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A method to prepare four (3a—d) trialkyl alkylcarbonate esters of etidronate from P,P'-dimethyl etidronate and alkyl chloroformate

was developed by utilizing unexpected demethylation and decarboxylation reactions. The reaction with the sterically more hindered

isobutyl chloroformate at a lower temperature (90 °C) produced the P,P'-diester (2) as a stable intermediate product. A possible

reaction mechanism is discussed to explain these methyl substitutions. These unusual reactions also clarify why it is difficult to

prepare alkylcarbonate prodrugs from bisphosphonates. The compounds prepared were analysed by spectroscopic techniques.

Introduction

Bisphosphonates (BPs), which are molecules that possess the
P—C-P backbone, are analogues of the naturally occurring com-
pound pyrophosphate (Figure 1). These drugs have been used
for many purposes since they were discovered ca. fifty years
ago [1-3]. Initially, BPs were used as water softeners by
inhibiting the crystallization of calcium salts, but today the basis
for their main use is their high affinity for the bone mineral
hydroxyapatite. Since they are effective inhibitors of bone
resorption, BPs are used for the treatment of various bone
diseases and disorders of calcium metabolism, e.g., osteo-
porosis [2,4]. BPs are also used as bone imaging agents when
linked to a gamma-emitting technetium isotope; as bone-
targeting promoieties, e.g., for anti-inflammatory drugs [5]; as
solvent extraction reagents for actinide ions [6]; and as a new
class of herbicides [7]. Recently, BPs have been considered as

growth inhibitors for parasitic diseases such as malaria [8] and
have found applications in crystal-engineering studies [9]. BP
prodrugs have attracted recent interest due to their ability to
inhibit isoprenoid biosynthesis [10].
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Figure 1: Structure of etidronate, pyrophosphate and general struc-
ture of bisphosphonates.
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Etidronate, (1-hydroxyethylidene)-1,1-bisphosphonic acid
(HEBPA) disodium salt, was first synthesized over 100 years
ago and is one of the most extensively investigated BP mole-
cules (Figure 1) [1,2,4]. Our group has prepared several
different HEBPA derivatives [11-17], and some of the deriva-
tives have been considered to act as biodegradable prodrugs of
etidronate [11]. Previously, we also synthesized the first phos-
phorous end-modified alkyl carbonate derivative of HEBPA by
a surprising route [18]. According to a SciFinder search, this is
the only reported phosphorous end-modified BP carbonate
derivative in the scientific literature [19], while phosphorous
(approximately 600 compounds) and phosphonic acid carbon-
ates (approximately 20 compounds) are well known molecules.

Since BPs are very hydrophilic, their bioavailabilities are very
poor [20]. It would be a clear advantage if one could prepare
more lipophilic and biodegradable derivatives of BPs. One
rather straightforward way to improve the lipophilicity of these
compounds is to prepare alkyl carbonate derivatives of BPs.
Alkyl carbonate derivatives of phenol and naphthols have been
reported to undergo chemical and enzymatic hydrolysis [21,22]
and so they have been considered as prodrugs, e.g., naltrexone
[23,24], which is used for the treatment of alcohol dependence
[25] and opioid addiction [26]. This was the starting point for
the research project reported here.

Results and Discussion

Our first goal was to prepare a mixed ethyl carbonate methyl
ester derivative 5 (Scheme 1, R = Et), but unexpectedly
according to the 3!P NMR spectrum, a structure corresponding
to 3 was obtained. This extraordinary synthesis route to struc-
tures such as 3 starting from P,P'-dimethyl ester of etidronate 1
led us to examine this phenomenon in a more systematic

manner.

Etidronate P,P'-dimethyl ester disodium salt (1), which was
prepared by a known method [13], was suspended in an excess
of ethyl chloroformate, and subsequently 3 equiv of NaHCO3
were added and the reaction mixture was heated under reflux
overnight. After isolation, a colorless syrup was obtained,
which was surprisingly identified as compound 3b in a series of
spectroscopic experiments. Since this was such an unexpected
structure, we confirmed the structure of 3b through the
following procedure: Etidronate triethyl ester mono potassium
salt [13] was heated under reflux with 1 equiv of NaHCOj3 and
an excess of ethyl chloroformate in CH3CN for 41 h. After
workup (same as when prepared by using 1 as starting material,
see Experimental section), a colorless syrup was obtained and
as expected the structure of the compound was verified to be
3b, identical to the result when the synthesis was started from

compound 1 ("H and 3!P NMR spectra were identical).
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Scheme 1: Preparation of mixed alkyl carbonate ester derivatives of
HEBPA 3a-d and diester derivative 2. Conditions: in excess
CIC(O)OR, with 3 equiv NaHCO3 or 4 equiv Na,CO3 (for compound
4), overnight.

