L-cysteine methyl ester) (11a)

The cysteine adduct was synthesized in an manner analo-
gous to Brown et al. (29). The alcohol 7 (3.00 g, 12.2 mmol)
was first converted into 8 as described above, but after
stirring for 1 h, the solution was filtered directly through a
short pad of silica gel (washing with 2% EtOAc in hexane).
The heterogeneous solution was evaporated to a minimum
volume (ca. 10 ml) and the resulting solution was added
directly to 3.43 g (14.6 mmol) of N-tert-butoxycarbonyl-L-
cysteine methyl ester (30) in 15 ml of a 2 M solution of
ammonia in methanol. The solution was stirred at 0° C. for
3 hr and then overnight at room temperature. At this time,
TLC analysis indicated that the majority of product present
was 1la (R, 0.40). Solvent was removed under reduced
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pressure, the residue taken up in Et,0, and washed with cold
N HCl, 5% NaHCO,, brine, and dried (MgSO,). Flash
chromatography eluting with 10% EtOAc in hexane
afforded 3.69 g (65% from the alcohol 7) of a pale straw-
colored oil; *H NMR (200 MHz) §7.18 (m, 2H), 6.65 (m,
3H), 5.39 (m, 2H), 5.21 (t, 1H, J=7.7 Hz), 4.54 (m, 1H), 3.76
(s, 3H), 3.64 (s, 2H), 3.18 (dd, 2H, J=4.5 Hz and 3.4 Hz),
2.89 (1, 2H, J=5.3), 2.31-1.94 (m, 4H), 1.68 (s, 6H), 1.47 (s,
9H); *C NMR (50.3 MHz) 8172.11, 155.57, 148.91,
139.81, 133.04, 129.45, 125.78, 120.39, 117.40, 113.12,
80.37, 53.57, 52.73, 51.94, 39.49, 33.90, 30.25, 28.53,
26.28, 16.30, 14.93.

(E,E)-8-Aniline-3,7-dimethyl-2,6-octadiene-S-(N-
tert-butoxycarbonyl-L-cysteine) (11b)

Ester 11a (1.64 g, 3.54 mmol) and K,CO; (1.47 g, 10.6
mmol) were stirred in 20 ml MeOH:H,O (20:1) overnight.
Water (50 ml), was added to the mixture, and the solution
was allowed to stir for an additional 15 min. The solution
was diluted directly into a 500-mL separatory funnel con-
taining 300 ml EtOAc and washed with cold 0.1 N HCl
(2x100 mL). The aqueous washes were collected, and
extracted once with 100 ml EtOAc. TLC analysis of 10b:
R,0.42, chloroform:methanol:acetic acid, 95:5:3. The
organic extracts were collected, and washed once with acidic
brine (10 ml N HCl in 100 ml brine). The solution was then
dried (Na,S0O,), filtered, and evaporated under reduced
pressure to afford 1.54 g (97%) of 10b as a pale straw-
colored oil (oxidizes readily in air); '"H NMR (200 MHz)
88.31 (s, 2H), 7.20 (m, 2H), 6.79 (m, 3H), 5.41 (m, 2H), 5.18
(t, 1H, J=6.9 Hz), 4.47 (m, 1H), 3.67 (s, 2H), 3.16 (m, 2H),
2.89 (m, 2H), 2.23-1.92 (m, 4H), 1.64 (s, 6H), 1.47 (s, 9H);
C NMR (50.3 MHz) 8175.48, 155.92, 146.26, 139.41,
131.59, 129.62, 127.84, 120.73, 120.07, 115.54, 80.47,
53.68, 39.24, 33.86, 30.20, 29.35, 28.57, 26.21, 16.31,
15.13.

(E,E)-8-Aniline-3,7-dimethyl-2,6-octadiene-S-L-
cysteine (11c)

Compound 11b (1.00 g, 2.23 mmol) was dissolved in 5 ml
of CH,Cl, in a 50-mL pear shaped flask. Then, 50 ml of a
1 N HCl solution in Et,O were added. The resulting mixture
was stirred rapidly, became cloudy, and allowed to stir
overnight. The solution and precipitate were then placed at
-80° C. overnight and filtered on a sintered glass funnel.
Filtration of the precipitate gave 1lc as a cream-colored
solid. TLC analysis of the zwitterion form of 11c indicated
only one product (R0.5; CH;CN:H,O, 4:1, ninhydrin
positive). The solid began to gel on the funnel, and the
material was immediately dried in vacuo (50° C., 0.5
mmHg) to afford 0.67 g (68%) of 1lc as a hygroscopic
light-cream colored solid; ‘H NMR (D,0, 200 MHz)
87.65-7.36 (m, 5H), 5.43 (m, 1H), 5.10 (m, 1H), 4.27-4.04
(m, 2H), 3.97 (s, 2H), 3.35-2.86 (m, 4H), 2.77-2.49 (m,
1H), 2.33-1.80 (m, 4H), 1.75 (s, 3H), 1.61 (s, 3H); 1*C NMR
(D,0, 50.3 MHz) 8174.45, 143.85, 139.55, 136.90, 133.31,
132.97,127.84,127.93,126.03, 122.38, 62.68, 55.77, 40.70,
33.52, 31.69, 28.56, 18.14, 17.17. Anal. Caled for
C,.H;,CLLN,0,S H,0: C, 51.93; H, 7.34; N, 6.37. Found:
C, 51.50; H, 7.11; N, 6.10.

