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Novel diphosphonate homologs 7a–7c, and their cyclic counterparts 8a–8c, of the previously
synthesized farnesyl pyrophosphate analogs 1 and 2 were prepared and tested for their
inhibition potency and specificity of the enzymes PFT and PGGT-I. Compound 2 was shown
to be the most potent inhibitor of PFT (IC50 5 0.58 6 0.45 eM) in this series. The novel
compound 7a, the one carbon homolog of 2, proved to be the most potent inhibitor of
PGGT-I (IC50 5 0.98 6 0.01 eM). The cyclic analogs 8a–8c are generally less biologically
active. The compounds 2 and 7a are nonspecific toward inhibition of PFT and PGGT-I and may
inhibit both farnesylation and geranylgeranylation processing of oncogenic proteins.  1998

Academic Press

INTRODUCTION

The small GTP-binding proteins of the Ras-family play a crucial role in the
transduction of growth and differentiation signals from protein–tyrosine kinase
receptors to the cell nucleus (1). Mutated forms of Ras proteins are found in 30%
of all human cancers with particularly high prevalence in colon and pancreatic
carcinomas (2). It has become evident that oncogenic Ras proteins are locked in
the active form, as result of a decreased hydrolysis rate of GTP in the GTPase
cycle, leading to continuous triggering of the signaling pathways.

An essential prerequisite for the functioning of Ras proteins is its association
with the plasma membrane. The latter is achieved by posttranslational modification
of the Ras precursor at the C-terminus, the first step of which involves the covalent
attachment of a farnesyl chain to the cysteine residue of the so-called CaaX box
(C, cysteine; a, aliphatic amino acid; X, serine or methionine). The S-farnesylation
is catalyzed by the enzyme protein:farnesyl transferase (PFT) using farnesyl pyro-
phosphate (C-15 terpene) as the isoprenoid donor (3). Inhibition of PFT prevents
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FIG. 1. Structure of the PFT specific inhibitor 1 and its one-carbon homolog compound 2, a nonspecific
inhibitor of PFT and PGGT-I.

the association of oncogenic Ras with the plasma membrane and consequently
disrupts its signaling function (4). For this reason PFT is considered an important
target for the development of anticancer therapeutics. Numerous enzyme inhibitors
based on the CaaX box, farnesyl pyrophosphate as well as combinations thereof
have been reported (5). Furthermore, several natural products have shown potent
inhibitory activity against PFT (5).

Inhibitors of a similar isoprenylating enzyme, i.e., protein:geranylgeranyl trans-
ferase I (PGGT-I), can also function as an antiproliferative agent in cancer chemo-
therapy (6). PGGT-I covalently links a geranylgeranyl (C-20 terpene) moiety to
the cysteine residue of CaaL (L, leucine) terminating proteins (e.g., brain hetero-
trimeric G proteins, Cdc42, and Ras related small GTP-binding proteins) (7). Several
geranylgeranylated proteins are involved in cell cycle progression and also in this
case these proteins become biologically active upon membrane association.

It has been demonstrated that under certain conditions PFT and PGGT-I show
mixed specificities (8). Thus, PFT can transfer geranylgeranyl as well as farnesyl
moieties, using the corresponding isoprenoid pyrophosphate as donors, to certain
acceptors having a C-terminal methionine (9). Moreover, purified PGGT-I can
transfer both geranylgeranyl and farnesyl groups to protein or peptide substrates
ending with leucine (10). For instance, the oncogenic Ras related GTPase TC21
protein functions as a substrate for both PGGT-I and PFT in vitro (11). It was
demonstrated that transformation of cells by oncogenic TC21 was not inhibited by
a specific PFT inhibitor and it has been suggested that inhibition of PFT may
cause isoprenylation by PGGT-I with restoration of signaling function (8, 11a).
Furthermore, Ki-, K-, and N-Ras proteins are geranylgeranylated when the farnesy-
lation process is inhibited by specific PFT inhibitors (11b, c). These findings indicate
that the functioning of certain oncogenic proteins can be more effectively blocked
by an inhibitor for both farnesylation and geranylgeranylation events.

As part of an ongoing program directed toward the development of inhibitors
of isoprenyl pyrophosphate consuming enzymes, we previously described the syn-
thesis of compound 1, as well as its homolog 2 (Fig. 1) (12f ). Compounds 1 and 2
are inhibitors of PFT with IC50 values of 1.08 6 0.23 and 0.58 6 0.45 eM, respectively.
Interestingly, compound 1 does not inhibit PGGT-I (IC50 . 100 eM) while com-
pound 2 is also an inhibitor of PGGT-I (IC50 1.15 6 0.13 eM) (12h). Thus, compound
2, obtained by elongation of PFT-specific inhibitor 1 with one methylene group,
not only inhibits PFT but also PGGT-I, indicating that longer carbon analogs of
compound 2 may show a higher inhibitory potential toward PGGT-I.
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SCHEME 1. (i) DMSO, oxalyl chloride, NEt3. (ii) NaP(O)(OEt)2, ether. (iii) BuLi, TfOCH2

P(O)(OEt)2. (iv) 1, TMSBr, sym-collidine; 2, KOH. (v) 1, TMSBr, sym-collidine; 2, DCC, tributylamine/
pyridine; 3, Dowex-K1.