In this extraordinary synthesis, two methyl groups and two
sodium salts from the starting material 1 were changed into
three ethyl and one ethoxycarbonyl groups, and also the tertiary
hydroxy group was derivatized with ethoxycarbonyl. The same
phenomenon was observed also when either methyl or isobutyl
chloroformate was used in the reaction under reflux; invariably
the three corresponding esters and one alkoxycarbonyl group
were observed in the phosphorous ends with a tertiary hydroxy
derived with an alkoxycarbonyl group.

Another unexpected reaction was observed when compound 1
was treated with isobutyl chloroformate at 90 °C (see
Scheme 2). After workup procedure from the 3!P NMR spec-
trum we detected only one symmetric product, which was
confirmed to be compound 2 according to a subsequent mass-
spectrometric analysis.

The reaction from 1 to 3b was also tested under milder reaction
conditions, e.g., 2 equiv of ethyl chloroformate in CH3CN or an
excess of ethyl chloroformate at room temperature, and with
variable NaHCO3 amounts. These tests did not lead to the for-
mation of 3b or 4 in any reasonable yields or purities. The
tetramethyl ester of etidronate was also tested as a starting ma-
terial with ethyl chloroformate at 55 °C and under reflux, with

no success. When the excess of propyl chloroformate was tested
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Scheme 2: Possible reaction mechanism for conversion of 1 to 3 and 4 via key intermediates.

under reflux, product 3¢ was observed, but unfortunately the
purity of the product was ca. 85%. Furthermore, purification on
an oven-dry (120 °C) silica column with dry eluent (dried with
MgSQOy4) was not successful due to selective hydrolysis of the
carbonate moiety from the phosphorus end. However, according
to the 3'P NMR spectrum, compound 3b was stable for at least
3 h in methanol solution containing 2 equiv 1 M HCI, indi-
cating that some kind of catalysis is needed to hydrolyze the
carbonate moiety from the phosphorus end.

One possible reaction mechanism to account for this unusual
conversion is shown in Scheme 2. Based on general chemical
knowledge, the first intermediate in this reaction cascade must
be compound 6 (Z =Me, Z’ = Na, H or CO,R), since in general
OH and ONa groups react readily with chloroformates, forming
the corresponding carbonates. However, the formed carbonate
structure at the phosphorus end seems to be unstable since only
rearranged products 3 could be isolated. Moreover, in the case
of sterically more hindered isobutyl chloroformate, also the
corresponding P,P'-diester 2 was isolated according to the
13C NMR spectrum and mass spectrometry.

Most probably this rearrangement from carbonate 6 to ester 7
proceeds by decarboxylation in conjunction with the 1,5-migra-
tion of an alkyl group from the carbonate oxygen to the phos-
phorus oxygen. There are only two studies describing this kind
of phenomenon in the literature, with the first being reported in
1979 by Hewitt [27] and then being revisited by Afarinkia [28]
24 years later. However, the reaction mechanism proposed by
Afarinkia [28] is not possible in our case. It seems more likely
that the observed rearrangement is based on a six-membered
transition state, in which the anchimeric assistance of the P=0
group permits 1,5-alkyl migration and irreversible decarboxyla-
tion, leading to intermediate 7. Similar pyrolytic elimination
reactions were studied intensively ca. 60 years ago for carbon
backbones [29]. Methyl groups from intermediate 7 (Z = Me,
Z’ = H, Na or R) are possibly hydrolyzed either before
rearrangement following a similar reaction route reported previ-
ously, when P,P-diesters of clodronic acid were prepared from
the corresponding triesters by using mesyl chloride as the

