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In continuing with our work to find new pathways to
bis(phosphonate) structures we report on their synthesis from
tris(trimethylsilyl) phosphite and acid anhydride. This new
synthesis allows a direct access to a 1-hydroxymethylene-
1,1-bis(phosphonic acid) functionalised by a carboxylic

Introduction

1-Hydroxymethylene-1,1-bis(phosphonic acids) (HMBP)
(Figure 1) are known to have a large spectrum of thera-
peutic interest.[1] They are routinely used as 99Tc complexes
in skeletal scintigraphy due to their ability to chelate metal
ions and metalloid ions.[2�6] They are also used for the
treatment of intoxication by metals. Moreover, they are
powerful inhibitors of bone resorption,[7,8] and so are
widely used for the treatment of diseases characterised by
abnormal calcium metabolism[9] such as Paget’s disease, os-
teoporosis and bone tumoral metastasis.[10,11] They are also
known to induce inhibition of breast and prostate cancer
cell proliferation[12�14] and, more recently, to inhibit angio-
genesis in vitro and in vivo.[11,15�17]

Figure 1. 1-Hydroxymethylene-1,1-bis(phosphonic acids) (HMBP)

Several chemical classes of bis(phosphonates) have been
synthesised and studied for all these applications. They usu-
ally differ from each other by the side chain (R) which can
be an aliphatic or aromatic group that can contain a
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function on the side chain. Moreover, we describe the
formation of an original cyclic bis(phosphonate) obtained
from phthalic anhydride.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

heteroatom. All these compounds are generally obtained
from two different synthetic methods. The first method in-
volves the reaction of carboxylic acid and phosphorus tri-
chloride.[18] Although efficient for aliphatic substrates, this
synthesis requires harsh acidic conditions and high tem-
peratures that are not always suitable for all substrates. The
second method involves the synthesis of bis(phosphonate)
tetraester from α-ketophosphonate and dialkyl phos-
phite.[19,20] Bis(phosphonate) tetraesters can be then hydro-
lysed to their acidic forms by chlorhydric acid hydrolysis,[21]

or by a dealkylation reaction with trimethylsilyl bromide
followed by methanolysis.[22] The main drawback of this
technique is the instability of bis(phosphonate) tetraesters
which isomerise to form phosphonate-phosphates under
basic or thermal conditions.[23�25]

As an alternative to these two pathways our group re-
cently proposed a very mild and one-pot synthesis of 1-
hydroxymethylene-1,1-bis(phosphonic acids) from tris(tri-
methylsilyl) phosphite and acyl chloride.[26] The interest in
this procedure lies in the fact that it could be used with
both aliphatic and aromatic substrates.

Results and Discussion

In continuing with this work, we would like to report on
the preliminary results of the adaptation of this reaction for
the use of acid anhydride. The reaction conditions with acid
anhydride are quite similar to those with the acyl chloride.
Two equivalents of tris(trimethylsilyl) phosphite reacted in
a single step with the acid anhydride 1 to yield the fully
trimethylsilylated bis(phosphonate) 2 (Scheme 1). The reac-
tion was carried out at room temperature for one hour and
monitored by 31P NMR spectroscopy. After evaporation of
the volatile fractions, the fully trimethylsilylated bis-
(phosphonate) 2 then underwent methanolysis at 25 °C for
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one hour to afford the bis(phosphonic) tetraacid 3. The re-
action followed the same mechanism as described pre-
viously[26] based on an Arbuzov reaction and a second ad-
dition of tris(trimethylsilyl) phosphite. The first equivalent
of tris(trimethylsilyl) phosphite reacted with the acid anhy-
dride to give a bis(trimethylsilyl) α-ketophosphonate and a
trimethylsilyl carboxylate (Scheme 1). The use of silyl
phosphite was of crucial importance for this first Arbuzov
reaction; the ease with which transfer of a silyl group oc-
curred from the initially formed phosphonium intermedi-
ates and the higher nucleophilicity of silyl phosphite relative
to the analogous trialkyl phosphites were the key features
for this step. Addition of the second equivalent of tris(tri-
methylsilyl) phosphite on the highly reactive α-ketophos-
phonate led to the fully trimethylsilylated bis(phosphon-
ate) 2.