Here we report on the synthesis and biological evaluation of the homologous
diphosphonates 7a–7c and the corresponding cyclic compounds 8a–8c (Scheme 1).

RESULTS AND DISCUSSION

The synthetic route toward the diphosphonates 7a–7c and the cyclic counterparts
8a–8c started (13) with the conversion of commercially available (E, E)-farnesol
into the homologated alcohols 3a–3c (see Scheme 1). Swern oxidation of alcohols
3a–3c, followed by reaction of the crude aldehydes 4a–4c with NaP(O)(OEt)2 in
ether gave racemic a-hydroxy farnesylphosphonates 5a–5c in 65–70% yield, based
on 3a–3c. Reaction of the alcoholate of compounds 5a–5c, generated in situ with
n-butyllithium in tetrahydrofuran at 2788C, with diethyl phosphonomethyltriflate
(14) yielded the fully protected target molecules 6a–6c in 65–70%. Removal of the
phosphonate ethyl ester groups of 6a–6c proceeded smoothly with trimethylsilyl
bromide (TMSBr) in the presence of sym-collidine and subsequent in situ basic
hydrolysis of the intermediate trimethylsilyl esters. The crude products were purified
by CHP20P-gel chromatography (15) to afford the diphosphonates 7a–7c in
55–60% yield. Novel farnesyl pyrophosphate analogs 7a–7c were fully characterized
(see Experimental). The 31P NMR spectrum of compound 7a, for instance, showed
two singulets at 16.6 and 19.7 ppm.

Transformation of 6a–6c into the cyclic compounds 8a–8c could be effected by
the following (12g) three-step one-pot procedure: transesterfication with TMSBr/
sym-collidine, hydrolysis with aqueous methanol, and treatment with dicyclohexyl
carbodiimide in tributylamine/pyridine. Cyclic diphosphonate analogs 8a–8c were
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obtained in 50–55% yield after ion-exchange (Dowex-K1) and purification by pre-
parative HPLC. The cyclic structure of the compounds 8a–8c was established with
31P-31P COSY NMR. The 242 MHz 31P-31P COSY NMR spectrum of cyclic phospho-
nate 8a (Fig. 2), for instance, showed a cross-peak between the doublets at 11.6
and 13.7 ppm (J 5 44.8 Hz) corresponding to the two phosphonate functionalities.
It is of importance to note that the 31P NMR spectra of the cyclic compound 8a
did not change after standing in D2O at room temperature for several weeks,
indicating that the P–O–P linkage does not readily hydrolyze under these conditions.
The novel isoprenylated pyrophosphate derivatives 7a–7c and the previously synthe-
sized inhibitors 1 and 2 were tested on their inhibitory activity in a PFT and
PGGT-I enzyme assay (12f, h). The outcome of this study is summarized in Table
1 and Fig. 3, showing the IC50 values as a function of chain length. Diphosphonate
2 (n 5 1) is the most potent inhibitor of PFT (IC50 5 0.58 6 0.45 eM) in this series.
On the other hand, compound 7a (n 5 2) is the most potent inhibitor of
PGGT-I, having a IC50 value of 0.98 6 0.01 eM. The longer chain derivatives 7b
and 7c have similar activity, but are less potent inhibitors of both enzymes than
the compounds 2 and 7a. The compounds 2 and 7a–7c are nonspecific inhibitors
of PFT and PGGT-I as compared with the large difference in inhibitory potential
as observed with compound 1 (IC50 5 1.08 6 0.23 eM in PFT and IC50 . 100 eM
in PGGT-I). The IC50 values of the novel cyclic diphosphonates 8a–8c in the PFT
and PGGT-I are also listed in Table 1. The IC50rel 5 IC50cyclic/IC50noncyclic values
have been calculated to compare the differences in inhibitory activity of the cyclic
versus the noncyclic analogs. The cyclic diphosphonates are less potent inhibitors
than their noncyclic counterparts in both enzyme assays. Chain elongation of the
isoprenoid unit has a negative effect on the inhibitory activity toward PFT. In
contrast, the cyclic compounds 8a–8c all have similar inhibitory activities in the
PGGT-I assay.

CONCLUSION

The earlier reported farnesyl pyrophosphate analog 1 (n 5 0 in Fig. 3) showed
specific inhibition of the enzyme PFT. Elongation of the isoprenyl moiety with one
methylene group led to compound 2 (n 5 1 in Fig. 3) being a potent inhibitor of both
PFT and PGGT-I (12h). The novel diphosphonate analogs 7a–7c were prepared in
order to study the effect of additional isoprenoid elongation on the inhibitory
potential and specificity of the enzymes PFT and PGGT-I.