reagent [30], or more probably after rearrangement by means of

a regular acid (HCI) hydrolysis. The driving force in this irre-
versible reaction is entropy, since gaseous CH3Cl is evaporated
leading to product 2. The formation of the stable intermediate 2
also explains the difficulty encountered in preparing carbonate
prodrugs from bisphosphonates, since at lower temperatures the
reaction does not occur, and the 1,5-alkyl migration associated
with the decarboxylation occurs at elevated temperatures. The
stable end product 3, typically with yields of 65-76%, is
obtained after the addition of two formate groups to intermedi-
ate 7 (Z = H, Z’ = R) followed by only one further 1,5-alkyl
migration and decarboxylation. However, it is not clear why the
last carbonate moiety remains leading selectively to 3 even with
prolongation of the heating period. We were also able to
prepare and isolate tetraester 4 (R = Et), but only at a 22%
yield, when 1 was first heated under reflux in excess ethyl
chloroformate with 4 equiv Na,COj for ca. 4 hours, followed
by turning the water cooling from the reflux condenser to the
minimum. With overnight stirring at ca. 100 °C, the reaction
mixture was evaporated almost to dryness yielding product 4
after purification of the reaction mixture.

It can be proposed that decarboxylation of product 3 leads to
tetraester derivative 4; however, also competitive elimination
reactions occur with longer carbon chains, since heating of 3¢
for 2 h at 100 °C in an oil bath without any solvent produced the
corresponding triester, not tetraester, according to the 3!P NMR
spectrum. We also tried to prepare a mixed tetraester derivative
from 3¢ by heating under reflux with absolute ethanol, but no
reactions were observed to occur. All crude reaction mixtures
from the synthesis of 3 from 1 contained a few per cent of the
corresponding tetraester derivative as a byproduct.

Previously, we reported the synthesis of compound 9 from the
corresponding acetylated etidronic acid 8 (see Scheme 3) [18].
Based on the present study, we re-evaluated the spectral data
from the previously reported compound 9. The easiest method
to differentiate compounds 9 and 10 from each other is by mass
spectrometry, since the 'H, '3C and 3!P NMR spectral data
from these compounds are almost identical. According to
re-evaluated mass spectral data, the rearranged compound 10

(C13Hp6010P, + Na, m/z = 427) and its major fragmentation at
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Scheme 3: Proposed formation of mono ethylcarbonate triethyl ester derivative 10 of acetylated etidronic acid.

m/z = 332 were the major peaks in the positive-mode mass
spectrum. Interestingly, the signal from expected compound 9
(C15H6014P, + Na, m/z = 515) was not seen in the positive
mode; however, in the negative mode signals m/z = 332 and 515
were the major peaks, but intensities were ca. hundred times
weaker compared to the positive-mode signals. Therefore, we
conclude that most of the sample reported earlier [18] was the
rearranged product 10 and there was a very small amount of the
original product 9 left (which we wrongly interpreted as the

main product, see Scheme 3).

Conclusion

Novel mixed trialkyl alkylcarbonate ester derivatives of
HEBPA (3a—-d) were prepared with good yields (65-76%) via
an unusual demethylation, decarboxylation and 1,5-migration
route. In addition a novel P,P'-diester alkylcarbonate derivative
2 was isolated at a reasonable 62% yield and the tetraester
derivative 4 was also isolated. The observed results from this
study explain some of the difficulties encountered in preparing
carbonate prodrugs of bisphosphonates similar to etidronate. On
the other hand, the Hewitt reaction observed here enabled the
preparation of more complex bisphosphonate esters from rather
readily available starting materials.

Experimental

IH, 31P and '3C NMR spectra were recorded with a 500 MHz
spectrometer operating at 500.1, 202.5 and 125.8 MHz, respect-
ively. The solvent residual peak was used as a standard for 'H
and 13C measurements (7.26 ppm or 77.16 ppm for CDCl3 and
3.31 ppm or 49.00 ppm for CD3;0D) [31], and 85% H3PO4 was
used as an external standard for 3!P measurements. The "Jyp
couplings were calculated from proton spectra and all J values
are given in hertz (Hz). The "Jcp couplings were calculated
from carbon spectra with the coupling constants given in paren-
thesis as hertz. The purity of the products was determined from
'H and 3'P NMR spectra and was >95% for compounds 3a,b,
and 2, and ca. 85% for compounds 3¢ and 3d, which was
adequate for our studies. The molar mass for compound 1 was
calculated to be 278.04 though it most probably exists as a dihy-
drate [32]. Diastereomeric ratios for each of the compounds

3a—d were calculated from the 3!P NMR spectrum. Mass
spectra were recorded on a quadrupole time-of-flight mass spec-
trometer by using electrospray ionization (ESI) with positive-
ionization mode for compounds 3a—d and 4 and negative for
compound 2. All reactions were performed in an oil bath under
a nitrogen atmosphere.

