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We report the design, synthesis and testing of a series of novel bisphosphonates, pyridinium-
1-yl-hydroxy-bisphosphonates, based on the results of comparative molecular similarity indices
analysis and pharmacophore modeling studies of farnesyl diphosphate synthase (FPPS)
inhibition, human Vγ2Vδ2 T cell activation and bone resorption inhibition. The most potent
molecules have high activity against an expressed FPPS from Leishmania major, in Dictyos-
telium discoideum growth inhibition, in γδ T cell activation and in an in vitro bone resorption
assay. As such, they represent useful new leads for the discovery of new bone resorption,
antiinfective and anticancer drugs.

Introduction

Nitrogen-containing bisphosphonates such as pam-
idronate (Aredia, 1), alendronate (Fosamax, 2), rise-
dronate (Actonel, 3) and zoledronate (Zometa, 4), shown
below in their zwitterionic forms, represent an impor-

tant class of drugs currently used to treat osteoporosis,
Paget’s disease and hypercalcemia due to malignancy.1-4

These compounds function primarily by adsorbing to
bone and inhibiting the enzyme farnesyl diphosphate
synthase (FPPS) in osteoclasts,5-12 resulting in de-
creased levels of protein prenylation.13-15 Bisphos-
phonates have also been found to have anti-parasitic
activity,16-25 and have been found to stimulate human
γδ T cells,26-30 where there is currently interest in their
use as vaccines for a variety of B cell malignancies.31

Given their proven clinical utility, there is interest in
their further development.

In recent work, we carried out a series of quantitative
structure-activity relationship (QSAR) studies of
the activity of bisphosphonates in FPPS inhibition,17

Vγ2Vδ2 T cell activation30 and bone resorption32 using
comparative molecular field analysis (CoMFA),33 com-
parative molecular similarity indices analysis
(CoMSIA)34 and pharmacophore modeling35 approaches.
An interesting result emerging from these studies was
that the CoMSIA field maps for the hydrophobic,
electrostatic and steric fields found for FPPS inhibition
by bisphosphonates were similar to the CoMSIA field
maps found for bisphosphonates acting as γδ T cell
stimulators and in bone resorption.17,30,32 Likewise, the
pharmacophore models for the inhibition of recombinant
human FPPS were very similar to those found for
stimulation of γδ T cells by bisphosphonates,30 and the
pIC50/pEC50 results for FPPS inhibition and Vγ2Vδ2 T
cell stimulation were highly correlated (R ) 0.89,
p ) 0.0012).30 All of these CoMSIA and pharmacophore
modeling investigations clearly showed the importance
of the presence of a positive charge feature at a
relatively localized position in the bisphosphonate side
chain. This feature can, of course, be related to the
position of the positive charge feature expected in the
pyridinium and imidazolium forms of 3 and 4,
shown above, and is centered close to the bisphospho-
nate backbone. This suggested to us that pyridinium-
1-yl species, such as 5, might have enhanced
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activity, and indeed in previous work several other
groups have reported the synthesis of a variety of
analogues of 5 which lack the 1-OH group, such as 6.36

However, these compounds might not be expected to be
effective in bone resorption, since they lack the “bone
hook” feature identified in CoMSIA fields32 and in other
studies.37 We therefore undertook the synthesis of 5 and
a series of derivatives, all containing the 1-OH feature,
and we discuss here their activities in FPPS inhibition,
γδ T cell activation, Dictyostelium discoideum growth
inhibition (a model for bone resorption) and in an in
vitro bone resorption assay.