The best inhibitor of PFT was shown to be the previously obtained compound
2 (IC50 5 0.58 6 0.45 eM). The novel compound 7a, the one-carbon homolog of
compound 2, proved to be the most potent inhibitor of PGGT-I. The higher chain
elongated derivatives 7b and 7c are poorer inhibitors of both enzymes. In sharp
contrast with the enzyme specificity for inhibition of PFT, as observed with com-
pound 1 (n 5 0 in Fig. 3), compounds 2 and 7a–7c (n 5 1–4 in Fig. 3) are nonspecific
inhibitors of PFT and PGGT-I. The latter may be explained by the fact that the
additional methylene units between the negatively charged phosphonate groups and
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FIG 2. The 243 MHz 31P-31P COSY NMR spectrum of compound 7a. The observed cross-peak provides
evidence for the cyclic structure.
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TABLE 1
IC50 Values of Compounds 1,2, 7a–7c and 8a–8c in PFT and PGGT-I Assays

Protein:Farnesyl Protein:Geranylgeranyl
transferase PFT IC50rel 5 transferase I PGGT-I IC50rel 5

Compound IC50 (eM) IC50cyclic/IC50noncyclic IC50 (eM) IC50cyclic/IC50noncyclic

1 1.08 6 0.23 — .100 —
2 0.58 6 0.45 — 1.15 6 0.13 —
7a 5.27 6 1.28 — 0.98 6 0.01 —
7b 14.7 6 3.0 — 20.1 6 5.7 —
7c 8.19 6 1.55 — 18.2 6 5.9 —
8a 18.6 6 2.7 3.5 15.9 6 2.7 16
8b 38.5 6 8.0 2.6 45.8 6 8.2 2
8c 82.9 6 7.9 10 22.8 6 4.8 1.25

Note. IC50rel 5 IC50cyclic/IC50noncyclic .

the hydrophobic terpene chain as in compounds 2 and 7a–7c induce conformational
flexibility, allowing for nonspecific interaction with PFT and PGGT-I.

Preliminary experiments on the inhibition of the farnesyl pyrophosphate consum-
ing enzyme squalene synthase (SS), involved in the cholesterol biosynthesis (16),
showed that compounds 1, 2, and 7a–7c are weaker inhibitors of SS than previously
synthesized compounds (12). Thus, both compounds 2 and 7a are more selective
toward inhibition of protein isoprenylation compared to the inhibition of cholesterol
biosynthesis. Compounds 2 and 7a have four negative charges which may hamper
their cellular uptake. In order to increase the cellular permeability we prepared
cyclic phosphono derivatives 8a–8c, having only two negative charges. The cyclic
compounds 8a–8c proved to be less potent inhibitors than their noncyclic counter-
parts in the enzyme assays; however, it is not unlikely that this lesser activity is
compensated for by a better cellular uptake.

Currently we are studying the inhibitory action of the here reported molecules and
several pivaloyloxymethyl protected prodrug (17) derivatives on the proliferation of
cultured cells. Further research will determine if nonspecific inhibitors of isopreny-
lating enzymes have better antitumor properties than specific inhibitors in cells
where the unregulated proliferation is caused by oncogenic proteins that can either
be farnesylated, geranylgeranylated, or both.

EXPERIMENTAL

1. Abbreviations

DCC, dicyclohexylcarbodiimide; EI, electron impact; FPP, farnesyl pyrophos-
phate; GTP, guanosine triphosphate; GGPP, geranylgeranyl pyrophosphate; IC50,
inhibition concentration to inhibit 50% of enzyme activity; MS, mass spectrometry;
PFT, protein:farnesyl transferase; PGGT-I, protein:geranylgeranyl transferase I;
Ras, rat sarcoma; TMSBr, trimethylsilyl bromide.
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FIG. 3. In vitro inhibition of the enzymes PFT and PGGT-I by the synthetic analogs 1, 2, and 7a–7c
(e.g., n 5 0–4). The IC50 values in eM are plotted as a function of the chain length.

2. General

(E, E)-Farnesol was purchased from Aldrich. Toluene, dichloromethane, and
diethylether were heated under reflux with P2O5 for 2 h prior to distillation. Toluene
and ether were stored over sodium wire. Dichloromethane was stored over 4-Å
molecular sieves. THF was distilled from LiAlH4 directly before use. All other
solvents and reagents were used as received. All reactions were carried out under
a nitrogen atmosphere. TLC analysis was performed on silica gel (Schleicher &
Schull, F 1500 LS 254). Visualization was performed with I2 on silica gel. Column
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chromatography was performed on Merck Kieselgel (230–400 Mesh ASTM). 1H2,
13C2, and 31P NMR spectra were recorded using a JEOL JNM-FX 200 spectrometer
on line with a JEC 980 B computer (at 199.99, 50.1, and 80.7 MHz, respectively),
a Bruker WM-300 spectrometer (at 300, 75, and 121 MHz, respectively), or a Bruker
DMX-600 spectrometer (at 600, 150.3, and 242 MHz, respectively). 1H and 13C
chemical shifts are given in ppm (d) relative to tetramethylsilane (TMS) as internal
standard and 31P chemical shifts are given in ppm (d) relative to 85% H3PO4 as
external standard. Mass spectra were recorded with a Finnigan MAT TSQ70 triple
quadropole mass spectrometer. CHP20P (75–150 e) column material was purchased
from Mitsubishi kasei corporation. HPLC was performed with the Biocat vision
from Perceptive, UV detection at 204 nm, anal. HPLC: Lichrosphere 100 RP18
endcapped (5 e), 4 3 250 mm, Platinum EPS RP18 (5 e), 4.6 3 250 mm and Prep.
HPLC: Lichrosphere 100 RP18 endcapped (5 e), 10 3 250 mm, Platinum EPS
RP18 (5 e), 10 3 250 mm. The homologated farnesyl alcohols 3a–3c were synthe-
sized according to the literature procedures (13).