Procedure for the preparation of 3a—d: Etidronate P,P'-
dimethyl ester disodium salt (1) (100 mg, 0.36 mmol) was
suspended in alkyl chloroformate (3 mL), dry NaHCO3 (90 mg,
3 equiv, 1.07 mmol) was added, and the mixture was heated
under reflux overnight before evaporation to dryness in vacuo.
The residue was suspended in diethyl ether (ca. 8 mL), the
solids were removed by centrifugation, and diethyl ether was
evaporated in vacuo. The products were present as colorless oils
with 65-76% yields.

Preparation of 2: Compound 2 was prepared as above, except
that the reaction temperature was 90 °C and the product
obtained was a colorless amorphous solid.

Procedure for the preparation of 4: Etidronate P,P'-dimethyl
ester disodium salt (1) (150 mg, 0.54 mmol) was suspended in
alkyl chloroformate (3 mL), Na,CO3 (229 mg, 4 equiv,
2.16 mmol) was added, and the mixture was heated under reflux
for ca. 4 h, before the water cooling was turned to a minimum
in the reflux condenser. The reaction mixture was evaporated
almost to dryness during the overnight stirring at ca. 100 °C.
The residue was suspended to diethyl ether (ca. 8 mL), the
solids were removed by centrifugation, and diethyl ether was
evaporated in vacuo. The crude product was purified by silica
column chromatography with EtOAc/MeOH (9:1) as eluent.
Compound 4 (46 mg, 22% yield) was present as a colorless

viscous oil.

[1-Methoxycarbonyloxy-1-(methoxy-methoxycarbonyloxy-
phosphoryl)ethyl]phosphonic acid dimethyl ester (3a): Pair
of diastereomers (ratio ca. 60:40). Yield: 88 mg, 67%. 'H NMR
(500.1 MHz, CDCl3) 8 4.04-3.99 (m, 3H), 3.92-3.84 (m, 9H),
3.80-3.78 (m, 3H), 1.979 (dd, 3Jyp = 16.0, 3Jypr = 17.0 Hz) and
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1.973 (dd, 3Jyp = 15.5, 3Jyp = 17.0 Hz, 3H); 13C NMR (125.8
MHz, CDCl3) § 153.36 (t, 2Jcp = 8.6 Hz), 153.35 (t, 2Jcp = 9.4
Hz), 148.25 (d, 2Jcp = 6.8 Hz), 148.20 (d, 2Jcp = 7.0 Hz), 80.0
(dd, Ycp = 155.8, Lcp = 158.8 Hz), 79.9 (dd, Lcp = 155.6,
Ucp = 160.1 Hz), 56.36 (2C), 56.32 (d, ZJcp = 6.8 Hz), 56.30
(d, ZJcp = 7.5 Hz), 55.60, 55.56, 55.28 (d, ZJcp = 6.7 Hz), 55.25
(d, 2Jcp = 6.8 Hz), 55.21 (d, 2Jcp = 7.2 Hz), 54.7 (d, 2Jcp = 7.2
Hz), 18.4 (t, ZJcp = 2.5 Hz), 18.0 (t, 2Jcp = 2.3 Hz); 3P NMR
(202.5 MHz, CDCl3) & 17.11 (d, 2Jpp = 21.9 Hz), 13.38 and
17.07 (d, ZJpp = 22.7 Hz), 13.39 (d); HRMS-ESI (m/z): [M +
Na]* caled for CoH 301 P,Na, 387.0222; found, 387.0264.