Results and Discussion
We show in Figure 1 the CoMSIA fields for L. major

FPPS inhibition17 superimposed on the structure of 5.
The pyridinium-1-yl nitrogen in 5 (1-hydroxy-2-(pyri-
dinium-1-yl)ethylidene-1,1-bisphosphonic acid) can be
seen to be located in the blue CoMSIA field region,
where positive charge enhances activity. The results of
quantum chemical calculations38 of the truncated side
chains of 3 and 5 show, as expected, that there are
relatively large positive charges on the nitrogen and
adjacent C, H atoms in this region, as can be seen in
the Merz-Singh-Kollman charges39,40 (Figure 2). These
results indicate that 5 should contain considerably more
positive charge than does 3 in the region identified by
the CoMSIA electrostatic field (Figure 1A) and might
contribute to enhanced activity. We therefore synthe-
sized the hydroxy species, 5, and a series of derivatives
(7-18, Figure 3), all of which contain the 1-OH feature,

using the following general scheme:

In the first step, we used (where necessary) coupling
reactions of arylmetallic compounds with bromopy-
ridines, catalyzed by Pd(PPh3)4

41 or NiCl2(PPh3)2,42 to
produce substituted pyridines. The substituted py-
ridines were then alkylated by using bromoacetic acid,43

and the resulting pyridinium-1-yl acetic acids were
converted to the corresponding bisphosphonates by
using H3PO3/POCl3.44 Next, we investigated the activity
of each compound in inhibiting the FPPS from L. major,
in Dictyostelium discoideum growth inhibition, in γδ T
cell activation, and, for a subset of compounds, in bone
resorption. We used the FPPS from L. major, since
FPPS is the putative bisphosphonate target in several
trypanosomatid species, and the L. major FPPS was the
enzyme previously used to establish the initial QSAR
models.17 We used D. discoideum to test for cell growth
inhibition, since this organism has been used previously
in the context of the development of bone resorption
drugs.45 To determine the stimulatory activity of 5 and
7-18 for Vγ2Vδ2 T cells, we used the TNF-R release
assay described previously,30 and for the bone resorption
assay, we used the 17-day old fetal mouse metatarsal
45Ca2+ release assay described elsewhere.46

In the L. major FPPS inhibition assay, 5 was found
to have a Ki of 18 nM (Table 1) and was thus slightly
less active than the most potent commercially available
bisphosphonates, zoledronate (4, Ki ) 11 nM, in this
assay) and risedronate (3, Ki ) 17 nM, in this assay)
(Table 1). To try to enhance activity, we next inspected
the steric and hydrophobic CoMSIA fields for FPPS
inhibition (Figures 1B and 1C, respectively), which
suggested the desirability of placing an additional steric
and hydrophobic feature at the meta position. We thus
prepared compounds 7-9 (Figure 3) and tested them
in the FPPS assay. The m-methyl analogue of 5 (7) was
not as active as 5 (Ki ) 38 nM versus 18 nM), but
substitution with a m-phenyl group, giving 8, resulted
in a very potent species, having a Ki ) 9 nM, slightly
more active than zoledronate, 4 (Ki ) 11 nM). The
p-phenoxy derivative of 5 (9) was found to be less active
(Ki ) 75 nM), possibly due to unfavorable electrostatic
interactions of the OH group in the FPPS active site.
Since the phenylpyridinium species, 8, displayed good
activity, we next synthesized 10 and 11. Both of these
compounds contain a methylene linker between the two
aromatic groups, and it seemed possible that they might
better mimic the putative geranyl diphosphate reactive
intermediate (19), but each of these compounds was less

active than 8, with Kis in the 70-160 nM range, Table

Figure 1. L. major FPPS CoMSIA fields (from ref 17)
superimposed on 5. A, electrostatic field (blue region ) positive
charge enhances activity, red region ) positive charge detracts
from activity); B, steric field (green regions ) steric feature
enhances activity, yellow regions ) steric feature detracts from
activity); C, hydrophobic field (yellow region ) hydrophobic
feature enhances activity, white region ) hydrophobic feature
detracts from activity).

