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R-Halogenated analogues of the anti-resorptive bisphosphonate risedronate (5, Ris) and its phosphonocar-
boxylate cognate (7, 3-PEHPC) were synthesized and compared with5, 7, and the corresponding desoxy
analogues in bone mineral affinity and mevalonate pathway inhibition assays. The Ris (5e-h) and 3-PEHPC
(7e-h) analogues had decreased bone mineral affinity, confirming that theR-OH group in5 and7 enhances
bone affinity. The5 R-halo-analogues potently inhibited farnesyl pyrophosphate synthase (FPPS) with IC50

values from 16 (R-F) to 340 (R-Br) nM (5, 6 nM). In contrast,7 R-halo-analogues were ineffective versus
FPPS (IC50 > 600µM), but inhibited Rab geranylgeranyl transferase (RGGT) (IC50 ) 16-35 µM) similarly
to 7 itself (IC50 ) 24 µM). The R-F analogue7e was 1-2 times as active as7 in J774 cell viability and
Rab11 prenylation inhibition assays.

Introduction

Bisphosphonates (BPs; general structure1), are widely used
drugs for the treatment and prevention of excessive osteoclast-
mediated bone resorption associated with osteoporosis, Paget’s
disease, tumor-induced osteolysis, and hypercalcemia.1-5 In
recent years, bisphosphonates have also been found to have
antiparasitic,6-9 antibacterial,10 herbicidal,11 and anticancer
properties12-19 and to stimulateγδT cells of the immune system,
drawing interest in cancer immunotherapy.20,21These drugs are
nonhydrolyzable analogues of the endogenous pyrophosphate
(PPi, 4) in which the oxygen bridge is replaced by a carbon
atom. Attached to the bridging carbon atom are two substituents,
forming a general “P-CR1R2-P” structure. The most potent
bisphosphonates currently in use as anti-resorptive agents, such
as ibandronate (2), alendronate (3), risedronate (5), and zole-
dronate (6), consist of a hydroxyl group in the R1 position and
a nitrogen-containing R2 side chain (1, Scheme 1) and are there-
fore known as nitrogen-containing bisphosphonates (N-BPs).

Farnesyl pyrophosphosphate synthase (FPPS, also known as
farnesyl diphosphate synthase, FDPS), one of the key enzymes
involved in the mevalonate pathway, is the major molecular
target of N-BPs.22-29 This enzyme catalyzes the two-step
synthesis of the C15 isoprenoid farnesyl pyrophosphate (FPP):
first from isoprenyl pyrophosphate (IPP) and dimethylallyl
pyrophosphate (DMAPP) to produce geranyl pyrophosphate
(GPP), followed by condensation of an additional IPP with the
resultant GPP to produce FPP (Scheme 2). Inhibition of the
enzyme prevents the biosynthesis of FPP and other downstream
products, such as geranylgeranyl pyrophosphate (GGPP), which
are required for the post-translational prenylation of small

GTPases, such as Ras, Rho, and Rab family proteins in
osteoclasts.30 Disruption of protein prenylation leads to loss of
essential signaling processes that are necessary for osteoclast
function and survival.22,23,27,28 Although these pathways are
crucial in all cell types, the extraordinary ability of N-BPs to
selectively target bone mineral means that osteoclasts are
exposed to high concentrations of the drug in vivo.26,27,31-34

The exact mechanism by which N-BPs inhibit FPPS and their
structure-activity relationships are still emerging. In general,
the P-C-P substructure is required for selective targeting to
bone mineral, and the Rn substituents influence potency. The
presence of theR-OH group (i.e., R1 ) OH) is believed to
enhance bone mineral binding35-37 by allowing tridentate
interaction with Ca2+, but its role in potency at the cellular level
is less clear. Analogues with anR-H in place of theR-OH have
lowered bone affinities, presumably because their Ca2+ interac-
tion is restricted to bidentate.36-38 The enzyme inhibition
potency of these analogues is also lower, despite the fact that
in the crystal structure of the risedronate-FPPS complex, the
R-OH group does not appear to participate directly in chelation
to Mg2+.22,23,28Therefore, it is possible that theR-OH group
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Scheme 1.Generic N-BP Structure (1) and Structures of
Common N-BP Drugs (All Represented in Acid Form)
Compared to Pyrophosphoric Acid,4: 2, Ibandronic Acid;3,
Alendronic Acid;5, Risedronic Acid;6, Zolendronic Acid
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contributes indirectly to the phosphonate anion interaction with
Mg2+ by the electron-withdrawing effect of its electronegative
oxygen. In principle, this effect should be exerted by other
electron-withdrawing groups, installed by replacing theR-OH
and exploiting the sterically open space surrounding this group
in the active site complex.

However, relatively little is known about the effect of
replacing theR-OH group of N-BPs with other functional
groups. Such substitutions could potentially alter the physico-
chemical properties of the bisphosphonate moiety significantly
due to their proximity to the geminal phosphonate groups. A
study on a small group ofR-amino N-BPs has shown that anti-
resorptive potency can be affected dramatically by this substitu-
tion, depending on the parent structuressranging from complete
loss to full retention of activity.36,39 However, in these com-
pounds the amino replacement introduces an additional basic
site of undefined protonation status, complicating interpretation.
We hypothesized that replacement of theR-OH with a halogen
atom might allow modulation of mineral affinity and/or enzyme
inhibition potency, by varying only the substituent electrone-
gativity and atomic size. Ideally, this could lead to a new class
of anti-resorptive agents with properties not achievable with
currently usedR-hydroxyl N-BP analogues.

R-Fluorination is known to lower the acidity of methylene-
bisphosphonic acid such that there is a good match of pKa values
with PPi, creating a useful mimic of the latter compound.40-42

Fluorine substitution for-H and-OH groups is frequently used
to advantage in drug discovery and development.43-45 The
stability of the C-F bond, together with its high electronega-
tivity and small atomic size, makes fluorine particularly valuable
for modulating pharmacological properties of drug molecules
without compromising their basic structural features. The
fluorine atom occupies a van der Waals radius (1.47 Å) uniquely
positioned between oxygen (1.52 Å) and hydrogen (1.20 Å),
allowing bio-isosteric replacement of CsH, CdO, and CsOH
groups.45 It can also function as weak hydrogen bond acceptor

atom in enzyme active site or receptor environments.43,45In the
present case,R-fluorination could allow separation of electron-
withdrawing and H-donating contributions of theR-OH in N-BP
drugs or their PC analogues.