[1-Ethoxycarbonyloxy-1-(ethoxy-ethoxycarbonyloxyphos-
phoryl)ethyl]phosphonic acid diethyl ester (3b): Pair of
diastereomers (ratio ca. 50:50). Yield: 101 mg, 65%. 'H NMR
(500.1 MHz, CDCl3) 6 4.50-4.43 (m, 2H), 4.36-4.19 (m, 8H),
2.02 (dd, 3Jgp = 16.0, 3Jyp = 16.5 Hz, 3H), 1.42-1.30 (m,
15H); 13C NMR (125.8 MHz, CDCl3) & 152.81 (t, ZJcp = 9.4
Hz), 152.76 (t, ZJcp = 9.4 Hz), 147.60 (d, ZJcp = 6.6 Hz),
147.55 (d, ZJcp = 6.6 Hz), 79.84 (dd, 'Jep = 155.1, Lcp =
158.5 Hz), 79.77 (dd, WJep = 155.0, Licp = 159.7 Hz), 66.4 (d,
2C, 2Jcp = 7.6 Hz), 65.89, 65.88, 64.85, 64.84, 64.6 (d, ZJcp =
6.8 Hz), 64.5 (d, 2Jcp = 6.9 Hz), 64.4 (d, ZJcp = 7.2 Hz), 64.2
(d, ZJcp = 7.3 Hz), 18.4 (t, 2Jcp = 2.2 Hz), 18.1 (t, Zcp = 2.1
Hz), 16.4 (d, 4C, 3Jcp = 5.9 Hz), 16.01 (d, 3Jcp = 6.6 Hz),
15.98 (d, 3Jcp = 6.6 Hz), 14.2 (2C), 14.0 (2C); 3'P NMR (202.5
MHz, CDCl3) 5 14.94 (d, 2/pp = 22.1 Hz), 12.06 and 14.91 (d,
2Jpp = 21.7 Hz), 12.11 (d); HRMS-ESI (m/z): [M + Na]" caled
for C;4H,g0; 1 P,Na, 457.1005; found, 457.1011.

[1-Propoxycarbonyloxy-1-(propoxy-propoxycarbonyloxy-
phosphoryl)ethyl]phosphonic acid dipropyl ester (3¢): Pair
of diastereomers (ratio ca. 50:50). Yield: 247 mg, 68% (starting
material 1 was used (200 mg). '"H NMR (500.1 MHz, CDCl3) &
4.34 (q, 3Juyg = 7.0 Hz, 2H), 4.23-4.05 (m, 8H), 2.02 (dd, 3Jyp
=15.5, 3Jyp = 17.0 Hz, 3H), 1.79-1.65 (m, 10H), 0.99-0.92
(m, 15H); 3C NMR (125.8 MHz, CDCl3) § 153.02 (t, 3Jcp =
9.1 Hz), 152.98 (t, 3Jcp = 8.8 Hz), 147.83 (t, 2Jcp = 6.9 Hz),
80.11 (dd, 'Jep = 155.6, LJcp = 158.1 Hz), 80.00 (dd, 'Jcp =
155.4, Wcp = 159.7 Hz), 71.72, 71.71, 71.66, 71.64, 71.47,
70.46, 70.44, 70.10, 70.05, 70.00, 69.96, 69.92, 69.86, 69.65,
69.59, 69.57, 24.03, 23.99, 23.67, 23.62, 22.18, 22.06, 21.85,
18.55, 18.25, 10.32, 10.23, 10.19, 10.15, 10.11, 10.01, 9.99;
31p NMR (202.5 MHz, CDCl3) & 14.89 (d, 2Jpp = 21.6 Hz),
12.17 and 14.86 (d, 2Jpp = 21.6 Hz), 12.11 (d); HRMS-ESI
(m/z): [M + Na]" caled for C;9H3g0;;P;Na, 527.1787; found,
527.1788.

[1-Isobutoxycarbonyloxy-1-(isobutoxy-isobutoxycarbony-
loxyphosphoryl)ethyl|phosphonic acid diisobutyl ester (3d):
Pair of diastereomers (ratio ca. 55:45). Yield: 157 mg, 76%.

Beilstein J. Org. Chem. 2012, 8, 2019-2024.

'H NMR (500.1 MHz, CDCl3) & 4.16 (t, 3Jy = 6.8 Hz, 2H),
4.06-3.88 (m, 8H), 2.08-1.92 (m, 8H), 1.00-0.90 (m, 30H);
13C NMR (125.8 MHz, CDCls) & 152.88 (dd, 3Jcp = 10.5 and
8.2 Hz), 152.83 (dd, 3Jcp = 9.6 and 8.6 Hz), 147.79 (d, 2Jcp =
8.8 Hz), 147.73 (d, 2Jcp = 8.8 Hz), 80.1 (dd, WJcp = 155.9, Lcp
=157.2 Hz), 80.0 (dd, Jcp = 155.9, Lep = 159.7 Hz), 75.76,
75.73, 75.72, 75.69, 75.63, 74.73, 74.71, 74.28, 74.22, 74.21,
74.15, 74.13, 74.07, 74.02, 73.97, 73.82, 73.76, 29.30, 29.26,
29.20, 29.16, 29.01, 28.96, 27.82, 27.74, 27.68, 27.59, 19.00,
18.94, 18.84, 18.83, 18.80, 18.73, 18.69, 18.68, 18.65, 18.61,
18.60, 18.57, 18.55, 18.45 (br), 18.2 (br); 3'P NMR (202.5
MHz, CDCl3) & 14.64 (d, 2/pp = 21.3 Hz), 12.07 and 14.60 (d,
2Jpp =21.7 Hz), 11.82 (d); HRMS—ESI (m/z): [M + Na]" calcd.
for C24H48011P2Na, 597.2570; found, 597.2576.