3. Determination of the IC50 Values of the Inhibitors 7a–7c and 8a–8c for the
Enzyme Protein:Farnesyl Transferase

PFT activity was determined using a C-terminal peptide of pre-p21N-ras coupled
to Sepharose beads as substrate (pepAsep) as described previously (12c). A crude
preparation of protein:farnesyl transferase from rat brain (18) or from bovine brain
(20) was used. For the measurements of the inhibition by farnesyl pyrophosphate
analogs the experimental conditions (25 el reaction mixture) were 80 pmol Sepha-
rose-coupled peptide A and B, 0.7 eM [3H]FPP (sp. act. 15 Ci/mmol; ARC), 13 el
of rat brain, or 10 el of bovine brain enzyme preparation. Incubation time was 30
min. For the determination of IC50 values of the FPP analogs the assay was per-
formed three times in the presence of different concentrations of the compounds
in duplicate as described previously (12c). Values given are the mean 6 SEM
(N 5 3).

4. Determination of the IC50 Values of the Inhibitors 7a–7c and 8a–8c for the
Enzyme Protein:Geranylgeranyl Transferase I

Determination of PGGT-I activity was performed by using a Sepharose-coupled
peptide as substrate. The amino acid sequence of the peptide was the same as
described for the PFT assay (pepAsep) except that the C-terminal methionine has
been replaced by leucine, introducing the CaaL-box which is the consensus sequence
for geranylgeranylation by PGGT-I (19). This substrate has been designated as
pepCsep. PepBsep, the nonisoprenylatable Sepharose-coupled peptide (see PFT
assay in (12c)), was used as measure for nonspecific association of radiolabeled
GGPP. A crude PGGT-I preparation was isolated from bovine brain according to
(20). The radioactivity bound to the Sepharose was strongly dependent on the
presence of the cysteine residue in pepCsep and the reaction was linear up to 40
min and up to 5 el of the enzyme preparation. On the basis of these data the
conditions for the determination of PGGT-I activity were as follows: The incubation
mixture (25 el) contained 2.5 el of pepBsep or pepCsep (1.0 nmol of peptides),
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2.5 el of bovine brain enzyme, 1 eM of [3H]GGPP (sp. act. 15 Ci/mmol, American
Radiolabeled Chemicals, USA), 0.5 mM MgCl2, 1 mM DTT, 0.004% Triton X-100,
50 mM Tris–HCl (pH 7.4). For the determination of the inhibitory potencies of
the various phosphonate analogs, these compounds were added to the mixture in
at least five different concentrations. The incubation was performed at 378C for 40
min with continuous shaking. The reaction was terminated by addition of 1 ml of
2% of SDS, and the beads were spun down and washed successively three times
with 2% SDS under shaking for 45 min at 508C. For the calculation of PGGT-I
activity the 3H counts bound to pepBsep were subtracted from the counts bound
to pepCsep. For the determination of the IC50 values of diphosphonate analogs the
assay was repeated at least three times in the presence of various concentrations
of the compounds and concentration at 50% inhibition was determined using a
mathematical function derived by fitting to the inhibitor curve.

5. General Procedure for the Synthesis of Homologated Farnesyl Alcohols

According to the literature procedure (13, 15), 5.0 eq of the appropriate g-chloro-
1-propanol in THF (2 M) at 2208C (bath temperature) was treated with 5.0 eq of
a CH3MgCl solution in THF (3 M). After 20 min at 2208C, 7.5 eq magnesium
powder was added to the reaction mixture. The reaction mixture was allowed to
warm to room temperature (RT) and heated under reflux for 4 h. The reagent was
allowed to cool to RT and added with a syringe to 1.0 eq farnesylchloride in 1 : 1
THF : HMPA (1 M) at RT. The reaction mixture was stirred for 16 h at RT and
then treated with saturated NH4Cl solution followed by water and extracted with
ether. The organic layer was washed with brine, dried (MgSO4), and concentrated.
Alcohols 3a–3c were obtained, after silica gel column chromatography (elution:
ethyl acetate/petroleum ether, 15/85, v/v), as colorless oils (yields 40–50%). The
obtained spectroscopic data of compounds 3a–3c were in full agreement with their
chemical structure (13, 15).

6. General Procedure for the Synthesis of Homologated
a-Hydroxy Farnesylphosphonates

DMSO solution (2.5 eq, 2 M) in CH2Cl2 was added dropwise to a cooled
(250/2608C) (bath temperature) solution of oxalylchloride (1.2 eq) in CH2Cl2

(0.5 M). After 5 min at (250/2608C) the alcohol 3a, 3b, or 3c (1.0 eq) in CH2Cl2

(2 M) was added over a 10-min period. After 15 min, triethylamine (5 eq) was
added dropwise. The reaction mixture was stirring for 5 min at (250/2608C) and
then allowed to warm to RT in 30 min. The reaction mixture was diluted with water
and extracted with CH2Cl2. The organic layer was dried (MgSO4) and concentrated.
The residue was dissolved in ether (2 M) and added dropwise to a cooled (08C)
solution of sodium diethyl phosphonate (2.0 eq) in ether (4.5 M) (generated in situ
by addition of sodium metal (2.0 eq) to diethyl phosphite (2.2 eq) in ether (4.5 M)
at 08C and stirring for 4 h). After stirring for 15 min at 08C, the mixture was
neutralized with saturated NH4Cl solution and extracted with ether. The organic
phase was washed with brine, dried (MgSO4), and concentrated.