In this paper, we report the synthesis of a series of
R-halogenated analogues (Scheme 3) of the potent N-BP5
(risedronate, a widely used anti-resorptive agent) and also of
its phosphonocarboxylate analogue7 (3-PEHPC, previously
known as NE10790),46-49 which is known to reduce bone
mineral affinity while retaining some anti-resorptive properties
in vitro and in vivo46,47,49 and which can inhibit tumor cell
invasion within bone.48 It was recently shown that7 acts upon
a different enzyme target in the mevalonate pathway, Rab
geranylgeranyl transferase (RGGT), thereby selectively prevent-
ing the prenylation of Rab family proteins.46 The R-halo-
analogues were evaluated for bone mineral affinity, inhibition
of FPPS and RGGT in isolated enzyme assays, ability to block
protein prenylation in J774 cells, and effects on J774 cell growth
and viability.

Results and Discussion

Synthesis. 1-Chloromethyl-4-fluoro-1,4-diazoniabicyclo-
[2.2.2]octane bis(tetrafluoroborate) (8)50-52 was employed for

Scheme 2.Key Steps in Isoprenoid Biosynthesis

Scheme 3
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convenient and safeR-fluorination of both bisphosphonate (5a)
and phosphonoacetate (7a) esters (Schemes 4 and 5).40,53 The
intermediate5a was prepared by reaction of 3-picolyl chloride
with tetraisopropyl methylenebisphosphonate sodiocarbanion.
The alkylation is rather slow at room temperature, probably
owing to steric hindrance, so to accelerate the reaction and
improve the yield, the temperature was increased to 70°C,
giving a satisfactory yield within 8 h. In addition to the
monosubstituted product5a, some disubstituted product was also
formed (observed by31P NMR), which was removed by
chromatography on a silica gel column. Ester5a was then
halogenated by treating its carbanion with8, N-chlorosuccin-
imide (NCS), orN-bromosuccinimide (NBS) to produce5b, 5c,
or 5d, respectively (Scheme 4). A previous report on fluorination
of the tetraethyl ester of5a (where R) Et)54 used8 in THF/
18-crown-6-ether; however, we found that for the tetraisopropyl
ester, at least, a mixture of THF/DMF (1:1) sufficed as solvent,
obviating the crown ether. Although in THF alone fluorination
was undetectable by31P NMR, N-chlorosuccinimide andN-
bromosuccinimide quantitatively halogenated the sodium tet-
raisopropyl methylenebisphosphonate in this solvent (by31P
NMR) under similar conditions. After chromatographic separa-
tion, halogenated esters5b-5d were hydrolyzed to the corre-
sponding acids5e (F-Ris), 5f (Cl-Ris) and 5g (Br-Ris) by

overnight reflux in 6 N HCl or HBr. 31P NMR spectra of
halogenated products showed the expected upfield shifts relative
to the resonance of the desoxy precursor (Table 1).

The syntheses of the correspondingR-halo-analogues of the
phosphonocarboxlate7, 7e(F-3-PEHPC),7f (Cl-3-PEHPC), and
7g (Br-3-PEHPC), were carried out similarly. Desoxy ester7a
was prepared by reacting triethyl phosphonoacetate sodiocar-
banion with 3-picolyl chloride. The amount of double-substituted
product was higher than in the bisphosphonate condensation
described above, but could also be removed by silica gel column
chromatography. As noted already, fluorination of7a was
carried out in THF alone at room temperature (Scheme 5). The
chlorination and bromination of7a by NCS and NBS, respec-
tively, proceeded quantitatively.

Scheme 4a

a Reagents and conditions: (a) NaH in dry THF, 0°C for 0.5 h then 1 h atroom temperature, then 3-picolyl chloride-NaH mixture in dry DMF added,
8 h at 70°C; (b) NaH in dry THF, at 0°C for 0.5 h followed by 1 h atroom temperature,8 (1.5 equiv) in dry DMF, 5 h atroom temperature; (c) NaH in
dry THF, at 0°C for 0.5 h followed by 1 h atroom temperature, NCS (1.5 equiv) at 0°C for 1 h, then overnight at room temperature; (d) same as in (c)
except NBS was used instead of NCS; (e) 6 N HCl, overnight reflux; (f) 6 N HBr, overnight reflux.

Scheme 5a

a Reagents and conditions: (a) NaH in dry THF, 0°C for 0.5 h followed by 1 h atroom temperature, then 3-picolyl chloride-NaH mixture in dry DMF,
3 h at room temperature; (b) NaH in dry THF, at 0°C for 0.5 h followed by 1 h atroom temperature,8 (1.5 equiv) in dry THF overnight at room temperature;
(c) NaH in dry THF, at 0°C for 0.5 h followed by 1 h atroom temperature, NCS (1.5 equiv) at 0°C for 1 h, then overnight at room temperature; (d) same
as in (c) except NBS was used instead of NCS; (e) 6 N HCl overnight reflux.

Table 1. 31P NMR of Tetraisopropyl Esters and Acids Related to5

compound δ 31P multiplicity (J)

5b, X ) Fa 12.12 d (2JPF ) 74.5 Hz)
5c, X ) Cla 14.02 s
5d, X ) Bra 14.10 s
5a, X ) Ha 21.00 s
5e, X ) Fb 11.57 d (2JPF ) 66.6 Hz)
5f, X ) Clb 13.37 s
5g, X ) Brb 13.50 s

a CDCl3. b D2O.
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After chromatographic purification on silica gel, all esters
were hydrolyzed by reflux in 6 N HCl. The phosphonocar-
boxylic triacids obtained (7e-h) were contaminated by∼4%
of an uncharacterized byproduct (by1H NMR), which was
removed by washing with MeOH. As with the N-BP analogues,
halogenation produced an upfield chemical shift in the31P NMR
resonances relative to the desoxy analogue (Table 2).