Figure 2. Charge distributions in the side chains of 3 (A) and
5 (B). The numbers represent Merz-Singh-Kollman charges39,40

evaluated using the Gaussian 03 program.38 The side chains
of 3 and 5 were geometry optimized using the Hartree-Fock
method with a uniform 6-31G* basis set and these optimized
geometries were used in the atomic charge calculations.
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1. We also prepared the biphenylpyridinium compound,
12, since the added hydrophobicity of 8 appeared
encouraging, but 12 proved to be relatively inactive,
having a Ki of 950 nM. Enhancing the size of the
hydrophobic/steric feature by use of isoquinoline and
quinoline side chains, 13 and 14, resulted in modest
activity (80 and 380 nM, respectively, for 13 and 14),
but the m-ethyl (15), -butyl (16), -methoxy (17) and
p-benzyl (18) pyridinium species were generally more
active (20, 20, 30 and 110 nM, respectively), although
they were less active than 3-5, 8, Table 1.

We next investigated D. discoideum growth inhibition
by 1-5 and 7-18 (Table 1). The most active compound
found was the meta-methyl pyridinium compound, 7,
which had an IC50 of 1.5 µM, followed by the unsub-
stituted pyridinium bisphosphonate, 5, which was slightly
more active (IC50 ) 2.1 µM) than was risedronate

(3, IC50 ) 3.0 µM) and zoledronate (4, IC50 ) 2.9 µM).
As with the FPPS inhibition results, the benzylpyri-
dinium bisphosphonates (10, 11, 18) were less active
than the pyridinium and phenylpyridinium species
(5, 7-9). Surprisingly, 12 showed high activity
(IC50 ) 2.3 µM), due perhaps to the possibility of an
additional target in D. discoideum or the possibility of
structural differences between L. major and D. discoi-
deum FPPSs. With the exception of 12, the activity
results for the 17 bisphosphonates were found to be
correlated (R2 ) 0.61, p ) 0.0002) with the L. major
FPPS inhibition activities, as shown in Figure 4A.

Next, we investigated the ability of 5 and 7-18 to
stimulate γδ T cells, using the TNF-R release assay and
the unconstrained fitting procedure described previ-
ously.30 The most active compound was found to be
8 (EC50 ) 4.1 µM), followed by 16 (EC50 ) 4.3 µM),

Figure 3. Structures of pyridinium-1-yl bisphosphonates.

Table 1. Activities of Bisphosphonates as L. Major FPPS Inhibitors, D. Discoideum Cell Growth Inhibitors, γδ T Cell Simulators and
Bone Resorption Agents

compound
L. major FPPS

Ki (nM)
D. discoideum

IC50 (µM)
γδ T cell stimulation

EC50 (µM)
in vitro bone resorption

IC50 (µM)

1 (pamidronate)a,b 190 167 43 1.6
2 (alendronate)a,b 95 32 32 0.29
3 (risedronate)a,b 17 3.0 5.0 0.30
4 (zoledronate)a,b 11 2.9 5.4 0.034
5 18 2.1 4.8 0.67
7 38 1.5 4.5 0.22
8 9 3.8 4.1 0.41
9 75 2.9 2.5 N.D.c
10 160 11 91 N.D.
11 70 9.2 44 N.D.
12 950 2.3 inactive N.D.
13 80 20 30 N.D.
14 380 72 56 N.D.
15 20 5.6 4.4 N.D.
16 20 2.9 4.3 N.D.
17 30 6.0 9.3 0.37
18 110 12 150 N.D.
20 50 4.6 2.7 0.075

a L. major FPPS inhibition data from ref 17. b Data averaged over unconstrained γδ T cell stimulation data from ref 30 and data
obtained since publication of ref 30. c N.D. ) not determined.
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15 (EC50 ) 4.4 µM), 7 (EC50 ) 4.5 µM) and 5
(EC50 ) 4.8 µM), with these compounds having more
activity than risedronate (3, EC50 ) 5.0 µM) or zoledr-
onate (4, EC50 ) 5.4 µM) in this TNF-R release assay.
Addition of the p-hydroxyl group (8 f 9) decreased the
EC50 slightly (Table 1), but 9 did not display the
maximal TNF-R release achieved with risedronate. All
three methylene-bridged compounds (10, 11, 18) had
poor activity, as in the other assays investigated. The
activity results for FPPS inhibition were found to be
correlated with the γδ T cell TNF-R release results
(R2 ) 0.56, p ) 0.0005), as shown in Figure 4B,
suggesting once again the likely importance of FPPS
inhibition in γδ T cell activation.29,30