(E, E)-Diethyl 1-hydroxy-5,9,13-trimethyl-4,8,12-tetradecatrienylphosphonate (5a).
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Alcohol 3a (0.50 g, 2.02 mmol) yielded compound 5a, after silica gel column chroma-
tography (elution: ethyl acetate/petroleum ether, 9/1, v/v), as a colorless oil (0.51
g, 66%). 1H NMR (300 MHz) (CDCl3) d 1.31–1.35 (m, 6H), 1.59 (2xs, 6H), 1.63 (s,
3H), 1.67 (s, 3H), 1.70–1.80 (m, 2H), 1.97–2.30 (m, 10H), 3.83–3.88 (m, 1H), 4.06–
4.21 (m, 4H), 4.70 (b, 1H), 5.07–5.31 (m, 3H). 13Ch1Hj NMR (75 MHz) (CDCl3) d
15.7, 15.8, 16.2, 16.3, 17.3, 23.7 (3JC,P 5 13.8 Hz), 25.4, 26.3, 26.4, 31.1, 39.4, 39.5,
62.1 (2JC,P 5 7.1 Hz), 62.3 (2JC,P 5 7.3 Hz), 66.8 (1JC,P 5 160.1 Hz), 123.0, 123.9,
124.1, 130.8, 134.6, 135.9. 31Ph1Hj NMR (80.7 MHz) (CDCl3) d 26.14. MS (EI) 387
([M 1 H]1).

(E, E)-Diethyl 1-hydroxy-6,10,14-trimethyl-5,9,13-pentadecatrienylphosphonate
(5b). Alcohol 3b (0.255 g, 0.97 mmol) yielded compound 5b, after silica gel column
chromatography (elution: ethyl acetate/petroleum ether, 9/1, v/v), as a colorless oil
(0.258 g, 67%). 1H NMR (300 MHz) (CDCl3) d 1.34–1.39 (m, 6H), 1.63 (2xs, 6H),
1.66 (s, 3H), 1.71 (s, 3H), 1.74–1.84 (m, 4H), 2.00–2.34 (m, 10H), 3.89 (dt, J 5
4.6 1 9.0 Hz, 1H), 4.15–4.25 (m, 4H), 5.13–5.18 (m, 3H). 13Ch1Hj NMR (75 MHz)
(CDCl3) d 15.2, 15.9, 16.0, 16.5, 17.7, 24.0 (3JC,P 5 13.8 Hz), 25.7, 25.9, 26.6, 26.7,
31.3, 39.2, 39.7, 62.4 (2JC,P 5 6.7 Hz), 62.6 (2JC,P 5 6.8 Hz), 67.3 (1JC,P 5 159.3 Hz),
122.9, 124.1, 124.2, 131.2, 135.6, 136.6. 31Ph1Hj NMR (80.7 MHz) (CDCl3) d 26.08.
MS (EI) 401 ([M 1 H]1).

(E, E)-Diethyl 1-hydroxy-7,11,15-trimethyl-6,10,14-hexadecatrienylphosphonate
(5c). Alcohol 3c (0.373 g, 1.34 mmol) yielded compound 5c, after silica gel column
chromatography (elution: ethyl acetate/petroleum ether, 9/1, v/v), as a colorless oil
(0.33 g, 60%). 1H NMR (300 MHz) (CDCl3) d 1.33–1.38 (m, 6H), 1.59, 1.68, 1.73
(3xs, 12H), 1.99–2.06 (m, 16H), 3.83–3.87 (m, 1H), 4.06–4.22 (m, 4H), 4.44 (b, 1H),
5.07–5.15 (m, 3H). 13Ch1Hj NMR (75 MHz) (CDCl3) d 15.8, 15.9, 16.0, 16.4, 17.5,
25.3 (3JC,P 5 13.8 Hz), 25.5, 26.5, 27.7, 29.4, 29.7, 31.2, 31.8, 39.6, 62.2 (2JC,P 5 6.9
Hz), 62.5 (2JC,P 5 7.0 Hz), 67.5 (1JC,P 5 159.8 Hz), 124.1, 124.3, 124.7, 131.0, 134.7,
134.8. 31Ph1Hj NMR (121 MHz) (CDCl3) d 26.15. MS (EI) 415 ([M 1 H]1).

7. General Procedure for the Synthesis of the Tetraethyl
Homologated Farnesyldiphosphonates

The a-hydroxy phosphonate 5a, 5b, or 5c was coevaporated with toluene, dis-
solved in ether (0.4 M), and treated with 1.1 eq of a 1.6 M n-butyllithium solution
in hexanes at 2788C (bath temperature). After stirring for 40 min at 2788C, diethyl
phosphonomethyltriflate (2.0 eq) (14) in THF (0.8 M) was added. Stirring was
continued for 30 min at 2788C and then 2 h at 08C. The reaction mixture was
neutralized with saturated NH4Cl solution and extracted with ether. The organic
layer was washed with brine, dried (MgSO4) and concentrated.