Scheme 1

The reactions with linear acid anhydrides with aliphatic
or aromatic substrates were similar and gave comparable
yields of the bis(phosphonate) 3 with those obtained from
acyl chlorides (Table 1 Entries a, b, c and d). However, with
cyclic acid anhydrides, the results were different depending
on whether the substrate was subject to conformational re-
striction. On one hand, reactions with succinic or butyric
anhydride (Table 1, Entries e and f) under standard con-
ditions gave an easy access to the bis(phosphonic) tetraacid
functionalised by a carboxylic acid on the side chain (3e,
3f, Scheme 2). On the other hand, when phthalic anhydride
reacted with tris(trimethylsilyl) phosphite at room tempera-
ture in tetrahydrofuran, the unique product isolated after
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methanolysis was the cyclic hydroxymonophosphonate 3g
(Scheme 3). To obtain the bis(phosphonate) 3h, the reaction
needed to be heated for 12 hours at 50 °C. By monitoring
this reaction by 31P NMR spectroscopy, we clearly ident-
ified the fully trimethylsilylated monophosphonate 2g (δ �
�6.06 ppm) after one hour at room temperature; this prod-
uct did not form if a second equivalent of tris(trimethylsilyl)
phosphite was added at room temperature. This silylated
monophosphonate 2g was isolated and the 13C NMR spec-
trum shows a doublet at 102.9 ppm (JC,P � 228.9 Hz) that
is consistent with a quaternary carbon (disappearing in
DEPT 135 13C NMR mode) coupling with one phosphon-
ate. In the 13C NMR spectrum no signal corresponding to

Scheme 2

Scheme 3
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Table 1. Reactions with acyl chlorides and acid anhydrides; the experimental conditions, products formed, yields and characterisation by
31P NMR spectroscopy are shown

a carbonyl carbon atom from an α-ketophosphonate struc-
ture was found. Thus, we proposed a cyclic structure for
this intermediate 2g obtained directly from the rearrange-
ment of the silylated α-ketophosphonate. This structure has
already been described by Griffiths[27] and could explain the
lack of reactivity towards a second equivalent of tris(trime-
thylsilyl) phosphite at room temperature. The signal in the
31P NMR spectrum corresponding to 2g started to disap-
pear only after 2g was heated, with the appearance of the
signal for the fully trimethylsilylated bis(phosphonate) 2h
(δ � �8.60 ppm) (Scheme 3). After 12 hours, the reaction
was then complete and bis(phosphonate) 3h was isolated
after treatment with methanol. Both products 3g and 3h
present very similar 31P and 1H NMR spectra (31P NMR:
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δ � 9.02 ppm and δ � 9.08 ppm for 3g and 3h, respec-
tively). The 13C NMR spectrum undoubtedly proves the
mono- or diphosphonate structure. The signal for the car-
bon bearing phosphonate(s) appear as a doublet (δ �
107.6 ppm, JP,C � 198.5 Hz) or a triplet (δ � 89.5 ppm,
JP,C � 141 Hz). Both the monophosphonate and bis(phos-
phonate) have also been characterised by ESI-TOF mass
spectrometry. Cyclic structures for these two compounds
were proved by FT-IR spectroscopy; the spectra show a vi-
bration around 1752 cm�1 characteristic of the carbonyl
bound in lactone structure.[28] The very low 31P NMR
chemical shift observed for the bis(phosphonate) 3h can be
explained by the formation of the cyclic species. The forma-
tion of this cyclic compound has been explained by an es-
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terification reaction during methanolysis. This esterification
is possible with phthalic acid anhydride due to confor-
mational restriction in the molecule. With succinic acid an-
hydride which is not subject to conformational restriction
cyclisation is not observed. With the conformationally re-
stricted maleic acid anhydride, the reaction was also carried
out; however, if a signal at δ � 9.00 ppm in the 31P NMR
spectrum, which could be assigned to the cyclic monophos-
phonate, was observed, it was not possible to isolate the
product or to further obtain the bis(phosphonate). Side re-
actions always occurred, corresponding to, possibly, 1,4 ad-
dition of tris(trimethylsilyl) phosphite on such α,β-unsatu-
rated carbonyls.[29] For 3h the cyclic structure was also pro-
ved by a further saponification that led to the formation
of the acyclic 1-hydroxymethylene-1,1-bis(phosphonate) 4,
together with side products. The 31P NMR spectrum of
compound 4 shows an expected chemical shift at δ �
16.13 ppm.