Finally, we tested a subset of these compounds (1, 2,
3, 4, 5, 7, 8 and 17) in a bone resorption assay: 45Ca2+

release from 17-day old fetal mouse metatarsals.46

Results for pamidronate (1), alendronate (2), risedonate
(3), zoledronate (4), 5, 7, 8 and 17 are shown in Figure
5A and yielded IC50 values of 1.6 µM (1), 290 nM (2),
300 nM (3), 34 nM (4), 670 nM (5), 220 nM (6), 410 nM
(8) and 370 nM (17), Figure 5B. So the pyridinium
bisphosphonates studied are all more active in this bone
resorption assay than is pamidronate, with 7 showing
slightly higher activity than alendronate and rise-
dronate.

In an effort to improve upon these promising bone
resorption results, we synthesized the 3-fluoro analogue
of 5, 20, since the electron-withdrawing nature of this
fluorine would be expected to increase the amount of
positive charge on the ring. When tested in the L. major
FPPS assay, 20 was found to have a Ki of 50 nM, and
in the D. discoideum inhibition assay, we found an
IC50 ) 4.6 µM. In both cases, then, there was a decrease
in activity. However, when tested in the human γδ T
cell activation assay, we found a slight increase in
activity on fluorine substitution (from 4.8 µM with 5 to
2.7 µM with 20), and in the bone resorption assay the
effect was much larger, with a 75 nM IC50 for 20 (Figure
5) to be compared with a 670 nM IC50 for 5, Table 1.
These results show, therefore, that 20 is more active in
this bone resorption assay than the drugs currently used
to treat osteoporosis, alendronate (2, IC50 ) 290 nM)
and risedronate (3, IC50 ) 300 nM), although it is less
active than zoledronate (4, IC50 ) 34 nM).

Overall, the results presented above are of interest
since they represent the first report of the QSAR-based
design,17,30 synthesis and testing of a series of novel

pyridinium-1-yl hydroxy-bisphosphonates for activity
against a farnesyl diphosphate synthase, D. discoideum
growth inhibition, human γδ T cell activation, and in
bone resorption. In each of the four assays, pyridinium-
1-yl bisphosphonates having high activity have been
found, suggesting that the further development of this
class of compounds may be of interest in the context of
the chemotherapy of infectious diseases, in bone resorp-
tion, and in immunotherapy.

Experimental Section
Synthetic Aspects. There are two basic steps to produce

the pyridinium-1-yl bisphosphonates: (1) synthesis of the
parent pyridine (when not commercially available), using
either Pd(PPh3)4 catalyzed (Suzuki) coupling of an arylboronic
acid and bromopyridine41 or, in the case of 11, NiCl2(PPh3)2-
catalyzed coupling of a benzyl zinc compound and bromo-
pyridine;42 (2) carboxymethylation of the (substituted) pyridine
with bromoacetic acid43 followed by phosphorylation of the
resulting pyridinium-1-yl acetic acids with POCl3/H3PO3.44 Full
details of the synthesis of each compound are given below, and,
in most cases (i.e. except for 11), the syntheses followed both
of the following two general procedures. Purity of products was
established via C/H/N microanalysis and 500 MHz 1H NMR
spectroscopy.

General Procedure 1: Preparation of Aryl-Substituted
Pyridines. A mixture of an aryl boronic acid or its ester
(3 mmol), 3-bromopyridine (3 mmol), Pd(PPh3)4 (0.075 mmol),
K2CO3 (1.2 g, 9 mmol), toluene (12 mL) and H2O (3 mL) was
refluxed for 10 h.41 The product was extracted with Et2O and
purified by using silica gel chromatography.