(E, E)-Diethyl 1-(diethyl phosphonomethoxy)-5,9,13-trimethyl-4,8,12-tetradeca-
trienylphosphonate (6a). a-Hydroxy phosphonate 5a (0.25 g, 0.66 mmol) yielded
compound 6a, after silica gel column chromatography (elution: methanol/ethyl
acetate, 1/9, v/v), as a colorless oil (0.22 g, 67%). 1H NMR (300 MHz) (CDCl3) d
1.31–1.37 (m, 12H), 1.60 (2xs, 6H), 1.63 (s, 3H), 1.68 (s, 3H), 1.71–1.80 (m, 2H),
1.94–2.30 (m, 10H), 3.64 (ddd, J 5 3.1 1 7.0 1 9.7 Hz, 1H), 3.86 (ddd, J 5 1.1 1
8.3 1 13.5 Hz, 1H), 4.11–4.31 (m, 9H), 5.09–5.32 (m, 3H). 13Ch1Hj NMR (75 MHz)
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(CDCl3) d 15.7, 15.8, 16.1, 16.2, 16.3, 16.4, 17.4, 23.7 (3JC,P 5 12.6 Hz), 25.6, 26.4,
26.5, 30.0, 39.4, 39.5, 61.9, 62.1, 62.2, 62.3, 65.2 (1JC,P 5 164.0 Hz), 77.3 (1JC,P 5
162.1 Hz, 3JC,P 5 13.6 Hz), 122.7, 123.9, 124.1, 131.0, 134.8, 136.4. 31Ph1Hj NMR
(121 MHz) (CDCl3) d 23.08 (JP,P 5 3.65 Hz), 20.93 (JP,P 5 3.65 Hz). MS (EI) 537
([M 1 H]1).

(E, E)-Diethyl 1-(diethylphosphonomethoxy)-6,10,14-trimethyl-5,9,13-pentadeca-
trienylphosphonate (6b). a-Hydroxy phosphonate 5b (0.258 g, 0.65 mmol) yielded
compound 6b, after silica gel column chromatography (elution: methanol/ethyl
acetate, 1/9, v/v), as a colorless oil (0.251 g, 69%). 1H NMR (300 MHz) (CDCl3) d
1.31–1.38 (m, 12H), 1.60 (2xs, 6H), 1.63 (s, 3H), 1.68 (s, 3H), 1.69–1.82 (m, 4H),
1.94–2.28 (m, 10H), 3.64 (ddd, J 5 3.2 1 6.7 1 9.6 Hz, 1H), 3.86 (ddd, J 5 1.3 1
8.2 1 13.5 Hz, 1H), 4.11–4.31 (m, 9H), 5.08–5.13 (m, 3H). 13Ch1Hj NMR (75 MHz)
(CDCl3) d 16.0, 16.1, 16.4, 16.5, 16.5, 16.6, 17.6, 23.9 (3JC,P 5 13.2 Hz), 25.7, 25.9,
26.7, 30.2, 30.3, 39.1, 39.7, 62.2, 62.3, 62.4, 62.5, 65.4 (1JC,P 5 164.4 Hz), 77.6
(1JC,P 5 161.8 Hz, 3JC,P 5 13.7 Hz), 122.8, 124.0, 124.3, 131.2, 135.0, 136.6. 31Ph1Hj
NMR (121 MHz) (CDCl3) d 23.13, 21.01. MS (EI) 551 ([M 1 H]1).

(E, E)-Diethyl 1-(diethylphosphonomethoxy)-7,11,15-trimethyl-6,10,14-hexadeca-
trienylphosphonate (6c). a-Hydroxy phosphonate 5c (0.286 g, 0.69 mmol) yielded
compound 6c, after silica gel column chromatography (elution: methanol/ethyl ace-
tate, 1/9, v/v), as a colorless oil (0.259 g, 66%). 1H NMR (300 MHz) (CDCl3) d
1.31–1.35 (m, 18H), 1.58, 1.60, 1.72 (3xs, 12H), 1.98–2.18 (m, 10H), 3.64 (ddd, J 5
3.4 1 6.7 1 9.8 Hz, 1H), 3.91 (ddd, J 5 1.5 1 9.0 1 13.6 Hz, 1H), 4.11–4.27
(m, 9H), 5.07–5.14 (m, 3H). 13Ch1Hj NMR (75 MHz) (CDCl3) d 15.9, 16.3, 16.4,
16.5, 17.6, 25.5 (3JC,P 5 12.15 Hz), 25.6, 26.6, 26.7, 27.7, 29.5, 30.1, 39.6, 39.7, 62.1,
62.3, 62.4, 62.5, 64.2 (1JC,P 5 164.6 Hz), 78.1 (1JC,P 5 167.5 Hz, 3JC,P 5 12.5 Hz),
124.0, 124.2, 124.3, 131.1, 134.8, 135.1. 31Ph1Hj NMR (80.7 MHz) (CDCl3) d 21.02
(JP,P 5 3.23 Hz), 23.02 (JP,P 5 3.27 Hz). MS (EI) 565 ([M 1 H]1).