In general, the esters5a-d and7a-d were viscous oils. The
derived acids5e-g and 7e-h were obtained as triacids
(presumably in zwitterionic form) as white powders. All
compounds were characterized by1H, 13C, and 31P NMR,
HRMS, and combustion elemental analysis (target acids only).

Bone Mineral Affinity of the Halo-analogues.Bone mineral
affinity is an important property for selective targeting of BPs,
enabling them to exert selective effects on bone-resorbing
osteoclasts in vivo. Chromatography on columns of ceramic
hydroxyapatite microspheres was used to determine the rank
order of affinity of halo-analogues for bone mineral, which is
indicated by their relative retention times. This new method
produced reproducible results. Under the conditions utilized,
high-affinity compounds can be distinguished one from another,
exhibiting differing elution times, whereas compounds with low
affinities are not retained. The halo-analogues (5e-g), as well
as the H-analogue (5h), had similar retention times (5.7-6.0
min), showing decreased bone mineral affinity relative to5,
the parent drug. This confirms that theR-OH of risedronate
contributes to the high bone affinity of this drug and indicates
that the effect involves direct interaction with the bone mineral,
as an indirect effect arising from the electron-withdrawing
properties of theR-substituent should have resulted in significant

differences as the substituent was varied from H to F. Instead,
absent anR-OH group, the bisphosphonate ligand appears to
be the sole important factor in determining bone mineral affinity
in the drug analogues. When one phosphonate group in the
parent bisphosphonate drug was replaced by a carboxylate, as
in 7, the bone mineral affinity was significantly decreased
(retention decreased to 4.6 min), as expected from previous
studies,47,49 showing that the carboxylate is a less effective
ligand. Here theR-OH group is demonstrated to play a
substantial, direct role in binding, because its replacement by
either H or halogen resulted in a complete loss of retention on
the HAP column (Table 3).

Biological Activity of the Desoxy- and Halo-Ris Analogues.
The ability of the halogenated and desoxy derivatives of both
risedronate and its PC analogue to inhibit FPPS in vitro was
investigated. FPPS, acting on one of the branch points of the
mevalonate pathway, has been identified as the key molecular
target responsible for the overall anti-resorptive potency of
risedronate. A number of cellular processes such as signaling
are dependent on the FPPS function products (e.g., protein lipid
modification by prenylation),55,56and inhibitors of this enzyme
are potential anticancer, antiparasitic (e.g., antimalaria), and
antibacterial agents, in addition to being bone agents.57,58 The
risedronate halo-analogues all exhibited inhibition of FPPS at
nanomolar concentrations, with decreasing potency in the order
F f Br (IC50 values of 16.4, 94.6, and 340.4 nM for5e, 5f,
and5g, respectively). The desoxy analogue5h was less potent
(IC50 ) 34.2 nM) than F-Ris, but more potent than the other
two halo-analogues (Table 3). This SAR pattern is partly seen
in terms of the ability of these compounds to both inhibit
prenylation of Rap1A in J774 cells (Table 3 and Figure 1) and
reduce the viable number of these cells (Table 3), although in
these assays the bromo- and chloro-analogues5f and 5g had
comparable potencies. The relative abilities of these compounds
to inhibit FPPS in vitro and cell viability differ, suggesting some
difference in cellular uptake that compensates for the activity
difference at the enzyme level. The latter results do not clearly
distinguish electron-withdrawing and steric effects on the
potency of these analogues. However, the substantial increase
in FPPS IC50 for 5gcould be due to the combination of increased
steric hindrance, which can make the molecule difficult to fit

Table 2. 31P NMR of Triethyl Esters and Acids Related to7

compound δ 31P multiplicity (J)

7b, X ) Fa 12.50 d (2JPF ) 82.9 Hz)
7c, X ) Cla 15.21 s
7d, X ) Bra 15.48 s
7a, X ) Ha 21.78 s
7e, X ) Fb 7.85 d (2JPF ) 72.8 Hz)
7f, X ) Clb 10.30 s
7g, X ) Brb 10.54 s
7h, X ) Hb 13.86 s

a CDCl3. b D2O.

Table 3. Relative Bone Mineral Affinity, FPPS and RGGT Inhibition Potencies, Effect on J774 Cell Viability and Inhibition of Rab1A/Rab11
Prenylation of Analogues Compared to5 and7

5 analogues
(-X)

HAP affinity
(retention
time), min

FPPS
inhibition
(IC50), nM

reduction of J774
viability (IC50), µM

(mean( SEM; n ) 5)

inhibition of
Rap1A prenylation

(LED), µM

-OH (5) 9.97( 0.09 5.7( 0.5423 31 ( 6 12
-F (5e) 5.93( 0.07 16.4( 0.5 140( 11 100
-Cl (5f) 6.03( 0.03 94.6( 16.1 679( 97 400
-Br (5g) 5.73( 0.15 340.4( 37 673( 111 400
-H (5h) 5.83( 0.17 34.2( 2 212( 29 50

7 analogues
(-Y)

HAP affinity
(retention
time), min

FPPS
inhibition
(IC50), nM

reduction of J774
viability (IC50), mM

(mean( SEM; n ) 4)

RGGT inhibition
(IC50), µM

(mean( SEM; n ) 3)

inhibition of
Rab11 prenylation

(LED) µM

-OH (7) 4.6( 0.06 253500( 21000 2.3( 0.5 24.1( 5.7 62
-F (7e) NA >600000 1.8( 0.3 16.3( 0.3 31
-Cl (7f) NA >600000 5.0( 0.9 16.4( 0.3 125
-Br (7g) NA >600000 5.5( 0.8 17.7( 0.6 125
-H (7h) NA ND 2.6 ( 0.6 35.3( 8.7 62
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in the active site, and of its decreased acidity, which could affect
the phosphonic acid group chelation to the Mg2+ in the active
site.