Production of Recombinant CAAX GGTase-1 and FTase
in Sf9 Cells—Recombinant FTase was prepared by coinfec-
tion of fall army worm ovarian (Sf9) cells with recombinant
baculoviruses encoding the a- and B-subunits of rat FTase
and purified as previously described (19). The FTase
a-subunit had been modified to contain a 6xHistidine affin-
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ity tag at its N-terminus to allow rapid purification using
Ni**-Sepharose affinity chromatography as described (10).
Recombinant CAAX GGTase-1, a heterodimer of the
a-subunit of FTase and the $-subunit of CAAX GGTase-1,
was produced as follows. A cDNA clone that encodes the
GGTase-1 p-subunit was kindly provided by Dr. Guy James
(University of Texas, Southwestern Medical Center, Dallas).
A Pstl-EcoRI fragment that contains the GGTase-1
[-subunit was ligated into a PstI-EcoRI digested pVL-1392
baculovirus transfer vector (10) and designated pVL-GGTB.
Recombinant baculoviruses encoding the GGTase-1
[-subunit were generated by cotransfection of Sf9 cells with
pVL-GGTB and linear BacPAKG6 viral DNA (Clontech) and
plaque purified as described (10). To produce recombinant
CAAX GGTase-1, Sf9 cells (100 ml in suspension at 1x10°
cells/ml) were grown as previously described and infected
with recombinant baculoviruses encoding the a-subunit of
FTase and the B-subunit of GGTase-1 at a multiplicity of
infection of 1 a-subunit and 1 $-subunit encoding virus per
cell. Twenty-four hours after infection, the cells were col-
lected and washed once with ice-cold phosphate-buffered
saline. Cells were lysed in 10 ml of buffer containing 50 mM
Tris-HC1 (pH 7.4), 50 uM ZnCl,, 1 mM dithiothreitol, 1 mM
phenylmethylsulfonyl fluoride, 5 mg/ml pepstatin, 5 mg/ml
leupeptin, and 5 mg/ml aprotinin and treated in a Parr cell
disruption bomb. The lysate was then centrifuged at 10°xg
for 1 hr at 4° C., and the supernatant was chromatographed
on a Ni**-Sepharose column.

Assay for Farnesyltransferase Activity—
Farnesyltransferase activity was assayed by measuring the
amount of [*H]farnesyl or [*H]anilinogeranyl transferred
from [PH]FPP or [*"H]JAGPP to recombinant p2177*, as
described previously (31). Unless otherwise stated, each
reaction mixture contained the following components in a
final volume of 25 ul: 50 mM Tris (pH 7.4), 20 mM KCl,
0.2% octyl f-glucopyranoside, 1 mM dithiothreitol, 10-20
ng recombinant FTase, 5 uM p2177% 3 mM MgCl,, 50 uM
ZnCl,, and 0.6 uM [PH]FPP (33,000 dpm/pmol; American
Radiochemical Co.) or 0.1-5 uM [PH]AGPP (37,400 dpm/
pmol). Following incubation for the indicated times at 37°
C., the amount of [*H]prenyl transferred was measured by
ethanol-HCI precipitation and filtration on glass fiber filters
with modification as previously described (19). A blank
value was determined in parallel incubation mixtures con-
taining no enzyme. This blank value was subtracted from
each reaction before calculating pmol [*H]prenyl trans-
ferred.

Assay for CAAX Geranylgeranyltransferase-1 Activity—
CAAX geranylgeranyltransferase activity was assayed by
measuring the amount of [*H]geranylgeranyl transferred
from [*H]GGPP to recombinant p217"™° CVLL, as
described previously (32). Unless otherwise stated, each
reaction contained the following components in a final
volume of 25 ul: 50 mM Tris-HCl (pH 7.4), 5 mM
dithiothreitol, 20 4M Zwittergent (3-14), 1 uM [PH]GGPP
(33,000 dpm/pmol; American Radiochemical Co.), 5 uM
p2177# CVLL, 5 uM ZnCl,, 5 mM MgCl,, 100 ng recom-
binant CAAX GGTase-1, and the indicated amount of
unlabeled AGPP. Following incubation at 37° C. for 15 min,
the amount of [*H]geranylgeranyl transferred was measured
by ethanol-HCl precipitation followed by filtration on glass
fiber filters. A blank value was determined in parallel incu-
bation mixtures containing no enzyme and was subtracted
from each reaction.

Assay for Squalene Synthase Activity—Initial rates of
squalene synthase activity present in bovine brain
microsome fractions were assayed as previously described
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(19) with minor modifications. Typical reaction mixtures
contained crude bovine brain microsomes (0.2 mg mem-
brane protein), 55 mM HEPES (pH 7.4), 5.5 mM MgCl,, 11
mM KF, 1 mM NADPH, and 0.05 mM [PH]FPP (105
cpm/pmol) in a total volume of 100 ul. Unlabeled AGPP and
FPP were added at the indicated concentrations. Assay
mixtures were incubated for 30 min at 37° C., and the
reactions terminated by the addition of 50 ul of 40% (wt/vol)
KOH and then 100 ul of 95% ethanol. The resulting mixtures
were incubated at 60° C. for 2 h and then cooled to room
temperature. Authentic carrier squalene (20 ug) was added to
each reaction tube, which were then extracted three times
with petroleum ether. The lipid extracts were pooled,
washed with water three times, and evaporated under a
stream of N,. The lipid residue was redissolved in 100 pl
CHCI,/CH;0H (2:1 vol/vol) and an aliquot (30 ul) was
taken to determine the amount of labeled lipid formed by
scintillation spectrometry. The remaining sample was ana-
lyzed on Silica gel G 60 TLC plates by developing with
hexane (33). In all analyses the squalene standard was
located by anisaldehyde spray reagent (34), and radioactive
zones were located with a Bioscan Imaging System 200-
IBM.