Conclusion

Formation of hydroxymonophosphonate from phthalic
anhydride and silylated phosphites has already been de-
scribed by Griffiths,[27] but to the best of our knowledge,
such a cyclic bis(phosphonate) has never been described in
the literature. This compound presents a real biological
interest as it could act as a prodrug. The hydroxy function
which is essential to the HMBP biological properties is in
this particular case totally hidden, but could be reformed
in the cell by esterase activity. Such acyloxymethyl bis(phos-
phonate) prodrugs have already been described and the pro-
tection shown to be reversible.[30]

In conclusion, we have shown that our previous syntheses
of HMBP structures from acyl chlorides and tris(trimethyl-
silyl) phosphite can be extended to acid anhydride sub-
strates. The use of cyclic acid anhydrides led to interesting
results. Starting with succinic or butyric anhydride we
found a direct access to 1-hydroxymethylene-1,1-bis(phos-
phonates) functionalised by an acid carboxylic function on
the side chain. Lastly, with phthalic anhydride we described
the formation of an original cyclic bis(phosphonate) struc-
ture which could have interesting biological properties that
are currently being investigated.

Experimental Section

General Remarks: Unless otherwise noted, materials were obtained
from commercial suppliers. Cyclic acid anhydrides were recrystal-
lised from diethyl ether and acyl chlorides, and linear acid anhy-
drides were distilled prior to use. THF was distilled from benzo-
phenone sodium. NMR spectra were recorded with a VARIAN
Unity Inova 500 MHz (13C: 125.9 MHz, 1H: 500.6 MHz, 31P:
200.7 MHz) or a VARIAN Gemini 200 MHz (13C: 50.3 MHz, 1H:
200 MHz, 31P: 80.9 MHz) spectrometer in D2O or CDCl3. Chemi-
cal shifts (δ) are given in ppm. 31P and 13C NMR spectra were
recorded with phosphoric acid and methanol as external references,
respectively . 1H NMR spectra were recorded using HOD or tri-
methylsilane as internal standard in D2O or CDCl3. IR spectra
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were recorded with a Perkin�Elmer FT-IR model 2000 spectro-
photometer in the 4000�500 cm�1 spectral domain. Spectral reso-
lution was 2 cm�1 and usually 5 scans were accumulated. Multiple
point baseline correction was performed using the PE Spectrum
software. Samples were studied in H2O and D2O solutions placed
in cells closed by ZnSe windows. Mass spectra were determined by
electrospray ionization time-of-flight mass spectrometry (ESI-TOF
MS) performed on a Mariner Biospectrometry Workstation mass
spectrometer. Microanalyses were performed by the Service Central
d’Analyse, CNRS, F-69390, Vernaison.

General Procedure for Reaction of Acyl Chloride or Anhydride with
Tris(trimethylsilyl) Phosphite: To tris(trimethylsilyl) phosphite
(8 mmol) under N2 in a 25 mL round bottom flask was added acyl
chloride or acid anhydride (4 mmol) at room temperature. The re-
sulting mixture was stirred for 1 h. The volatile fractions were then
evaporated under vacuum (0.1 Torr) at 50 °C. Methanol was added
to the residue and the solution was stirred for 1 hour. After solvent
removal in vacuo, the residue was washed with 3 � 50 mL of di-
ethyl ether to remove traces of H3PO3. Lyophilisation then yielded
80 to 90% of white powder.

(1-Hydroxy-1-phosphonoethyl)phosphonic Acid (3a): Yield: 90%.
M.p. 195 °C. IR (H2O): ν̃ � 1451, 1183, 1128, 1018, 930, 817 cm�1.
1H NMR (D2O, 500.6 MHz, 298 K): δ � 1.47 (t, 3JP,H � 16.2 Hz,
3 H, CH3) ppm. 13C NMR{1H} (D2O, 125.9 MHz, 298 K): δ �

75.5 (t, JP,C � 145 Hz, COH), 19.0 (s, CH3) ppm. 31P NMR{1H}
(D2O, 200.7 MHz, 298 K): δ � 19.4 (s) ppm.