Replacement of a phosphonate group in5 with a carboxylic
acid group (i.e.,7) drastically reduces potency for inhibition of
FPP synthase (Table 3), as previously reported.46 However,7
selectively inhibits prenylation of Rab GTPases due to specific
inhibition of a downstream mevalonate pathway enzyme,
RGGT.46,49The halo-analogues of7 were even poorer inhibitors
of FPPS than the parent compound (Table 3). Because the
substrate concentration in the assay is 10µM, the weak inhibi-
tion detected may be due simply to competition with the sub-
strate for Mg2+, which is essential for enzyme activity. In
contrast, all of the analogues7e-g were 1-1.5 times as potent
as7 (IC50 ) 24.1µM) in inhibiting RGGT. All of the analogues
inhibited Rab prenylation in J774 cells and reduced J774
viability, showing up to a 4-fold difference in prenylation inhibi-
tory potency, with the fluoro-analogue7ebeing most active (IC50

) 31 and 1.8µM in the two assays, respectively; Table 3 and
Figure 1). TheR-OH group in this series has little or no
influence on inhibitor activity at either the RGGT level or when
determined by the prenylation assay, and the desoxy analogue
7h was confirmed49 to have an activity similar to that of7 in
all three assays. The lack of a requirement for anR-OH group
in this group of inhibitors suggests the absence of strong7 R-OH
interactions with a divalent cation such as Mg2+ or with a local
hydrogen-bond donor or acceptor in the active site of RGGT.

Conclusions

R-Halogenated analogues of the potent N-BP drug risedronate
(5), and also of its PC analogue 3-PEHPC (7), were successfully
synthesized. The reduced mineral affinity of all the desoxy- and

halo-analogues confirms a direct role of theR-OH group in
contributing to the bone affinity of analogues of both5 and7.
The halo-risedronate analogues all inhibited FPPS and inhibited
protein prenylation in J774 cells, with the order of potency
(-F > -Cl > -Br), demonstrating that a small, highly electron-
withdrawing R-substituent such as fluorine in particular pro-
motes inhibition of this enzyme. By contrast, the halo-analogues
of 7 preferentially inhibited RGGT as the likely molecular basis
for their interference with Rab prenylation, but did not provide
evidence supporting a significant role for theR-OH group in
7’s inhibition of RGGT.

Analogues such as5eand7e, which retain biological activity
but have reduced bone affinity, may be useful therapeutically
in situations when decreased drug retention is potentially
advantageous. These may include pediatric use (such as treat-
ment of osteogenesis imperfecta), when there are concerns
regarding long-term skeletal retention of BPs,60 minimization
of the possibility of interfering with the anabolic response to
PTH,61 or treatment of cancers that cause osteolytic bone lesions
(such as myeloma and metastatic breast cancer), in which there
is some evidence that the beneficial effects of BPs may be due
to direct effects on the cancer cells.62

Experimental Section

Abbreviations. N-BP, nitrogen-containing bisphosphonate; PC,
phosphonocarboxylate; 3-PEHPC, 3-pyridinyl ethylidene hydroxyl
phosphonocarboxylate; FPP, farnesyl pyrophosphate; IPP, isoprenyl
pyrophosphate; DMAPP, dimethylallyl pyrophosphate; GGPP,
geranylgeranyl pyrophosphate; FPPS, farnesyl pyrophosphate syn-
thase; RGGT, Rab geranylgeranyl transferase.

General Methods, Reagents, and Materials.All solvents and
reagents were of reagent grade, purchased commercially and used
without further purification, except as mentioned below. Dry
tetrahydrofuran was obtained by distillation from sodium metal,
and dry DMF was purchased from Van Waters & Rogers, Inc.
Selectfluor (8), N-bromo- and N-chlorosuccinimide, 3-picolyl
chloride-HCl, and NaH (60% in oil) were purchased from Aldrich.
Triethyl phosphonoacetate and tetraisopropyl methylenebisphos-
phonate were gifts from Rhodia, Inc., and were freshly distilled
under vacuum before use. Compound5h was provided by Procter
& Gamble Pharmaceuticals. NMR spectra were measured on a
Bruker AM-360 operated at frequencies of 360.14 MHz (1H NMR),
90.56 MHz (13C NMR), and 145.78 MHz (31P NMR). Chemical
shifts (δ) are reported in parts per million (ppm) relative to internal
CDCl3 (δ 7.24,1H; 77.0,13C) or external 85% H3PO4 (δ 0.0031P).
13C and31P NMR spectra were proton-decoupled. High-resolution
mass spectra were recorded at the University of California at
Riverside Mass Spectrometer Facility, and combustion elemental
analysis was performed by Gallbraith Laboratories Inc., Knoxville,
TN.

Synthesis of Tetraisopropyl 2-(3-pyridinyl)-ethylidene-1,1-
bisphosphonate (5a).The method of Pohjala et al.63 was modified
to avoid using excess 3-picolyl chloride. To NaH (348.0 mg, 60%
in oil, 8.71 mmol) in 10 mL of dry DMF was added 3-picolyl
chloride-HCl (1.43 g, 8.71 mmol) in 15 mL of dry DMF at 0°C
with stirring under N2. In another flask, to 348.0 mg of NaH (60%
in oil, 8.71 mmol) dispersed in 15 mL of dry THF was added
tetraisopropyl methylenebisphosphonate (3.0 g, 8.71 mmol) drop-
wise at 0°C under N2, and stirring was continued at 0°C for 30
min then for 1 h atroom temperature. The picolyl chloride solution
was added to the tetraisopropyl methylenebisphosphonate carbanion
solution and stirred for 8 h at 70°C. The reaction was quenched
by the addition of several drops of EtOH, dispersed in 100 mL of
H2O, and extracted with CH2Cl2 (100× 3 mL). After drying over
MgSO4, the CH2Cl2 extracts were then concentrated and the residue
was purified by silica gel column chromatography to obtain 1.68 g
of 5a (Rf ) 0.40 EtOAc/acetone, 1:1) as a yellowish oil (44%):
1H NMR (CDCl3) δ 8.4 (1H, s), 8.3 (1H, d,J ) 4.4 Hz), 7.5 (1H,

Figure 1. Effect of 5 and 7 analogues on protein prenylation,
determined by Western Blot detection of unprenylated Rap1A or Rab11
with â-actin as the control protein. Data representative of three
independent experiments: (A) Ris,5; F-Ris, 5e; Cl-Ris, 5f; Br-Ris,
5g; H-Ris,5h; (B) 3-PEHPC,7; F-3-PEHPC,7e; Cl-3-PEHPC,7f; Br-
3-PEHPC,7g. Data for7h are not shown.