Results

Design and Synthesis of AGPP. We conceptually com-
posed AGPP by replacing the terminal isoprene of FPP with
an aniline functionality (FIG. 1). The synthesis of AGPP was
accomplished in five steps from commercially available
geranyl acetate as illustrated in Scheme 1 and described in
detail in the experimental section. The key step in the
synthesis of AGPP was the reductive amination of the
aniline by the geranyl a-f§ unsaturated aldehyde with NaBH
(OAc), to form the lipid portion of the analog. The presence
of the amine precluded the implementation of standard
methods (35-37) to convert the lipid alcohol to the pyro-
phosphate via an activated chloride intermediate. The pub-
lished procedure that converted homoallylic alcohols into
the corresponding bromides using dibromotriphenylphos-
phorane (26) was modified by using dichlorotriphenylphos-
phorane to convert the alcohol to the chloride, which was
then immediately converted to the pyrophosphate, AGPP.

Inhibition of Farnesyltransferase by AGPP—AGPP was
tested for its ability to inhibit recombinant rat brain FTase
activity in vitro. AGPP inhibited FTase in a concentration
dependent manner with an IC,, value of 0.6 uM (FIG. 2). In
additional experiments, unlabeled AGPP and unlabeled FPP
competed at essentially the same concentrations in this
reaction (data not shown). The inhibition was not overcome
by altering either the MgCl, or ZnCl, concentrations in the
assay (data not shown), indicating that the inhibition was not
due to the sequestration of divalent cations by AGPP. The
modification of the aniline ring at the para position by
iodination did not alter its ability to inhibit FTase activity in
vitro (FIG. 3). Moreover, the anilinogeranyl alcohol (AG-
OH) at concentrations as high as 250 uM did not signifi-
cantly inhibit this reaction (data not shown), suggesting that
while the aniline ring structure can be modified without
altering FTase inhibition, the pyrophosphate moiety is criti-
cal for inhibition.

Kinetic analyses were carried out to investigate the
mechanism of FTase inhibition by AGPP. Double reciprocal
plots of the rate of FTase-catalyzed farnesylation of recom-
binant Ha-Ras-CVLS at various concentrations of [*H]JFPP
and AGPP and a constant concentration of Ras, showed that
the addition of AGPP changed the K,,, value for FPP but does
not alter the V, consistent with competitive inhibition

max>

with respect to FPP (data not shown). In contrast, AGPP did
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not apparently affect the K, value for the substrate protein
Ha-Ras. The same K, value was observed when the
Lineweaver-Burke plot was analyzed under different Ras
and AGPP concentrations in the presence of a constant
concentration of FPP. Thus, AGPP appears to act as a
competitive inhibitor of FTase with respect to FPP and a
noncompetitive inhibitor with respect to Ha-Ras protein.
AGPP inhibition is reversible, since transfer of [°H]-FPP by
FTase to Ras was restored by isolating the farnesyltrans-
ferase by gel filtration chromatography after preincubation
in the presence of 50 uM AGPP (data not shown).

To evaluate the selectivity of AGPP inhibition, we exam-
ined its inhibitory activity against recombinant GGTase I, as
measured by incorporation of radioactivity from [*H]
geranylgeranylpyrophosphate into Ha-Ras-CVLL. GGTase
I catalyzes the transfer of a geranylgeranyl isoprene to
proteins having a C-terminal CAAX sequence in which X is
a leucine (2). As expected for an FPP analogue (32), AGPP
inhibits GGTase I activity much less efficiently than it does
FTase (FIG. 2). The IC,,, value for GGTase I inhibition is 31
4M, and approximately 20% of the GGTase I activity
remains at AGPP concentrations of greater than 100 uM.
AGPP is a 50 fold better inhibitor of FTase than GGTase I.
[PHJAGPP is a Substrate for Farnesyltransferase in vitro

The observed inhibition kinetics could be a manifestation
of the ability of AGPP to act as an alternative substrate for
FTase. To evaluate the potential of AGPP to serve as a
substrate of FTase, [’H]-AGPP was prepared by a similar
route as described above, incorporating tritium with a spe-
cific activity of 17 Ci/mmol (synthesis to be reported
elsewhere). FIG. 4A shows that FTase incorporated radio-
activity from [PHJAGPP into p21”"* in a time dependent
fashion at 37° C. The incorporated radioactivity was
detected as a band of the expected molecular weight of
farnesylated p217"* on SDS-polyacrylamide gels (FIG.
4A, inset). Transfer of [°’H]AGPP required an intact CVLS
sequence, since recombinant p217"* in which this motif
was removed eliminated the incorporation of tritium into the
protein by [PH]AGPP (data not shown). The concentration
of [’H]AGPP that gave half-maximal reaction velocity was
approximately 0.5 uM (FIG. 4B). This saturation curve was
almost identical to that obtained with [PH]FPP, suggesting
that FTase has a similar affinity for AGPP and FPP. FIG. §
shows that FTase transfers [PH]JAGPP and [*'H]FPP (both at
1 #M) to p217"* with similar rates. Either non-radiolabeled
AGPP or FPP, but not AG-OH or farnesol were found to
inhibit the time and concentration dependent transfer of
[PH]AGPP to p217"* (data not shown).

To verify that p217"* was radiolabeled by the transfer of
the [PH]AG group from [PH]JAGPP to a cysteine residue,
radiolabeled p217" was digested with Pronase E, and the
butanol-soluble products analyzed by reverse phase chro-
matography. The analysis depicted in FIG. 6 shows that a
major product, with a chromatographic mobility consistent
with authentic AG-cysteine, the expected product of appro-
priate transfer of AGPP to Ras, is liberated from the labeled
protein by the proteolysis.