(1-Isobutoxycarbonyloxyethylidene)-1,1-bisphosphonic acid
P,P'-diisobutylester (2): Yield: 93 mg, 62%. 'H NMR (500.1
MHz, CD30D) § 3.95-3.88 (m, 6H), 1.93 (t,3Jyp = 15.0 Hz,
3H), 2.00-1.90 (m, 3H), 1.00-0.92 (m, 18H); !3C NMR (125.8
MHz, CD;0D) & 154.7 (t, 3Jcp = 8.1 Hz), 81.5 (t, Lcp = 154.5
Hz), 75.4, 74.5 (t, 2Jcp = 3.3 Hz, 2C), 30.5 (t, 3Jcp = 2.6 Hz,
2C), 29.0, 19.20 (2C), 19.15 (4C), 19.07; 3'P NMR (202.5
MHz, CD30D) & 14.51; HRMS—ESI (m/z): [M — H]™ calcd for
C15H3109P2, 417.1443; found, 417.1455.

(1-Ethoxycarbonyloxyethylidene)-1,1-bisphosphonic acid
tetraethyl ester (4): Yield: 46 mg, 22%. 'H NMR (500.1 MHz,
CDCly) 6 4.30-4.18 (m, 8H), 4.15 (q, 3Jyyg = 7.0 Hz, 2H), 1.92
(t, 3Jgp = 15.5 Hz, 3H), 1.312 (t, 3Jyp = 7.0 Hz, 6H), 1.307 (t,
3Juy = 7.0 Hz, 6H), 1.26 (t, 3Jyy = 7.0 Hz, 3H); 13C NMR
(125.8 MHz, CDCl3) & 152.9 (t, 3Jcp = 8.9 Hz), 80.4 (t, 'Jep =
154.9 Hz), 64.5, 64.2 (t, 2Jcp = 3.3 Hz, 2C), 63.9 (t, ZJcp = 3.4
Hz, 2C) 18.5 (t, 2Jcp = 2.0 Hz), 16.47 (t, 3Jcp = 2.8 Hz, 2C),
16.46 (t, 3Jcp = 2.8 Hz, 2C), 14.3; 3P NMR (202.5 MHz,
CDCl3) & 16.45; HRMS—ESI (m/z): [M + Na]* calcd for
C3H,309P;Na, 413.1106; found, 413.1091.

Supporting Information

Supporting Information File 1

IH, 13C and 3'P NMR spectra for the compounds 2, 3a—d
and 4.

[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-8-228-S1.pdf]

Acknowledgements

This research was supported by strategic funding of the Univer-
sity of Eastern Finland, Finnish Academy project 132070 and
PhoSciNet COST action. The authors would like to thank Mrs.
Maritta Salminkoski for her expert technical assistance.

2023


http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-8-228-S1.pdf
http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-8-228-S1.pdf

Beilstein J. Org. Chem. 2012, 8, 2019-2024.

References 24.Vaddi, H. K.; Hamad, M. O.; Chen, J.; Banks, S. L.; Crooks, P. A,;
Stinchcomb, A. L. Pharm. Res. 2005, 22, 758-765.
doi:10.1007/s11095-005-2592-9

25.Volpicelli, J. R.; Alterman, A. |.; Hayashida, M.; O'Brien, C. P.