Analogues of Risedronate Journal of Medicinal Chemistry, 2007, Vol. 50, No. 245971



d, J ) 6.4 Hz), 7.1 (1H, m), 4.6 (4H, m), 3.1 (2H, td,J ) 16.0, 6.6
Hz), 2.3 (1H, m), 1.1-1.3 (24H, m);13C NMR (CDCl3) δ 150.6,
147.8, 136.9, 135.7 (m), 123.3, 71.6 (d,J ) 6.5 Hz), 71.4 (d,J )
6.5 Hz), 40.7 (t,J ) 134.3 Hz), 29.3 (m), 24.3 (m);31P NMR
(CDCl3) δ 21.0 (s), lit.,63 20.13; HRMS, MH+ m/z 436.201, calcd
for C19H36NO6P2 436.201.

Synthesis of Tetraisopropyl 1-fluoro-2-(3-pyridinyl)-ethylidene-
1,1-bisphosphonate (5b).To 56.0 mg of NaH (60% in oil, 1.4
mmol) in 5 mL of dry THF was added 472.4 mg of5a (1.08 mmol)
under N2, and the mixture was stirred at 0°C for 0.5 h and then
for 1 h atroom temperature. Selectfluor (576.5 mg, 1.5 equiv) was
added at 0°C and stirring continued for 2 h under N2. The bath
temperature was brought to room temperature, 5 mL of dry DMF
was added, and stirring was continued for an additional 5 h. The
reaction mixture was quenched by the addition of 50 mL of water
and extracted with CH2Cl2 (3 × 100 mL), and the combined organic
phases were dried over MgSO4 and concentrated. The resulting oil
was purified on a silica gel column to obtain 324.5 mg of5b
(EtOAc/acetone, 4:1;Rf ) 0.5, 66% yield): 1H NMR (CDCl3) δ
8.4 (1H, m), 8.3 (1H, m), 7.5 (1H, m), 7.1 (1H, m), 4.7 (4H, m),
3.3 (2H, m), 1.0-1.2 (24H, m);13C NMR (CDCl3) δ 152.1, 148.0,
139.0, 130.4 (m), 122.8, 95.9 (C-F, m), 73.3 (t,J ) 3.5 Hz), 72.9
(t, J ) 3.3 Hz), 36.1 (d,J ) 18.4 Hz), 24.38 (bt), 24.15 (bt), 23.83(t)
23.45 (t);31P NMR (CDCl3) δ 12.28 (d,2JPF ) 74.5 Hz); HRMS,
MH+ m/z 454.1915, calcd for C19H35FNO6P2 454.1923.

General Method for the Preparation of 5c and 5d.To 32.0
mg of NaH (60% in oil, 0.8 mmol) in 5 mL of dry THF was added
266.0 mg of5a (0.6 mmol) in 2 mL of dry THF. The mixture was
stirred for 0.5 h at 0°C and for 1 h atroom temperature under N2.
To the resultant carbanion solution was added 122.4 mg of
N-chlorosuccinimide (NCS) (1.5 equiv) [for the bromo-analogue,
equivalentN-bromosuccinimide (NBS) was added], and stirring was
continued for 1 h at 0°C and overnight at room temperature. In
both cases quantitative conversions were observed by31P NMR.
The reaction mixture was then dissolved in 100 mL of H2O and
extracted with CH2Cl2 (3 × 100 mL). The combined extracts were
dried over MgSO4, concentrated under vacuum, and purified on a
silica gel column (EtOAc/acetone, 4:1) to obtain 245.0 mg of5c
(87% yield). Similarly,5d was obtained in 93% yield.

Tetraisopropyl 1-chloro-2-(3-pyridinyl)-ethylidene-1,1-bis-
phosphonate(5c): 1H NMR (CDCl3) δ 8.5 (1H, d,J ) 1.2 Hz),
8.3 (1H, dd,J ) 4.8, 1.7 Hz), 7.6 (1H, d,J ) 7.8 Hz), 7.1 (1H, dd,
J ) 7.4, 4.5 Hz), 4.7 (4H, m), 3.4 (2H, t,J ) 12.5 Hz), 1.3-1.0
(24H, m);13C NMR (CDCl3) δ 152.6, 148.3, 139.5, 130.9 (t,J )
3.2 Hz), 122.4, 73.7 (t,J ) 4.3 Hz), 73.4 (t,J ) 4.0 Hz), 62.5 (t,
J ) 143.7 Hz), 38.0, 24.3-23.3 (m);31P NMR (CDCl3) δ 14.02
(s); HRMS, MH+ m/z 470.161, calcd for C19H35ClNO6P2 470.162.

Tetraisopropyl 1-bromo-2-(3-pyridinyl)-ethylidene-1,1-bis-
phosphonate(5d): 1H NMR (CDCl3) δ 8.5 (1H, br s), 8.4 (1H,
dd,J ) 4.4, 1.3 Hz, 7.6 (1H, d,J ) 8.0 Hz), 7.1 (1H, dd,J ) 7.6,
5.0 Hz), 4.8 (4H, m), 3.5 (2H, t,J ) 12.4 Hz), 1.3-1.0 (24H, m);
13C NMR (CDCl3) δ 152.6, 148.2, 139.3, 131.3 (t,J ) 7.9 Hz),
122.3, 73.8 (t,J ) 3.9 Hz), 73.4 (t,J ) 4.0 Hz), 55.2 (t,J ) 140.0
Hz), 38.4, 24.5-23.3 (m);31P NMR (CDCl3) δ 14.10 (s); HRMS,
MH+ m/z 514.113, calcd for C19H35BrNO6P2 514.112.