We also tested whether I-AGPP served as a substrate for
FTase. '*’[-AGPP was synthesized from carrier free Na'**I
and iodobeads (Pierce). FTase incorporated radioactivity
from the ***[-AGPP into p2177* in a time and substrate
dependent manner similar to [H]AGPP (data not shown).
The incorporated radioactivity was detected as a single band
which comigrated with authentic prenylated p217™* on
SDS-polyacrylamide gels as described above (see FIG. 4A).
AGPP does not Inhibit Squalene Synthase Activity

Some of the previously characterized FTase inhibitors,
particularly those competitive for FPP binding, have been
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described as inhibitors of squalene synthase, an enzyme that
utilizes FPP and is an important secondary regulatory pro-
tein in the cholesterol biosynthetic pathway (38). AGPP was
found to be a far less potent in vitro inhibitor of squalene
synthase activity than FPP (FIG. 7). Studies conducted with
[PH]JAGPP aimed at detecting conversion of the analog to
organic soluble products resulting from coupling reactions
showed no activity (data not shown).

Transfer of FPP Analog AGPP to Ras by Farnesyltransferase
in vitro

Biochemical and biological properties of the prototypical
analog AGPP have been characterized.

FIG. 5 depicts transfer of unnatural anilinogeranyl lipid
from [*H]AGPP and transfer of farnesyl lipid from ["H]FPP
to H-Ras by FTase. Farnesyltransferase (10 ng) was incu-
bated in a final volume of 25 4l in the presence of 1.0 uM
[PHJAGPP or [PH]FPP and 5 uM wild-type H-Ras. After
incubation for 30 min. at 37° C., the amount of [>H]prenyl
transferred to H-Ras was determined by ethanol-HCI pre-
cipitation and scintillation counting. Each value is the aver-
age of duplicate incubations and is representative of five
separate experiments.

FIG. 2 shows that AGPP differentially inhibits transfer of
FPP to H-Ras by FTase and transfer of GGPP to H-Ras-
CVLL by GGTase L. After incubation for 15 min. at 37° C.,
the amount of [*H]prenyl group transferred to the appropri-
ate protein substrate [H-Ras (CVLS) for FTase and H-Ras
(CVLL) for CAAX GGTase] was measured by precipitation
with ethanol-HCI. The assays contained 10 ng recombinant
rat FTase, 5 uM H-Ras, and 0.6 uM [*H]FPP (33,000
dpm/pmol) or 100 ng recombinant rat CAAX GGTase, 5 uM
H-Ras CVLL, and 1 M [PH]GGPP (33,000 dpm/pmol) and
the indicated concentration of unlabeled AGPP. The 100% of
control values were 1.1 and 5.5 pmol of [*H]farnesyl or
[H]geranylgeranyl transferred per tube.

It has thus been shown that [PH]JAGPP is transferred
appropriately to p217%* by FTase and that 0.5 uM [°H]
AGPP gives a half-maximal reaction velocity. (See FIG. 5).
(See references 9, 28, 29, infra). This transfer curve was
almost identical to that obtained with [PH]FPP, suggesting
that FTase has a similar affinity for AGPP and FPP. [°H]
AG-cysteine 11 is the expected product of appropriate
transfer of AGPP to p217-%#*_ It has been further shown that
[PH]AG-cysteine is found to be the major radiolabeled
product from p217%** modified by [PH]JAGPP and FTase
after complete digestion of the modified protein with Pro-
nase E (data not shown) (76). This assay suggests that
derivatives of FPP can be synthesized that are competitive
inhibitors which do not adversely affect subsequent target
protein binding and are appropriately transferred.

Inhibition of FTase and GGTase I by AGPP. To evaluate
the selectivity of AGPP inhibition, its inhibitory activity
against recombinant GGTase [ was determined, as measured
by incorporation of radioactivity from [?H]
geranylgeranylpyrophosphate to H-Ras-CVLL. (See FIG. 2)
(See reference 77, infra). As expected for an FPP analogue
(32), AGPP inhibits GGTase I activity with a 50 fold lower
efficiently than it does FTase with an ICy, value for GGTase
I inhibition of 31 uM. The selectivity shown by AGPP in this
assay suggests that replacing the terminal isoprene unit of
FPP with an anilino function gives molecules that can be
effectively discriminated against by GGTase I while retain-
ing activity against FTase. However, [°HJAGPP is trans-
ferred by GGTase I to H-Ras-CVLL with a low efficiency,
indicating that AGPP is a prototype molecule for additional
analogs that may be more selective for GGTase 1.

Continuous Fluorescence Assay for Analog Transfer: An
important requirement for these studies is the development
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of a rapid technique for evaluating whether FPP analogs that
are efficiently and appropriately transferred to target sub-
strates by FTase. The analogs were evaluated for their ability
to be transferred by FTase to the pentapeptide N-dansyl-
GCVLS in a continuous fluorescence assay. (See references
78, 79, infra). There is a time dependent increase in the
fluorescence of the dansyl group due to the local increase in
hydrophobicity as the adjacent cysteine residue is isopreny-
lated. Time-dependent increases in the fluorescence of the
dansyl group for analogs 1, 2, 4 and 12 (see table 1) are
apparent, but the magnitude and rate of increase in fluores-
cence is not identical to FPP. (FIG. 8). The photoreactive
analogs 5 and 6 show no increase in fluorescence, and are
not transferred. The diminished fluorescence intensity rela-
tive to farnesyl for the analogs that are transferred is possibly
due to two factors: 1) the analog is being transfer with a
lower efficiency and 2) the analog does not enhance the
fluorescence of dansyl group as well as FPP.