8. General Procedure for the Phosphonate Diester Hydrolysis

A solution of tetraethyl diphosphonate 6a, 6b, or 6c in CH2Cl2 (0.15 M) was
treated with sym-collidine (7.0 eq) followed by trimethylsilyl bromide (8.0 eq).
Stirring was continued for 16 h, the reaction mixture was concentrated, and 1 N
KOH (20 eq) was added. After stirring for 30 min the reaction mixture was concen-
trated. (E, E)-1-(hydroxyphosphonylmethoxy)-5,9,13-trimethyl-4,8,12-tetradecatrie-
nylphosphonic acid, tetrapotassium salt (7a). Compound 6a (0.150 g, 0.27 mmol)
yielded compound 7a, after CHP20P column chromatography (15) (elution: linear
gradient of 80% acetonitrile/water in 5% methanol/water, v/v) and lyophilization,
as a white amorphous powder (0.113 g, 71%). 1H NMR (300 MHz) (D2O) d 1.59
(2xs, 6H), 1.63 (s, 3H), 1.66 (s, 3H), 1.71–1.87 (m, 2H), 1.97–2.22 (m, 10H), 3.39
(dt, J 5 4.44 1 8.3 Hz, 1H), 3.60 (dd, J 5 8.94 1 12.9 Hz, 1H), 3.78 (ddd, J 5 0.81,
8.4 1 12.9 Hz, 1H), 5.13–5.25 (m, 3H). 13Ch1Hj NMR (75 MHz) (D2O) d 16.0, 16.2,
17.7, 24.8 (3JC,P 5 11.8 Hz), 25.6, 26.5, 26.6, 31.1, 39.5, 39.7, 70.3 (1JC,P 5 151.7 Hz,
3JC,P 5 4.6 Hz), 80.9 (1JC,P 5 153.6 Hz, 3JC,P 5 10.3 Hz), 124.9, 125.2, 125.4,
134.3, 137.2, 137.9. 31Ph1Hj NMR (121 MHz) (D2O) d 16.20, 19.46. MS (EI) 423
([M 2 H]1).
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(E, E)-1-(hydroxyphosphonylmethoxy)-6,10,14-trimethyl-5,9,13-pentadecatrienyl-
phosphonic acid, tetrapotassium salt (7b). Compound 6b (0.150 g, 0.27 mmol) yielded
compound 7b, after CHP20P column chromatography (elution: linear gradient of
80% acetonitrile/water in 5% methanol/water, v/v) and lyophilization, as a white
amorphous powder (0.099 g, 62%). 1H NMR (300 MHz) (D2O) d 1.64 (2xs, 6H),
1.66 (s, 3H), 1.71 (s, 3H), 1.93–2.15 (m, 14H), 3.46–3.49 (m, 1H), 3.67–3.74 (m,
1H), 3.81–3.88 (m, 1H), 5.21–5.33 (m, 3H). 13Ch1Hj NMR (75 MHz) (D2O) d 16.4,
16.7, 18.0, 24.9, 26.0, 27.0, 27.1, 28.5, 31.2, 40.1, 40.2, 70.3 (1JC,P 5 154.4 Hz), 81.7
(1JC,P 5 145.0 Hz), 125.3, 125.6, 132.9, 136.3, 136.8. 31Ph1Hj NMR (121 MHz) (D2O)
d 16.56, 19.65. MS (EI) 437 ([M 2 H]1).

(E,E)-1-(hydroxyphosphonylmethoxy)-7,11,15-trimethyl-6,10,14-hexadecatrienyl-
phosphonic acid, tetrapotassium salt (7c). Compound 6c (0.124 g, 0.22 mmol)
yielded compound 7c, after CHP20P column chromatography (elution: linear gradi-
ent of 80% acetonitrile/water in 5% methanol/water, v/v) and lyophilization, as a
white amorphous powder (0.062 g, 62%). 1H NMR (300 MHz) (D2O) d 1.65 (2xs,
6H), 1.72 (s, 3H), 1.76 (s, 3H), 2.06–2.18 (m, 16H), 3.46 (dt, J 5 4.0 1 8.8 Hz, 1H),
3.66 (dd, J 5 8.9 1 12.9 Hz, 1H), 3.87 (dd, J 5 8.4 1 12.9 Hz, 1H), 5.20–5.31 (m,
3H). 13Ch1Hj NMR (75 MHz) (D2O) d 16.1, 16.9, 18.2, 25.7, 26.0, 26.6, 28.2, 30.1,
31.2, 39.7, 40.1, 70.2 (1JC,P 5 156.8 Hz), 81.5 (1JC,P 5 163.8 Hz), 124.2, 125.3, 126.2,
134.1, 136.8, 137.9. 31Ph1Hj NMR (80.7 MHz) (D2O) d 17.86, 14.85. MS (EI) 453
([M 1 H]1).

9. General Procedure for the Cyclisation Reaction

A solution of tetraethyl diphosphonate 6a, 6b, or 6c in CH2Cl2 (0.15 M) was
treated with sym-collidine (7.0 eq) followed by trimethylsilyl bromide (8.0 eq).
Stirring was continued for 16 h, the reaction mixture was concentrated, and 1 : 9
H2O/methanol (v/v) was added. After stirring for 1.5 h, the reaction mixture was
concentrated. The residue was coevaporated with pyridine, dissolved in 15% tri-n-
butylamine in pyridine (0.15 M), and treated with DCC (6 eq). After stirring
for 72 h the precipitate was removed by filtration over Celite. The filtrate was
concentrated, dissolved in H2O (0.15 M), and the precipitate removed by filtration
over Celite. The filtrate was applied on a Dowex-K1 column and the appropriate
fractions were lyophilized. The residue was purified by preparative HPLC.