General Method for the Hydrolysis of Intermediate Esters
5b-5d to 5e-5g. Both tetraisopropyl esters5b and 5c were
hydrolyzed by overnight reflux in excess concentrated HCl.
Similarly, 5d was hydrolyzed using concentrated HBr. A quantita-
tive conversion was observed for each of the compounds by31P
NMR. In both cases, solvent was removed under vacuum and the
remaining residues were washed with acetone or EtOH, respectively,
and then with acetone, leaving white powders that were dried
under vacuum. Acid5e was previously reported to have been
made by a different method (characterized by IR,1H, 13C NMR
and FAB+ HRMS; no31P NMR or combustion analytical data were
given).54

1-Fluoro-2-(3-pyridinyl)-ethylidene-1,1-bisphosphonic acid
(5e): obtained in 94% yield;1H NMR (D2O) δ 8.55 (1H, s), 8.47
(1H, d, J ) 5.6 Hz), 8.39 (1H, d,J ) 8.0 Hz), 7.80 (1H, dd,J )
7.8, 5.7 Hz), 3.50 (2H, m);13C NMR (D2O) δ 151.85, 146.81,

141.09, 135.85 (m), 124.14, 100.00 (m), 37.69 (d,2JCF ) 18.4 Hz);
31P NMR (D2O) δ 11.57 (d,2JPF ) 66.6 Hz). Anal. [C7H10FNO6P2‚
(H2O)1.50] C, H, N. HRMS, (M- H)- m/z283.987, calcd for C7H9-
FNO6P2 283.988.

1-Chloro-2-(3-pyridinyl)-ethylidene-1,1-bisphosphonic acid
(5f): obtained in 90.7% yield;1H NMR (D2O) δ 8.65 (1H, s), 8.50-
8.47 (2H, m), 7.81 (1H, dd,J ) 5.7, 7.4 Hz), 3.55 (2H, t,J ) 9.7
Hz); 13C NMR (D2O) δ 151.90, 147.22, 141.43, 135.12 (t,J ) 8.0
Hz), 124.02, 67.61 (t,1JPC ) 116.0 Hz), 37.91;31P NMR (D2O) δ
13.37 (s). Anal. [C7H10ClNO6P2‚(H2O)] C, H, N. HRMS, (M -
H)- m/z 299.958, calcd for C7H9ClNO6P2 299.959.

1-Bromo-2-(3-pyridinyl)-ethylidene-1,1-bisphosphonic acid
(5g): obtained in 75.4% yield;1H NMR (D2O) δ 8.65 (1H, s), 8.50
(1H, d,J ) 8.0 Hz), 8.47 (1H, d,J ) 5.7 Hz), 7.79 (1H, t,J ) 7.8
Hz), 3.7 (m);13C NMR (D2O) δ 152.39, 147.44, 141.85, 136.56
(m), 124.12, 66.68 (t,1J PC ) 111.8 Hz), 39.34;31P NMR (D2O) δ
13.50 (s). Anal. [C7H10BrNO6P2‚(H2O)1.5] C, H, N. HRMS, (M-
H)- m/z 343.908, calcd for C7H9BrNO6P2 343.908.

Synthesis of Triethyl 3-(3-pyridinyl)-2-phosphonopropionate
(7a). To 658.0 mg of NaH (60% in oil, 16.4 mmol) dispersed in
10 mL of dry THF was slowly added 3.0 g of triethyl phospho-
noacetate (13.5 mmol) at 0°C under N2, and stirring was continued
at 0°C for 0.5 h and for 1 h atroom temperature. In another flask,
2.7 g of 3-picolyl chloride hydrogen chloride (16.4 mmol) was
added to 658.0 mg of NaH (60% in oil, 16.4 mmol) in 10 mL of
dry DMF. After about 0.5 h of stirring, it was added slowly to the
triethyl phosphonoacetate enolate solution and stirred under N2 for
3 h at room temperature. The reaction was quenched by the addition
of 100 mL of H2O and extracted with CH2Cl2 (4 × 100 mL). The
organic extracts were combined, dried over MgSO4, concentrated,
and purified by silica gel chromatography (EtOAc/acetone, 4:1;Rf

) 0.45) to obtain7aas a thick oil (1.44 g, 34%):1H NMR (CDCl3)
δ 8.4 (2H, m), 7.4 (1H, m), 7.1 (1H, m), 4.0 (6H, m), 3.1 (3H, m),
1.2 (6H, m), 1.0 (3H, m);13C NMR (CDCl3) δ 168.1 (d,J ) 5.0
Hz), 149.9, 148.1, 136.3, 134.0 (d,J ) 15.4 Hz), 123.4, 63.0 (m),
61.6 (m), 47.2 (d,J ) 129.8 Hz), 30.0 (d,J ) 4.2 Hz), 16.4 (d,J
) 6.2 Hz), 14.0;31P NMR (CDCl3) δ 21.78 (s); HRMS, MH+ m/z
316.130, calcd for C14H23NO5P 316.131.

Synthesis of Triethyl 2-fluoro-3-(3-pyridinyl)-2-phosphono-
propionate (7b). To 120.0 mg of NaH (60% in oil, 3.0 mmol)
dispersed in 2 mL of dry THF was added 785.1 mg of7a (2.49
mmol) in 2 mL of dry THF at 0°C and stirred under N2 at 0 °C
for 0.5 h and for 1 h atroom temperature. Selectfluor (1.3 g, 3.7
mmol) was added to the enolate solution and stirred at 0°C for 1
h and overnight at room temperature. The reaction was quenched
by adding several drops of EtOH. It was then dissolved in 50 mL
of H2O and extracted with CH2Cl2 (3 × 50 mL). The organic
extracts were combined, dried over MgSO4, and evaporated. The
residue was chromatographed on a silica gel column using CH2-
Cl2/acetone, 2:3, as the mobile phase to produce7b as a thick oil
(0.70 g, 84% yield):1H NMR (CDCl3) δ 8.3 (1H, m), 8.2 (1H, s),
7.4 (1H, d,J ) 7.7 Hz), 7.0 (1H, dd,J ) 7.7, 4.2 Hz), 4.0 (6H,
m), 3.3 (2H, m), 1.1 (6H, m), 0.96 (3H, t,J ) 6.6 Hz);13C NMR
(CDCl3) δ 166.1 (dd,J ) 23.1, 4.3 Hz), 151.1, 148.9, 137.9, 129.2
(d, J ) 12.7 Hz), 123.3, 95.2 (dd,J ) 199.8, 162.2 Hz), 64.4 (m),
62.6 (m), 36.5 (d,J ) 19.4 Hz), 16.4 (d,J ) 6.0 Hz), 14.0;31P
NMR (CDCl3) δ 12.50 (d,J ) 82.9 Hz); HRMS, MH+ m/z334.121,
calcd for C14H22FNO5P 334.121.