General Procedure 2: Preparation of 1-Hydroxy-2-
(substituted-pyridinium-1-yl)ethylidene-1,1-bisphospho-
nic Acids. Bromoacetic acid (2 mmol) was added to a solution
of substituted pyridine (2 mmol) in ethyl acetate (3 mL) and
the reaction mixture stirred at room temperature for 2 days,
giving the substituted 1-carboxymethylpyridinium bromide as
a white precipitate. This was then filtered, washed with ethyl
acetate (2 × 3 mL) and dried in vacuo. The resulting white
powder was added to a mixture of H3PO3 (5 equivalents) and
toluene (6 mL) and heated to 80 °C, with stirring. After all
solids had melted, POCl3 (5 equiv) was added dropwise and
the reaction mixture vigorously stirred at 80 °C for 5 h. Upon
cooling, the supernatant was decanted and 6 N HCl (3 mL)
added to the residue. The resulting solution was refluxed for
1 h, then most of the solvent was removed in vacuo. 2-Propanol
(25 mL) was added to precipitate the title compounds as
white powders. These were filtered, washed with 2-propanol
(5 × 5 mL) then dried and were further purified by recrystal-
lization from H2O/2-PrOH. In some cases, oily products were
neutralized with NaOH, then crystallized as the sodium salts
from H2O/2-PrOH.

1-Hydroxy-2-(pyridinium-1-yl)ethylidene-1,1-bisphos-
phonic Acid (5). 5 was prepared from pyridine (395 mg,
5 mmol) following general procedure 2 (960 mg, 68% overall
yield). Anal. (C7H11NP2O7) C, H, N. 1H NMR (400 MHz, D2O):
δ 4.87 (t, JPH ) 7.2 Hz, 2H, CH2), 7.84 (t, JHH ) 5.6 Hz, 2H,
aromatics), 8.38 (t, JHH ) 5.6 Hz, 1H, aromatics), 8.71 (d, JHH

) 5.6 Hz, 2H, aromatics); 31P NMR (162 MHz, D2O): δ 14.3
(s).

1-Hydroxy-2-(3-methylpyridinium-1-yl)ethylidene-1,1-
bisphosphonic Acid (7). 7 was prepared from 3-methyl-
pyridine (465 mg, 5 mmol) following general procedure 2
(850 mg, 57% overall yield). Anal. (C8H13NP2O7) C, H, N. 1H
NMR (400 MHz, D2O): δ 2.36 (s, 3H, CH3), 4.67 (t, JPH ) 8.0
Hz, 2H, CH2), 7.68 (t, JHH ) 6.4 Hz, 1H, aromatics), 8.16
(d, JHH ) 6.4 Hz, 1H, aromatics), 8.50 (d, JHH ) 6.4 Hz, 1H,
aromatics), 8.53 (s, 1H, aromatics); 31P NMR (162 MHz, D2O):
δ 14.1 (s).

1-Hydroxy-2-(3-phenylpyridinium-1-yl)ethylidene-1,1-
bisphosphonic Acid (8). 8 was prepared from 3-phenyl-
pyridine (310 mg, 2 mmol) following general procedure 2 as
the disodium salt (570 mg, 65% overall yield). Anal.

Figure 4. Graphs showing correlations between FPPS inhibi-
tion and A, D. discoideum growth inhibition and B, γδ T cell
activation (as determined by TNF-R release). The R2 and p
values are R2 ) 0.61 and p ) 0.0002 in A and R2 ) 0.56 and
p ) 0.0005 in B.
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(C13H13NP2O7Na2‚2 H2O) C, H, N. 1H NMR (400 MHz, D2O):
δ 4.75 (t, JPH ) 8.0 Hz, 2H, CH2), 7.30-7.40 (m, 3H, aromatics),
7.50-7.60 (m, 2H, aromatics), 7.68 (t, JHH ) 5.6 Hz, 1H,
aromatics), 8.39 (d, JHH ) 5.6 Hz, 1H, aromatics), 8.60 (d, JHH

) 5.6 Hz, 1H, aromatics), 8.91 (s, 1H, aromatics); 31P NMR
(162 MHz, D2O): δ 14.3 (s).