Cyclic (E, E)-1-(hydroxyphosphonylmethoxy)-5,9,13-trimethyl-4,8,12-tetradeca-
trienylphosphonic anhydride, dipotassium salt (8a). Compound 6a (0.082 g, 0.146
mmol) yielded compound 8a, as a white amorphous powder (0.032 g, 55%), after
prep. HPLC (elution: linear gradient of 80% acetonitrile/ 5 mM NH4HCO3 water
in 5% methanol/5 mM NH4HCO3 water, v/v), lyophilization, ion exchange (Dowex-
K1), and lyophilization. 1H h31Pj NMR (600 MHz) (D2O) d 1.60 (2xs, 6H), 1.62 (s,
3H), 1.67 (s, 3H), 1.71–1.77 (m, 2H), 1.97–2.25 (m, 9H), 3.44 (t, J 5 7.13 Hz, 1H),
3.54 (d, J 5 14.5 Hz, 1H), 4.07 (dd, J 5 7.2 1 8.8 Hz, 1H), 5.15–5.20 (m, 3H).
13Ch1Hj NMR (150 MHz) (D2O) d 16.0, 16.2, 17.8, 24.2 (3JC,P 5 12.3 Hz), 25.7, 26.1,
26.7, 29.7, 39.6, 39.7, 67.6 (1JC,P 5 145.4 Hz), 77.6 (1JC,P 5 148.8 Hz), 124.0, 125.3,
125.5, 134.1, 137.3, 138.6. 31Ph1Hj NMR (243 MHz) (D2O) d 11.58 (J 5 44.9 Hz),
13.71 (J 5 44.9 Hz), the doublets at 11.58 and 13.71 ppm have a cross-peak in
31P-31P COSY. MS (EI) 405 ([M 2 H]1).
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Cyclic-(E, E)-1-(hydroxyphosphonylmethoxy)-6,10,14-trimethyl-5,9,13-pentade-
catrienylphosphonic anhydride, dipotassium salt (8b). Compound 6b (0.150 g, 0.27
mmol) yielded compound 8b, after prep. HPLC (elution: linear gradient of 80%
acetonitrile/ 5 mM NH4HCO3 water in 5% methanol/ 5 mM NH4HCO3 water, v/v),
lyophilization, ion exchange (Dowex-K1), and lyophilization, as a white amorphous
powder (0.099 g, 62%). 1H NMR (300 MHz) (D2O) d 1.64 (2xs, 6H), 1.66 (s, 3H),
1.71 (s, 3H), 1.93–2.15 (m, 14H), 3.49 (dd, J 5 5.6 1 8.1 Hz, 1H), 3.61 (d, J 5 14.6
Hz, 1H), 4.08 (dd, J 5 7.5 1 14.9 Hz, 1H), 5.21–5.33 (m, 3H). 13Ch1Hj NMR (75
MHz) (D2O) d 16.4, 16.7, 18.0, 24.9 (d, 3JC,P 5 12.5 Hz), 26.0, 27.0, 27.1, 28.5, 31.2,
40.1, 40.2, 70.3 (d, 1JC,P 5 154.4 Hz), 81.7 (d, 1JC,P 5 145.0 Hz), 124.6, 125.3, 125.6,
132.9, 136.3, 136.8. 31Ph1Hj NMR (121 MHz) (D2O) d 11.54 (J 5 44.8 Hz), 13.62
(J 5 44.8 Hz). MS (EI) 419 ([M 2 H]1).

(E,E)-1-(hydroxyphosphonylmethoxy)-7,11,15-trimethyl-6,10,14-hexadecatrienyl-
phosphonic anhydride, dipotassium salt (8c). Compound 6c (0.124 g, 0.22 mmol)
yielded compound 8c, after prep. HPLC (elution: linear gradient of 80% acetonitrile/
5 mM NH4HCO3 water in 5% methanol/5 mM NH4HCO3 water, v/v), lyophilization,
ion exchange (Dowex-K1), and lyophilization, as a white amorphous powder (0.062
g, 62%). 1H NMR (600 MHz) (D2O) d 1.59 (3xs, 9H), 1.65 (s, 3H), 1.95–2.14 (m,
16H), 3.45 (dd, J 5 4.0 1 9.3 Hz, 1H), 3.59 (d, J 5 14.5 Hz, 1H), 4.05 (dd, J 5
7.3 1 14.6 Hz, 1H), 5.20–5.31 (m, 3H). 13Ch1Hj NMR (150 MHz) (D2O) d 16.1,
16.9, 18.2, 25.7 (3JC,P 5 12.3 Hz), 26.0, 26.6, 28.2, 30.1, 31.2, 39.7, 40.1, 59.0, 67.4
(1JC,P 5 144.6 Hz), 78.6 (1JC,P 5 147.6 Hz), 125.3, 125.4, 126.0, 134.1, 136.8, 137.9.
31Ph1Hj NMR (243 MHz) (D2O) d 11.5 (d, J 5 44.9 Hz), 13.6 (d, J 5 44.9 Hz), the
doublets at 11.5 and 13.6 ppm have a cross-peak in 31P-31P COSY. MS (EI) 433
([M 2 H]1).
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