FIG. 5 depicts the progress curves for transfer of FPP and
analog pyrophosphates to dansyl-GCVLS by FTase. The
reaction is monitored for fluorescence intensity at 505 nm
with excitation at 340 nm. (a) FPP (b) 1 (¢) 4 (d) blank.

The fluorescence enhancement for farnesyl is 14 fold and
for the untransferrable analog w-benzophenone-geranyl it is
2.8 fold. Both of these effects may be occurring simulta-
neously and have been observed in other systems. (See
reference 68, infra). Studies with [?’H]-AGPP suggest that he
kinetics of transfer are identical to those of FPP. Therefore,
the decrease in fluorescence enhancement observed upon
modification of dansyl peptide by AGPP relative to FPP is
most likely due to a lower enhancement of the fluorescence,
not slower transfer. Comparison of the structures of the
analogs tested permit making an initial approach to a SAR
for transfer by FTase. This analysis suggests that a molecular
ruler for lipid pyrophosphate substrate discrimination is
operating. The longest analogs are 5 and 6 due to the linear
three atom p-azido moiety on the aniline ring and may not
fit in the lipid binding cleft of FTase in a productive way,
much like GGPP. AGPP is very close in size to FPP, and is
transferred efficiently. Surprisingly, changing the electronic
properties of AGPP by perfluorination to give 4 does not
change the apparent kinetics of transfer. Analogs with p-iodo
and p-nitro substituents are transferred. This assay allows
rapid screening of analogs as they are synthesized for their
ability to be transferred by FTase to protein substrate, the
first and obligatory step in Ras post-translational maturation.
These results provide crucial evidence that additional struc-
tural modifications can be made to the AGPP skeleton that
will yield functional, transferable molecules essential for
achieving the purposes of the invention. Groups that are
either inefficiently or not transferred are useful as potential
FTIs. Such potential is illustrated in the experiments out-
lined below.

AGPP can functionally substitute for FPP in Xenopus
laevis oocyte maturation assays. Most of what is known
regarding the role of post-translational lipidation for the
function of a lipidated protein in the context of a living cell
comes from genetic approaches. This experimental strategy
consists of introducing mutations to a given protein, which
either adds or removes lipidation sites, and comparison of its
function to the wild-type protein either by microinjection or
by overexpression of the mutant gene in transfected cell
lines. Although this approach has established that lipidation
is essential for Ras function, the contribution of individual
lipids to the overall biology of Ras and the role of their exact
chemical structure for signaling has not been forthcoming.
In addition, the lack of suitable reagents (such as specific
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inhibitors of protein palmitoylation, CaaX proteolysis, or
methylation) has not allowed the functional role of these
processes to be directly addressed. Finally, although trans-
fection studies can provide qualitative information, they do
not readily reveal the quantitative contribution of individual
processing steps to Ras function. In these transfection stud-
ies Ras is typically overexpressed at levels much higher than
those present in normal cells, and the contribution of a
particular lipid modification to the overall biological activity
of Ras may be underestimated.

Recently, a novel methodology involving the microinjec-
tion of known amounts of Ras into Xenopus oocytes has
been described (see references 24, 45, infra), thereby per-
mitting a quantitative structure-function analysis of H-Ras
farnesyl-group for signal transduction in vivo. The approach
makes use of enzymatic methods to attach structurally
related farnesyl analogs onto the prenylation site of H-Ras
combined with microinjection procedures to study their in
vivo function. Oocytes are naturally arrested at the G2-M
boundary of the first meiotic cell division. (See reference 80,
infra). When microinjected with oncogenic H-Ras, oocytes
reenter the cell cycle, which is monitored by germinal
vesicle breakdown (GVBD) by the appearance of a white
spot in the animal hemisphere. GVBD is accompanied by
activation of the mitogen-activated protein kinase (MAPK)
cascade. (See 81, 82, infra). Bacterially expressed H-Ras has
been shown to activate these processes when microinjected
into Xenopus oocytes. (See references 24, 45, infra). These
biochemical effects are strictly dependent on in vivo farne-
sylation of the injected H-Ras protein since mutation of the
CaaX prenylation motif, blocking isoprenoid biosynthesis,
and inhibition of FTase in oocytes all suppress these activi-
ties. (See references 83-85, infra). Thus, the system pro-
vides a method to study the in vivo role of prenylation by
analyzing the ability of FPP analogues to rescue H-Ras
biological functions in isoprenoid-depleted oocytes.

FIG. 9 shows that AGPP rescues the biological activity of
oncogenic H-Ras in isoprenoid depleted oocytes with
delayed maturation kinetics relative to FPP.