General Method for the Preparation of 7c and 7d. 7a(360.0
mg in 2 mL of dry THF) was added dropwise to 1.3 equiv of NaH
(60% in oil) dispersed in 5 mL of dry THF at 0°C under N2 and
stirred for 20 min at 0°C and for 0.5 h at room temperature. To
the enolate solution was added 1.5 equiv of NBS (NCS for7c) at
0 °C, and the reaction mixture was stirred at the same temperature
for 1 h and overnight at room temperature. It was then quenched
by the addition of 100 mL of H2O and extracted with CH2Cl2 (5 ×
100 mL). The organic extracts were combined, dried over MgSO4,
and concentrated under vacuum. The residue was purified on a silica
gel column using EtOAc/acetone, 4:1, as the mobile phase. Both
7d (0.4 g, 88%,Rf ) 0.53) and7c (0.37 g, 93%,Rf ) 0.50) were
obtained as thick oils on evaporation of the eluates.
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Triethyl 2-chloro-3-(3-pyridinyl)-2-phosphonopropionate (7c):
1H NMR (CDCl3) δ 8.4 (2H, m), 7.5 (1H, d,J ) 7.5 Hz), 7.1 (1H,
dd, J ) 7.6, 4.7 Hz), 4.2 (6H, m), 3.7 (1H, dd,J ) 14.2, 6.5 Hz),
3.3 (1H, dd,J ) 14.1, 8.5 Hz), 1.3 (6H, t,J ) 7.5 Hz), 1.1 (3H,
t, J ) 7.5 Hz); 13C NMR(CDCl3) δ 166.0, 151.9, 148.9, 138.6,
130.0 (d,J ) 13.3 Hz), 123.1, 68.9 (d,J ) 146.2 Hz), 65.5 (d,J
) 8.0 Hz), 65.1 (d,J ) 8.9 Hz), 63.6, 39.1, 16.6 (d,J ) 6.7 Hz),
14.0; 31P NMR (CDCl3) δ 15.21 (s); HRMS, MH+ m/z 350.092,
calcd for C14H22ClNO5P 350.092.

Triethyl 2-bromo-3-(3-pyridinyl)-2-phosphonopropionate (7d):
1H NMR (CDCl3) δ 8.5 (1H, s), 8.4 (1H, m), 7.6 (1H, d,J ) 7.9
Hz), 7.2 (1H, m), 4.2 (6H, m), 3.8 (1H, m), 3.4 (1H, m), 1.3 (6H,
td, J ) 7.4, 2.3 Hz), 1.2 (3H, td,J ) 6.6, 2.4 Hz);13C NMR (CDCl3)
δ 166.0, 151.9, 148.8, 138.6, 130.9 (d,J ) 10.5 Hz), 122.9, 65.5
(d, J ) 7.5 Hz), 64.9 (d,J ) 7.1 Hz), 63.5, 59.9 (d,J ) 145.1 Hz),
39.4, 16.5 (d,J ) 7.0 Hz), 13.9;31P NMR (CDCl3) δ 15.48 (s);
HRMS, MH+ m/z 394.041, calcd for C14H22BrNO5P 394.041.

Hydrolysis of (7a,b-d) to (7h,e-g), Respectively.Each ester
was hydrolyzed by overnight reflux in excess 6 M HCl. 31P NMR
spectra of the reaction mixtures showed quantitative conversion to
the desired products. After solvent removal under vacuum, powdery
substances ware obtained, which were washed with acetone and
EtOH or MeOH, respectively, using a centrifuge, then pumped dry
and left overnight in a vacuum desiccator giving7e-g as white
powders.

3-(3-Pyridinyl)-2-phosphonopropionic acid (7h): 1H NMR
(D2O) δ 8.55 (1H, s), 8.46 (1H, d,J ) 5.2 Hz), 8.38 (1H, d,J )
7.1 Hz), 7.01 (1H, dd,J ) 7.9, 5.5 Hz), 3.25-3.02 (3H, m);13C
NMR (D2O) δ 180.7 (d,J ) 3.2 Hz), 148.9, 146.4, 138.6 (d,J )
16.3 Hz), 137.7, 124.3, 54.0 (d,J ) 112.6 Hz), 32.7;31P NMR
(D2O) δ 13.86 (s). Anal. [C8H10NO5P(H2O)0.25] C, H, N.

2-Fluoro-3-(3-pyridinyl)-2-phosphonopropionic acid(7e): ob-
tained in 73% yield;1H NMR (D2O) δ 8.57 (1H, s), 8.54 (1H, d,
J ) 7.4 Hz), 8.38 (1H, d,J ) 7.8 Hz), 7.87 (1H, t,J ) 7.2 Hz),
3.67-3.44 (2H, m);13C NMR (D2O) δ 172.9 (d,2JCF ) 20.9 Hz),
149.75, 142.96, 141.12, 136.70 (d,3JPC ) 11.5 Hz), 128.28, 97.13
(dd, 1JCF ) 194.0 Hz and1JPC ) 145.0 Hz), 37.36 (d,2JCF ) 19.1
Hz); 31P NMR (D2O) δ 7.85 (d, 2JPF ) 72.8 Hz). Anal. [C8H9-
FNO5P‚(H2O)0.2] C, H, N. HRMS, (M - H)- m/z 248.013, calcd
for C8H8FNO5P 248.012.

2-Chloro-3-(3-pyridinyl)-2-phosphonopropionic acid(7f): ob-
tained in 69.1% yield;1H NMR (D2O) δ 8.63 (1H, s), 8.55 (1H, d,
J ) 5.0 Hz), 8.45 (1H, d,J ) 8.6 Hz), 7.86 (1H, t,J ) 5.7 Hz),
3.87 (1H, dd,J ) 14.5, 5.4 Hz), 3.37 (1H, dd,J ) 14.8, 5.4 Hz);
13C NMR (D2O) δ 172.29, 150.23, 143.44, 140.93, 137.60 (d,3JPC

) 12.4 Hz), 127.93, 71.9 (d,1JPC ) 128.4 Hz), 39.97;31P NMR
(D2O) δ 10.30 (s). Anal. [C8H9ClNO5P‚(H2O)0.75] C, H, N.
HRMS, (M - H)- m/z 263.983, calcd for C8H8ClNO5P 263.982.