1-Hydroxy-2-[3-(4-hydroxyphenyl)pyridinium-1-yl]eth-
ylidene-1,1-bisphosphonic Acid (9). 9 was prepared from
4-(4,4,5,5-tetramethyl-1,3-dioxaborolan-2-yl)phenyl acetate
(786 mg, 3 mmol) following general procedures 1 and 2 as a
tetrasodium salt (620 mg, 40% overall yield). Anal.
(C13H11NP2O8Na4‚3 H2O) C, H, N. 1H NMR (400 MHz, D2O):
δ 4.83 (t, JPH ) 8.0 Hz, 2H, CH2), 6.74 (d, JHH ) 6.8 Hz, 2H,
aromatics), 7.49 (d, JHH ) 6.8 Hz, 2H, aromatics), 7.77 (t, JHH

) 6.0 Hz, 1H, aromatics), 8.45 (d, JHH ) 6.0 Hz, 1H, aromatics),
8.55 (d, JHH ) 6.0 Hz, 1H, aromatics), 8.89 (s, 1H, aromatics);
31P NMR (162 MHz, D2O): δ 14.6 (s).

1-Hydroxy-2-(3-benzylpyridinium-1-yl)ethylidene-1,1-
bisphosphonic Acid (10). 10 was prepared from 3-benzyl-
pyridine (340 mg, 2 mmol) following general procedure 2 as a
trisodium salt (560 mg, 60% overall yield). Anal. (C14H14NP2O7-
Na3‚1.5 H2O) C, H, N. 1H NMR (400 MHz, D2O): δ 4.07
(s, 2H, PhCH2), 4.76 (t, JPH ) 9.2 Hz, 2H, NCH2), 7.10-7.25
(m, 5H, aromatics), 7.69 (t, JHH ) 6.8 Hz, 1H, aromatics), 8.14
(d, JHH ) 6.8 Hz, 1H, aromatics), 8.54 (d, JHH ) 6.8 Hz, 1H,
aromatics), 8.58 (s, 1H, aromatics); 31P NMR (162 MHz, D2O):
δ 13.9 (s).

1-Hydroxy-2-[3-(3-methylbenzyl)pyridinium-1-yl]eth-
ylidene-1,1-bisphosphonic Acid (11). 3-(3-Methylbenzyl)-
pyridine was prepared by a published method.42 In brief,
3-methylbenzyl bromide (0.88 mL, 6.5 mmol) and Zn powder
(0.55 g, 8.5 mmol) in THF (6 mL) were stirred for 2 h at room
temperature, and the supernatant solution transferred to a
THF solution (6 mL) containing 3-bromopyridine (0.49 mL,
5 mmol) and NiCl2(PPh3)2 (654 mg, 1 mmol). The reaction
mixture was stirred at room-temperature overnight before
quenching with 10% ammonia. The product was extracted with
Et2O and purified by column chromatography (silica gel, Et2O/
hexane 1:1, 86% yield). The title compound 11 was prepared
from 3-(3-methylbenzyl)pyridine (370 mg, 2 mmol) following
general procedure 2 as a trisodium salt (700 mg, 70% overall
yield). Anal. (C15H16NP2O7Na3‚2.5 H2O) C, H, N. 1H NMR
(400 MHz, D2O): δ 2.15 (s, 3H, CH3), 4.04 (s, 2H, PhCH2), 4.78
(t, JPH ) 7.6 Hz, 2H, NCH2), 6.90-7.20 (m, 4H, aromatics),
7.70 (t, JHH ) 6.0 Hz, 1H, aromatics), 8.15 (d, JHH ) 6.0 Hz,
1H, aromatics), 8.55 (d, JHH ) 6.0 Hz, 1H, aromatics), 8.59
(s, 1H, aromatics); 31P NMR (162 MHz, D2O): δ 14.3 (s).