AGPP functions as well as FPP does when tested in the
oocyte maturation assay, except for delayed maturation
kinetics. These observations validate our hypothesis that
prenylation with unnatural analogs leads to significant,
biologically relevant effects. Oocytes were isolated from X.
laevis females and allowed to recover overnight. (See 24, 45,
infra). A sample (n=14) were treated with 10 uM progest-
erone to demonstrate the health of the oocytes and to ensure
that they were capable of exhibiting GVBD (FIG. 9, filled
squares). Overnight treatment with 50 uM mevinolin (an
inhibitor of mevalonate biosynthesis) effectively depletes
the endogenous pool of FPP; bacterially expressed onco-
genic H-Ras (24 pmol) was unable to induce detectable
maturation for at least 12 h after microinjection (FIG. 9,
filled triangle), while the same H-Ras preparation typically
induced 50% maturation after 6-8 h in untreated cells (FIG.
9, filled circle) However, co-microinjection of either FPP
(FIG. 9, open square) or AGPP (FIG. 9, open circle) along
with oncogenic H-Ras rescues the ability of H-Ras to induce
oocyte maturation in mevinolin-treated cells, although with
different kinetics of maturation. This effect was specific
because neither FPP nor AGPP alone displayed any biologi-
cal effect (FIG. 9). The maturation kinetics of oocytes
stimulated with H-Ras and AGPP are slowed, with a time
necessary to achieve 50% maturation that is 24 h longer
than for oocytes injected with FPP. This result suggests that
while AGPP is a fully functional FPP analog in vitro (see
above), AGPP is not a complete farnesyl replacement when
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assayed for additional biological functions. It is not known
if the reduced activity of AG-modified H-Ras reflects slow
FTase kinetics in oocytes, a specific defect in Ras-effector
interaction (such as activation of the Raf-MAPK cascade),
or is the consequence of impaired downstream processing
and membrane binding.

These data suggest that the structural requirements for
FTase differ from those necessary for additional biological
events and support the hypothesis that FPP analogs can be
generated that may be inhibitors of the prenyl-protein spe-
cific enzymes downstream of protein farnesylation.

FIG. 7 depicts inhibition of Squalene Synthase by AGPP.
The initial rates of squalene synthase activity were deter-
mined from bovine brain microsomal preparations in the
presence of the indicated concentration of unlabeled AGPP
(filled squares) or unlabeled FPP (open triangles) (77).
Crude bovine brain microsomes and 0.05 mM [*H]FPP (105
cpm/pmol) and unlabeled AGPP and FPP were added at the
indicated concentrations and incubated for 30 min at 37 C.
The reactions were terminated with 40% (wt/vol) KOH and
95% ethanol. Authentic carrier squalene (20 ug) was added
and the reactions extracted with petroleum ether. The
amount of labeled lipid formed was measured by scintilla-
tion counting.

AGPP does not Inhibit Squalene Synthase Activity.
Inhibitors of Ras FTase (FTIs) have been designed based on
the farnesyl moiety of the farnesyl pyrophosphate substrate.
This class of inhibitors has attracted less interest due to the
possible nonselective effects on additional farnesyl pyro-
phosphate utilizing enzymes particularly those involved in
cholesterol biosynthesis such as squalene synthase (17). The
pyrophosphate group is typically replaced in these F1Is by
nonhydrolyzable moieties such as phosphinic acids or phos-
phonates. A number of these molecules have been shown to
inhibit H-Ras mediated transformation of NIH 3T3 cells
(111) without toxicity.

An important goal of this work is to generate molecules
with exceptional selectivity for FTase over other FPP
metabolizing pathways. Some previously characterized
FTase inhibitors have been described as inhibitors of
squalene synthase, an enzyme that utilizes FPP, and is an
important secondary regulatory protein in the cholesterol
biosynthetic pathway. (See 112, 113, infra). AGPP was
found to be a far less potent in vitro inhibitor of squalene
synthase activity than for FTase. (See, FIG. 7). (See also
reference 77, infra). In addition, in vitro studies failed to
detect any conversion of [PHJAGPP to organic products.
These results suggest that the prenyl binding site of squalene
synthase is sufficiently different from that of FTase to allow
very effective discrimination against AGPP.

SUMMARY

In this study, we describe the design, synthesis, and FTase
dependent in-vitro transfer of the novel farnesyl pyrophos-
phate analog AGPP to H-Ras. We have developed an effi-
cient five step synthesis of 8-aniline-geranyl pyrophosphate
(AGPP) in good yield where the amino-nitrogen of AGPP is
uncharged at physiological pH, due to its conjugation with
the phenyl ring. The mildness and high chemoselectivity of
the reductive amination reaction coupling the aniline to the
geranyl skeleton will allow us to synthesize many additional
functionalized isoprenyl analogs.

Synthetic modification of enzymatic substrates is useful in
studying the interactions between small molecules and pro-
teins because it allows critical structures involved in ligand
binding and catalysis to be identified. The ability of FTase to
transfer lipid analogs to target proteins is sensitive to the
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structure of the w-terminal group of the prenyl chain.
Moieties that are too large, too small, or with other incom-
patible functionality may be good inhibitors of transfer to
protein substrate, but are themselves poorly transferred
(39-47). Chemically conservative FPP analogs stripped of
most isoprenoid features (methyl groups, unsaturation) to
more resemble simple fatty acids are still transferred by
FTase to Ras (16). However, these FPP analogs do not
contain functionality that can be derivatized with groups
useful for probing the chemistry of the binding pocket of
FTase nor of the subsequent intermolecular interactions of
the post-translationally modified target molecules.

The design of AGPP as an analog of FPP originated from
our observation that esters and ethers formed from
w-hydroxylated geraniol and farnesol (39—47) share signifi-
cant structural overlap with FPP and GGPP and act as
inhibitors of FTase that are inefficiently transferred to pro-
tein substrates. The failure of the previously described FPP
analogs to be efficiently transferred to H-Ras by FTase, in
which ester linked functional groups replaced the terminal
isoprene unit, prompted us to investigate the feasibility of
synthesizing transferable molecules containing aromatic
amino linkages. We focused our efforts on the aniline ring
system, for which a large body of derivitization chemistry is
known and which introduces a heteroatom linkage connect-
ing the geranyl pyrophosphate moiety to the phenyl group
replacing the terminal isoprene.