2-Bromo-3-(3-pyridinyl)-2-phosphonopropionic acid(7g): ob-
tained in 70.5% yield;1H NMR (D2O) δ 8.66 (1H, s), 8.54 (1H, d,
J ) 5.7 Hz), 8.48 (1H, d,J ) 8.0 Hz), 7.86 (1H, dd,J ) 7.4, 5.9
Hz), 3.91 (1H, dd,J ) 14.1, 6.3 Hz), 3.43 (1H, dd,J ) 14.5, 7.3
Hz); 13C NMR (D2O) δ 172.06, 150.34, 143.61, 140.87, 138.20
(d, 3JPC ) 11.6 Hz), 127.80, 64.94 (d,1JPC ) 123.5 Hz), 40.29;31P
NMR (D2O) δ 10.54 (s). Anal. [C8H9BrNO5P‚(H2O)0.18] C, H, N.
HRMS, (M - H)- m/z 307.932, calcd for C8H8BrNO5P 307.932.

Chromatographic Profiles of BP Mineral Affinity to Hy-
droxyapatite. Hydroxyapatite (HAP) ceramic spheres (20µm
diameter, Bio-Rad, Herts, U.K.) were packed in a 0.66 cm
(diameter)× 6.5 cm (length) glass column (Omnifit, Cambridge,
U.K.). The HAP columns were attached to a Waters 650E Advanced
Protein Purification System (Millipore Corp., Waters Chromatog-
raphy Division, Milford, MA) in a running buffer of 1 mM
potassium phosphate at pH 6.8. Each compound was prepared in 1
mM potassium phosphate buffer at pH 6.8, and 400µmol was
injected into the FPLC system. BP compounds were eluted in a
gradient of phosphate buffer, concentration increasing from 1 to
1000 mM, and detected by a Water 484 UV absorbance detector
(Millipore Corp., Waters Chromatography Division) at their
optimum wavelength. HAP retention profiles of each compound
were determined in triplicate for statistical analyses.

FPP Synthase Assay.FPP synthase was purified and assayed
as described.23 Briefly, a clone encoding human FPPS (gi 61680822)
as an N-terminally His6-tagged fusion protein was expressed in
Escherichia coliBL21(DE3). Cells were lysed using a high-pressure
cell disruptor, and the protein was purified to near homogeneity
using Ni-NTA resin (Qiagen). Gel filtration chromatography was
then performed using a Superdex 200 column (GE/Amersham). For
kinetic analysis 40 ng (1 pmol) of pure FPP synthase were assayed
in a final volume of 100µL of buffer containing 50 mM Tris, pH
7.7, 2 mM MgCl2, 0.5 mM TCEP, and 20µg/mL BSA. The
concentrations of substrates, GPP and IPP (14C-IPP, 400 kBq/µmol),
were 10µM each in the standard reaction. Preincubation of enzyme
and N-BP was started by the addition of the appropriate amount of
enzyme with inhibitor in a reaction buffer in a volume of 80µL.
After 10 min, 20µL of substrate in water was added to start the
reaction and also make the inhibitor and substrate at the final desired
concentration. Reactions were timed such that a maximum of 10%
of the available substrate was used. Assays were terminated by the
addition of 0.2 mL of concentrated HCl/methanol, 1:4, followed
by a further incubation of 10 min at 37°C. The reactions were
then extracted with 0.4 mL of ligroin, and after thorough mixing,
the amount of radioactivity in the upper phase was determined by
mixing 0.2 mL of the ligroin with 4 mL of general purpose
scintillant. This was then counted using a Packard Tricarb 1900CA
scintillation counter. Data were analyzed using Graphpad Prism.

RGGT Assay.RGGT activity was measured by determining the
incorporation of [3H]GGPP into His-tagged canine Rab1a protein
as previously described.59 The final concentrations in the prenylation
reaction were 50 mM sodium HEPES, pH 7.2, 5 mM MgCl2, 1
mM DTE, 1 mM NP-40, 4µM Rab1a, 5µM GGPP (8000 dpm/
pmol), 2µM REP-1, and 50 nM RGGT. All reactions were allowed
for 30 min at 37°C in a 25µL volume in glass tubes (Fisher). The
assay was conducted in duplicate and repeated in three independent
reactions. The experimental data were fitted using the enzyme
kinetic module from Systat Software, and data are expressed as
mean( SEM of three independent experiments.

Assessment of Effects on Protein Prenylation.The effect of
the 5 and 7 analogues on protein prenylation was studied using
Triton X-114 fractionation, in which prenylated proteins partition
into the detergent-rich phase, whereas unprenylated proteins remain
in the aqueous phase.49 Briefly, cells were treated for 24 h and
then lysed in 20 mM Tris, 150 mM NaCl, pH 7.5, and 1% Triton
X-114; a sample was taken for determination of protein concentra-
tion, and then the remaining lysate was incubated at 37°C for 10
min. Following centrifugation at 13000g for 2 min, the aqueous
and detergent-rich phases were separated, and then Triton X-114
was added back to the aqueous phase to 1% v/v and the extraction
process was repeated. Aqueous phases, equivalent to 20µg of
unfractionated lysate, were electrophoresed on 12% gels and western
blotted for unprenylated Rab11 (an abundant, ubiquitous Rab),
â-actin, or unprenylated Rap1A. Effects are expressed as the lowest
effective dose (from three independent experiments), that is, the
lowest dose at which unprenylated Rap1A or Rab11 was detected.

Measurement of Viable J774 Cell Number.The number of
viable J774 cells following treatment with RIS and 3-PEHPC
analogues for 48 h was assessed as previously described.46

Experiments were carried out in replicates of six, and the data
expressed are the mean( SEM of at least four independent
experiments.
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