1-Hydroxy-2-[3-(3-biphenyl)pyridinium-1-yl]ethylidene-
1,1-bisphosphonic Acid (12). 12 was prepared from 3-bi-
phenyl boronic acid (600 mg, 3 mmol) following general
procedures 1 and 2 (750 mg, 56% overall yield). Anal. (C19H19-

NP2O7‚0.5 H2O) C, H, N; C: calcd, 51.36; found, 50.94. 1H NMR
(400 MHz, D2O): δ 4.84 (t, JPH ) 8.8 Hz, 2H, CH2), 7.20-7.80
(m, 10H, aromatics), 8.44 (d, JHH ) 6.0 Hz, 1H, aromatics),
8.68 (d, JHH ) 6.0 Hz, 1H, aromatics), 8.98 (s, 1H, aromatics);
31P NMR (162 MHz, D2O): δ 14.0 (s).

1-Hydroxy-2-[isoquinolinium-2-yl]ethylidene-1,1-bis-
phosphonic Acid (13). 13 was prepared from isoquinoline
(400 mg, 3 mmol) following general procedure 2 (486 mg, 47%
overall yield). Anal. (C11H13NP2O7‚0.25 H2O) C, H, N. 1H NMR
(400 MHz, D2O): δ 4.99 (t, JPH ) 8.0 Hz, 2H, CH2), 7.84
(t, JHH ) 5.6 Hz, 1H, aromatics), 8.00-8.10 (m, 2H, aromatics),
8.15 (d, JHH ) 5.6 Hz, 1H, aromatics), 8.27 (d, JHH ) 5.6 Hz,
1H, aromatics), 8.39 (d, JHH ) 5.6 Hz, 1H, aromatics), 9.56
(s, 1H, aromatics); 31P NMR (162 MHz, D2O): δ 14.2 (s).

1-Hydroxy-2-[6-chloroquinolinium-1-yl]ethylidene-1,1-
bisphosphonic Acid (14). 14 was prepared from 6-chloro-
quinoline (1 g, 6.1 mmol) following general procedure 2
(243 mg, 10% overall yield). Anal. (C11H12NP2O7Cl‚H2O) C, H,
N. 1H NMR (400 MHz, D2O): δ 5.33 (t, JPH ) 10.0 Hz, 2H,
CH2), 7.80-7.85 (m, 1H, aromatics), 7.95-8.00 (m, 1H, aromat-
ics), 8.15 (s, 1H, aromatics), 8.50 (d, JHH ) 5.6 Hz, 1H, aro-
matics), 8.84 (d, JHH ) 5.6 Hz, 1H, aromatics), 9.18 (d, JHH )
5.6 Hz, 1H, aromatics); 31P NMR (162 MHz, D2O): δ 14.3 (s).

1-Hydroxy-2-[3-ethylpyridinium-1-yl]ethylidene-1,1-
bisphosphonic Acid (15). 15 was prepared from 3-ethyl-
pyridine (430 mg, 4 mmol) following general procedure 2
(750 mg, 60% overall yield). Anal. (C9H15NP2O7) C, H, N. 1H
NMR (400 MHz, D2O): δ 1.11 (t, JHH ) 7.6 Hz, 3H, CH3), 2.69
(q, JHH ) 7.6 Hz, 2H, CH2), 4.74 (t, JPH ) 8.0 Hz, 2H, NCH2),
7.68 (t, JHH ) 6.4 Hz, 1H, aromatics), 8.17 (d, JHH ) 6.4 Hz,
1H, aromatics), 8.50-8.60 (m, 2H, aromatics); 31P NMR
(162 MHz, D2O): δ 14.3 (s).