AGPP was found to be a highly selective FPP analog and
a potent competitive inhibitor (alternate substrate) of FTase
(IC5,=0.6 uM). AGPP is a significantly inferior substrate for
the GGTase I (IC5,=31 uM) and the FPP utilizing enzyme
squalene synthase (IC5,=1000 uM). The substrate selectivity
of GGTase I for AGPP is similar to the enzyme’s behavior
towards FPP. However, the structural differences between
AGPP and FPP do not allow AGPP to interfere with squalene
synthase activity. AGPP is the first example of a class of
compounds that are alternate substrates for protein isopre-
nylation that are not inhibitors of squalene synthase. Other
compounds have been found through design and screening
of chemical libraries that have yielded potent inhibitors of
FTase that are not inhibitors of squalene synthase (48).
Selective inhibition of FTase versus GGTase I has been also
been reported for both CAAX-based tetrapeptides and far-
nesylpyrophosphate analogs [for a review, see (49)]. While
the selectivity of AGPP for FTase is inferior to that for many
CAAX peptidomimetics, it is comparable to that for other
farnesyl pyrophosphate analogue inhibitors (50).

Previously described FPP analogs that are not efficient
substrates for transfer show substantial structural similarity
to FPP. Based on the structure of FPP and analogs that are
transferred (vide supra) we can summarize some of the
structural requirements for an analog that is efficiently
transferred. FPP analogs where conservative changes in the
hydrocarbon portion of the lipid that 1.) increase the lipo-
philicity of the molecule, 2.) do not add additional steric
bulk to the molecule, and 3.) preserve the allylic pyrophos-
phate functionality, are transferred by FTase to Ras.
However, analogs of FPP that 1.) greatly increase the steric
bulk at the w-terminus, 2.) increase the rigidity of the
w-terminal moiety, and/or 3.) introduce an ester linkage
between the w-terminus of the geranyl pyrophosphate moi-
ety and the w-terminal analog group prevent transfer. Struc-
tural characteristics of AGPP include 1.) no ester
functionality, 2.) a somewhat greater polarity than a simple
hydrocarbon, 3.) a phenyl ring only slightly larger than the
terminal isoprene of FPP, and 4.) an aniline with approxi-
mately the same conformational rigidity of the w-terminal
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isoprene of FPP. In addition, substitution of iodine onto the
para-position of the phenyl ring allows binding of the
substrate in a productive conformation, as demonstrated by
the efficient transfer of I-AGPP by FTase to H-Ras. Recently,
the crystal structure of FTase has been solved by three
groups (51-53). Because AGPP and FPP, but not the ester
linked analogs are transferred appropriately to Ras, we are
poised to begin an initial structure-function analysis to
understand the substrate selectivity of FTase.

AGPP and some of the other analog structures have been
modeled into the available x-ray crystal structures of FTase.
Comparison of the structures of the analogs tested permit
making an initial approach to a SAR for transfer by FTase.
This analysis suggests that a molecular ruler for lipid
pyrophosphate substrate discrimination is operating. The
longest analogs are 5 and 6 due to the linear three atom
p-azido moiety on the aniline ring and may not fit in the lipid
binding cleft of FTase in a productive way, much like GGPP.
AGPP is very close in size to FPP, and is transferred
efficiently.

Synthesis of the FPP analog AGPP that serves as a
transferable substrate for FTase has been demonstrated. The
development of these and similar probes should make it
possible to undertake detailed studies of the structural
domains of the binding sites of many enzymes and other
proteins that utilize isoprenoids as substrates. Additional
analogs based on AGPP should provide valuable probes to
examine 1.) the functional role of protein-linked isoprenoids
in vivo, 2.) the role of isoprenylation in the interaction of
H-Ras with membranes, 3.) the enzymes involved in the
subsequent C-terminal processing needed for plasma mem-
brane localization and biological activity, and 4.) the cellular
effector proteins (54).

As is apparent from the foregoing discussion, additional
analogs can be easily envisioned as being within the scope
of the present invention. Such molecules would be expected
to be similarly useful in the study and understanding of
protein prenylation.

The results of the foregoing experiments clearly show that
1) unnatural FPP analogs that are transferred by FTase to Ras
can be synthesized, 2) the biochemical properties of transfer
can be characterized and 3) analogs can be generated which
partially restore Ras biological function in a tractable in vivo
model system. It is believed that these unnatural, synthetic
molecules will provide lead compounds that will permit
better understanding of the biochemical role of isoprenyla-
tion and subsequent post-translational modifications and
their biological function, and may provide information on
the role of prenylation, and lead to the development of new
rational and effective treatment strategies (FTIs).
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What is claimed is:
1. A compound of the formula:

Rl
R2 Gy G3 .
\Gz/{ WOPP

R3 RS

R4

wherein R1-R5 are independently H, halo, NO,, NH,,
NHR,, N(R,),, N(R,);", N5, OH, OR,, C; to Cg alkyl,
amino C,—Cg alkyl, hydroxy C,—Cg alkyl, nitrile C,—Cqg
alkyl;

G, is NR® or —CH,—0—;

G, is: —CH,—, —CH,CH,— or

(\)\/\);

G; is: —O—CH,—CH,— or —CH,—;
n is an integer of 0 to 14, inclusive;
Ry is H or C, to Cg alkyl;
R, is C;—Cg alkyl or C,—Cg alkanoyl;
OPP is the pyrophosphate group;
or a pharmaceutically acceptable salt thereof.