Arch. Gen. Psychiatry 1992, 49, 876-880.
doi:10.1001/archpsyc.1992.01820110040006

26. Terenius, L. Curr. Opin. Chem. Biol. 1998, 2, 541-547.
doi:10.1016/S1367-5931(98)80132-4

27.Hewitt, D. G. Aust. J. Chem. 1979, 32, 463-464.
doi:10.1071/CH9790463

28. Afarinkia, K.; Yu, H.-w. Tetrahedron Lett. 2003, 44, 781-783.
doi:10.1016/S0040-4039(02)02647-3

29. Alexander, E. R.; Mudrak, A. J. Am. Chem. Soc. 1950, 72, 3194-3198.
doi:10.1021/ja01163a109

30. Vepsalainen, J.; Nupponen, H.; Pohjala, E. Tetrahedron Lett. 1996, 37,
3533-3536. doi:10.1016/0040-4039(96)00605-3

31. Gottlieb, H. E.; Kotlyar, V.; Nudelman, A. J. Org. Chem. 1997, 62,
7512-7515. doi:10.1021/jo971176v

32.Van Gelder, J. M,; Breuer, E.; Ornoy, A.; Schlossman, A.; Patlas, N.;
Golomb, G. Bone 1995, 16, 511-520.
doi:10.1016/8756-3282(95)00081-N

1. Abdou, W. M.; Shaddy, A. A. ARKIVOC 2009, No. ix, 143-182.

2. Fleisch, H. Bisphosphonates in Bone Disease: From the Laboratory to
the Patient; The Parthenon Publishing Group Inc.: New York, 1995.

3. Ebetino, F. H.; Hogan, A.-M. L.; Sun, S.; Tsoumpra, M. K.; Duan, X;
Triffitt, J. T.; Kwaasi, A. A.; Dunford, J. E.; Barnett, B. L.;
Oppermann, U.; Lundy, M. W.; Boyde, A.; Kashemirov, B. A,;
McKenna, C. E.; Russell, R. G. G. Bone 2011, 49, 20-33.
doi:10.1016/j.bone.2011.03.774

4. Yates, A. J.; Rodan, G. A. Drug Discovery Today 1998, 3, 69-78.
doi:10.1016/S1359-6446(97)01134-3

5. Hirabayashi, H.; Sawamoto, T.; Fujisaki, J.; Tokunaga, Y.; Kimura, S.;
Hata, T. Pharm. Res. 2001, 18, 646-651.
doi:10.1023/A:1011033326980

6. Reddy, G.V.; Jacobs, H. K.; Gopalan, A. S.; Barrans, R. E., Jr.;
Dietz, M. L.; Stepinski, D. C.; Herlinger, A. W. Synth. Commun. 2004,
34, 331-344. doi:10.1081/SCC-120027271

7. Chuiko, A. L.; Lozinsky, M. O.; Jasicka-Misiak, I.; Kafarski, P.
J. Plant Growth Regul. 1999, 18, 171-174. doi:10.1007/PL00007066

8. Ghosh, S.; Chan, J. M. W,; Lea, C. R.; Meints, G. A,; Lewis, J. C;
Tovian, Z. S.; Flessner, R. M.; Loftus, T. C.; Bruchhaus, |.;
Kendrick, H.; Croft, S. L.; Kemp, R. G.; Kobayashi, S.; Nozaki, T;
Oldfield, E. J. Med. Chem. 2004, 47, 175-187. doi:10.1021/jm030084x

9. Fu, R;Hu, S.; Wu, X. Cryst. Growth Des. 2007, 7, 1134—1144. License and Terms
doi:10.1021/cg060833m
10. Wiemer, A. J;; Yu, J. S.; Shull, L. W.; Barney, R. J.; Wasko, B. M.; This is an Open Access article under the terms of the

Lamb, K. M.; Hohl, R. J.; Wiemer, D. F. Bioorg. Med. Chem. 2008, 16,
3652-3660. doi:10.1016/j.bmc.2008.02.016
.Niemi, R.; Turhanen, P.; Vepsalainen, J.; Taipale, H.; Jarvinen, T.

Eur. J. Pharm. Sci. 2000, 11, 173—-180.
doi:10.1016/S0928-0987(00)00099-3 any medium, provided the original work is properly cited.

Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0), which

1

-

permits unrestricted use, distribution, and reproduction in

12.Turhanen, P. A.; Ahigren, M. J.; Jarvinen, T.; Vepsaldinen, J. J.
Phosphorus, Sulfur Silicon Relat. Elem. 2001, 170, 115-133. The license is subject to the Beilstein Journal ofOrgam'c
doi:10.1080/10426500108040589

13. Turhanen, P. A.; Ahigren, M. J.; Jarvinen, T.; Vepsaldinen, J. J.
Synthesis 2001, 633-637. doi:10.1055/s-2001-12353

14.Turhanen, P. A;; Niemi, R.; Perékyla, M.; Jarvinen, T.;

Chemistry terms and conditions:
(http://www.beilstein-journals.org/bjoc)

Vepsalainen, J. J. Org. Biomol. Chem. 2003, 1, 3223-3226. The definitive version of this article is the electronic one
doi:10.1039/b305979k which can be found at:
15. Turhanen, P. A.; Vepsaldinen, J. J. Synthesis 2004, 992-994. doi: 10.3762/bjoc.8.228

doi:10.1055/s-2004-822345

16. Turhanen, P. A.; Vepsaldinen, J. J. Synthesis 2005, 2119-2121.
doi:10.1055/s-2005-869984

17.Turhanen, P. A.; Vepsalainen, J. J. Synthesis 2005, 3063—-3066.
doi:10.1055/s-2005-916032

18.Turhanen, P. A.; Vepsaladinen, J. J. Beilstein J. Org. Chem. 2008, 4,
No. 7. doi:10.1186/1860-5397-4-7

19.Pohjala, E.; Vepsaélainen, J.; Nupponen, H.; Kahkonen, J.; Lauren, L.;
Hannuniemi, R.; Jarvinen, T.; Ahlmark, M. Novel
methylenebisphosphonic acid derivatives. WO Patent
WO1999/020634, April 29, 1999.

20.Vepsalainen, J. J. Curr. Med. Chem. 2002, 9, 1201-1208.

21.Huang, T. L.; Székacs, A.; Uematsu, T.; Kuwano, E.; Parkinson, A.;
Hammock, B. D. Pharm. Res. 1993, 10, 639-648.
doi:10.1023/A:1018987111362

22.Jstergaard, J.; Larsen, C. Molecules 2007, 12, 2396-2412.
doi:10.3390/12102396

23.Pillai, O.; Hamad, M. O.; Crooks, P. A.; Stinchcomb, A. L. Pharm. Res.
2004, 21, 1146-1152. doi:10.1023/B:PHAM.0000033000.03652.73

2024


http://dx.doi.org/10.1016%2Fj.bone.2011.03.774
http://dx.doi.org/10.1016%2FS1359-6446%2897%2901134-3
http://dx.doi.org/10.1023%2FA%3A1011033326980
http://dx.doi.org/10.1081%2FSCC-120027271
http://dx.doi.org/10.1007%2FPL00007066
http://dx.doi.org/10.1021%2Fjm030084x
http://dx.doi.org/10.1021%2Fcg060833m
http://dx.doi.org/10.1016%2Fj.bmc.2008.02.016
http://dx.doi.org/10.1016%2FS0928-0987%2800%2900099-3
http://dx.doi.org/10.1080%2F10426500108040589
http://dx.doi.org/10.1055%2Fs-2001-12353
http://dx.doi.org/10.1039%2Fb305979k
http://dx.doi.org/10.1055%2Fs-2004-822345
http://dx.doi.org/10.1055%2Fs-2005-869984
http://dx.doi.org/10.1055%2Fs-2005-916032
http://dx.doi.org/10.1186%2F1860-5397-4-7
http://dx.doi.org/10.1023%2FA%3A1018987111362
http://dx.doi.org/10.3390%2F12102396
http://dx.doi.org/10.1023%2FB%3APHAM.0000033000.03652.73
http://dx.doi.org/10.1007%2Fs11095-005-2592-9
http://dx.doi.org/10.1001%2Farchpsyc.1992.01820110040006
http://dx.doi.org/10.1016%2FS1367-5931%2898%2980132-4
http://dx.doi.org/10.1071%2FCH9790463
http://dx.doi.org/10.1016%2FS0040-4039%2802%2902647-3
http://dx.doi.org/10.1021%2Fja01163a109
http://dx.doi.org/10.1016%2F0040-4039%2896%2900605-3
http://dx.doi.org/10.1021%2Fjo971176v
http://dx.doi.org/10.1016%2F8756-3282%2895%2900081-N
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjoc
http://dx.doi.org/10.3762%2Fbjoc.8.228

	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Experimental
	Supporting Information
	Acknowledgements
	References