1-Hydroxy-2-[3-butylpyridinium-1-yl]ethylidene-1,1-
bisphosphonic Acid (16). 16 was prepared from 3-butyl-
pyridine (540 mg, 4 mmol) following general procedure 2
(690 mg, 51% overall yield). Anal. (C11H19NP2O7‚0.25 H2O) C,
H, N. 1H NMR (400 MHz, D2O): δ 0.72 (t, JHH ) 7.2 Hz, 3H,
CH3), 1.10-1.20 (m, 2H, CH2), 1.45-1.55 (m, 2H, CH2), 2.67
(q, JHH ) 7.2 Hz, 2H, CH2), 4.79 (t, JPH ) 8.0 Hz, 2H, NCH2),
7.70 (t, JHH ) 6.8 Hz, 1H, aromatics), 8.20 (d, JHH ) 6.8 Hz,
1H, aromatics), 8.50-8.60 (m, 2H, aromatics); 31P NMR
(162 MHz, D2O): δ 14.3 (s).

1-Hydroxy-2-[3-methoxylpyridinium-1-yl]ethylidene-
1,1-bisphosphonic Acid (17). 17 was prepared from 3-meth-
oxypyridine (440 mg, 4 mmol) following general procedure 2
(900 mg, 72% overall yield). Anal. (C8H13NP2O7‚H2O) C, H, N.
1H NMR (400 MHz, D2O): δ 3.80 (s, 3H, CH3), 4.75 (t, JPH )
8.4 Hz, 2H, CH2), 7.58 (t, JHH ) 6.8 Hz, 1H, aromatics), 7.78
(d, JHH ) 6.8 Hz, 1H, aromatics), 8.17 (d, JHH ) 6.8 Hz, 1H,
aromatics), 8.45 (s, 1H, aromatics); 31P NMR (162 MHz, D2O):
δ 14.2 (s).

Figure 5. A, 45Ca2+ release from 17-day old fetal mouse metatarsals46 for control and compounds 1, 2, 3, 4, 5, 7, 8, 17 and 20.
The braces delineate bone resorption data sets and compound numbers. B, Dose-response curves for 1 (b), 2 (O), 3 (2), 4 (×) and
20 ([).
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1-Hydroxy-2-[4-benzylpyridinium-1-yl]ethylidene-1,1-
bisphosphonic Acid (18). 18 was prepared from 4-benzyl-
pyridine (380 mg, 2.2 mmol) following general procedure 2
(337 mg, 40% overall yield). Anal. (C14H16NP2O7Na‚0.5 H2O)
C, H, N. 1H NMR (400 MHz, D2O): δ 4.08 (s, 2H, PhCH2),
4.76 (t, JPH ) 9.2 Hz, 2H, NCH2), 7.10-7.30 (m, 5H, aromatics),
7.61 (d, JHH ) 6.8 Hz, 2H, aromatics), 8.46 (d, JHH ) 6.8 Hz,
2H, aromatics); 31P NMR (162 MHz, D2O): δ 14.0 (s).

1-Hydroxy-2-[3-fluoropyridinium-1-yl]ethylidene-1,1-
bisphosphonic Acid (20). 20 was prepared from 3-fluoro-
pyridine (214 mg, 2.2 mmol) following general procedure 2
(304 mg, 46% overall yield). Anal. (C7H10FNP2O7) C, H, N; C:
calcd, 28.41; found, 27.92. 1H NMR (400 MHz, D2O): δ 4.80
(t, JPH ) 8.4 Hz, 2H, CH2), 7.80-7.88 (m, 1H, aromatics), 8.15
(t, JHH ) 8.0 Hz, 1H, aromatics), 8.70 (d, JHH ) 8.0 Hz, 1H,
aromatics); 31P NMR (162 MHz, D2O): δ 14.0 (s).
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