2. A compound according to claim 1, having the formula:

\ TG\)\/\)\/\
R2, N.
~ A OPP

R3

R4

or a pharmaceutically acceptable salt thereof.
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3. A compound according to claim 2 having the formula:

| TM
R2, N.
5
\ \ OPP

R3

R4 10
wherein
R,—R; are independently H, C, to C4 alkyl, F, Cl, Br, I,
NO,, N; or NH5;
R, is H, methyl or ethyl; and

15

or a pharmaceutically acceptable salt thereof.

4. A compound according to claim 3, having the formula:

20
R1 I|{6
s NM
~ \ OPP

R3

25

R4

wherein 30

R;, R, R,, and R are H or F;
R; is H, NO,, I, F or N5; and
R, is H, methyl or ethyl;

or a pharmaceutically acceptable salt thereof. 35

5. A compound which is:

8-aniline-3,7-dimethyl-2,6-octadiene pyrophosphate
(AGPP),

8-(4-nitroaniline)-3,7-dimethyl-2,6-octadiene pyrophos-
phate;

8-(4-iodoaniline)-3,7-dimethyl-2,6-octadiene pyrophos-
phate;

8-pentafluoroaniline-3,7-dimethyl-2,6-octadiene pyrophos-
phate;

8-(4-azido-2,3,5,6-tetrafluoroaniline)-3,7-dimethyl-2,6-
octadiene pyrophosphate; or

8-(N-cthyl-4-azido-2,3,5,6-tetrafluoroaniline)-3,7-
dimethyl-2,6-octadiene pyrophosphate;

40
45

50

or a pharmaceutically acceptable salt thereof.
6. A compound according to claim 1, having the formula:

wherein n is an integer of 1 to 10;

R4

R3 RS

O\/H})\/\OPP

or a pharmaceutically acceptable salt thereof.

R2

R1

38

7. A compound according to claim 6, having the formula:

R2
R3 R1
o
R4 \/H;)\/\OPP
RS

wherein n is an integer of 1 to 5;
or a pharmaceutically acceptable salt thereof.
8. A compound according to claim 7 having the formula:

R2
R3 R1
o
R4 \/H;)\/\OPP
RS

wherein
R? is C, to Cq alkyl, halo, NO,, N, or NH,;
R', R% R* and R® are H, C, to C; alkyl, halo, NO,, N,
or NH;
n is an integer of 1 to 5;
or a pharmaceutically acceptable salt thereof.
9. A compound which is:

6-benzyloxy-3-methyl-2-hexene pyrophosphate;
7-benzyloxy-3-methyl-2-heptene pyrophosphate;
8-benzyloxy-3-methyl-2-octene pyrophosphate;
9-benzyloxy-3-methyl-2-nonene pyrophosphate; or
10-benzyloxy-3-methyl-2-decene pyrophosphate,

or a pharmaceutically acceptable salt thereof.
10. A compound according to claim 1 having formula:

R1
R2, O \
O/\/{ \/i.\)\/\OPP
R3 RS
R4

wherein n is an integer from 1 to 5;
or a pharmaceutically acceptable salt thereof.
11. A compound according to claim 1, having the formula:

o Vi\)\/\
o
R2 N/\/f N A OPP

R3 RS

R4

wherein
Ry is Hor C, to Cg alkyl;
and n is an integer from 1 to 5;

or a pharmaceutically acceptable salt thereof.
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12. A compound according to claim 1, having the formula:

R1 rl{s
R2, N
\/H?)\/\OPP 5

R3 RS
R4
10
wherein
Ry is H or C, to Cq alkyl; and
n is an integer number 1 to 10; is
or a pharmaceutically acceptable salt thereof.
13. A compound of the formula:
O 20
HO/\/{ \/ﬂn\)\/\opp
wherein n is an integer of 1 to 5.
14. A compound of the formula: 25
HO.
\ OPP
i 30
wherein n is an integer of 1 to 10.
15. A process of making a product having the formula:
L TM )
R2, N
~ N OPP
40

R3

R4

which comprises: 45
(2) oxidizing geranyl acetate to form (E,E)-3,7-Dimethyl-
1-acetoxyl-2,6-octadiene-8-al;
(b) subjecting (E,E)-3,7-Dimethyl-1-acetoxyl-2,6-
octadien-8-al to reductive amination by a substituted or

unsubstituted aniline of the formula: 50

R1 f|{6

R2 N.

Sn

55

R3 RS

R4

60

(c) replacing the acetoxy group with an hydroxy group;
(d) replacing the hydroxy group with a chloro;

40

(e) replacing the chloro with a pyrophosphate group to
produce a said product;

wherein

R;-R;s are H, C, to Cq alkyl, halo, NO,, N; or NH;

Ry is H, C,—Cg alkyl.

16. A process of making a product having the formula:
RS

OVH})\/\OPP

wherein R1-R5 and n are as defined in claim 1, which
comprises:

R4

R3

R2

R1

(a) reacting a compound of the formula:
HO
\/f\]n\a

with a substituted or unsubstituted benzyl alcohol to form
an intermediate:

R1
R2,
N
R3 RS
R4
(b) reacting the intermediate from step (a) with ethyl
aceto acetate to form an intermediate:

R1
R2,
o
n o]
R3 RS
R4
(c) extending the chain of the intermediate of step (b)
with diisopropylphosphonoacetate and pyrophos-
phorylation to form said product.
17. A pharmaceutical composition comprising a com-
pound according to claim 1, 2, 3, or 6, or a pharmaceutically
acceptable salt thereof in admixture with one or more

pharmaceutically acceptable solvent, carrier or diluent in a
pharmaceutically effective amount.

#* #* #* #* #*
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