[Hydroxy(phenyl)phosphonomethyl]phosphonic Acid (3b): Yield:
90%. M.p. 186 °C. IR (D2O): ν̃ � 1645, 1598, 1495, 1450 (C�C),
1185, 1031, 1015, 970, 923, 775, 704, 667 cm�1. 1H NMR (D2O,
500.6 MHz, 298 K): δ � 7.71 (d, 3JH,H � 7.3 Hz, 2 H, o-C6H5),
7.38 (dd, 3JH,H � 7.3 Hz, 2 H, m-C6H5), 7.33 (d, 3JH,H � 7.3 Hz,
1 H, p-C6H5) ppm. 13C NMR{1H} (D2O, 50.3 MHz, 298 K): δ �

140.0 (HOCC6H5), 131.4 (m-C6H5), 131.0 (o-C6H5), 129.2 (p-
C6H5), 78.8 (t, JC,P � 145.7 Hz, COH) ppm. 31P NMR{1H} (D2O,
200.7 MHz, 298 K): δ � 15.9 (s) ppm. C7H10O7P2 (268.1): calcd.
C 31.36, H 3.76, P 23.11; found C 31.32, H 4.01, P 22.65.

4-Hydroxy-4,4-bis(phosphono)butyric Acid (3e): Yield: 90%. M.p. �

260 °C. IR (H2O): ν̃ � 1762 (C�O), 1465, 1417, 1320, 1202, 1064,
1043, 939 cm�1. 1H NMR (D2O, 500.6 MHz, 298 K): δ � 2.76 (t,
3JH,H � 8.0 Hz, 2 H, �CH2COOH), 2.65 (tt, 3JH,H � 8.0, 3JP,H �

16.2 Hz, 2 H, HOC�CH2�) ppm. 13C NMR{1H} (D2O,
125.9 MHz, 298 K): δ � 182.5 (COOH), 83.9 (t, JC,P � 151.5 Hz,
COH), 29.8 (�CH2COOH), 27.3 (�CH2�COH) ppm. 31P
NMR{1H} (D2O, 200.7 MHz, 298 K): δ � 14.8 (s) ppm.
C4H10O9P2 (264.1): calcd. C 18.19, H 3.82, P 23.46; found C 17.89,
H 4.17, P 23.22.

5-Hydroxy-5,5-bis(phosphono)pentanoic Acid (3f): Yield: 80%. M.p.
� 260 °C. IR (H2O): ν̃ � 1694 (C�O), 1464, 1308, 1213, 1174,
1149, 1059, 983, 938, 923 cm�1. 1H NMR (D2O, 500.6 MHz,
298 K): δ � 2.40 (m, 2 H, �CH2COOH), 1.85�2.00 (m, 4 H,
HOC�CH2�CH2�) ppm. 13C NMR{1H} (D2O, 125.9 MHz,
298 K): δ � 185.2 (COOH), 76.3 (t, JC,P � 132.0 Hz, COH), 37.5
(�CH2COOH), 36.0 (�CH2�COH), 22.4 (�CH2�CH2�CH2�)
ppm. 31P NMR{1H} (D2O, 200.7 MHz, 298 K): δ � 19.2 (s) ppm.

Synthesis of (1-Hydroxy-3-oxo-1,3-dihydroisobenzofuran-1-yl)phos-
phonic Acid (3g): To a solution of tris(trimethylsilyl) phosphite
(1.2 g, 4 mmol) in 5 mL of THF was added, in a 25 mL round
bottom flask under N2, phthalic anhydride (0.59 g, 4 mmol) at
room temperature. The resulting mixture was stirred for 1 h. The
volatile fractions were evaporated under vacuum (0.1 Torr) at 50
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°C. At this stage, 31P, 1H and 13C NMR spectra of the crude silyl-
ated intermediate were performed in CDCl3. Twenty mL of meth-
anol was then added to the residue and the solution was stirred for
1 h. After solvent removal in vacuo, the residue was washed with
3 � 50 mL of diethyl ether to remove traces of H3PO3. Lyophilis-
ation then yielded 0.64 g (71%) of a white powder. M.p. 202 °C. IR
(D2O): ν̃ � 3397 (O�H), 1752 (C�O), 1602, 1465 (C�C), 1266,
1109, 911, 766, 695, 557 cm�1. 1H NMR (D2O, 500.6 MHz, 298 K):
δ � 7.94 (d, 3JH,H � 7.5 Hz, 1 H, C6H4, H4), 7.89 (d, 3JH,H �

7.5 Hz, 1 H, C6H4, H7), 7.84 (dd, 3JH,H � 7.5 Hz, C6H4, 1 H, H6),
7.67 (dd, 3JH,H � 7.5 Hz, 1 H, C6H4, H5) ppm. 13C NMR{1H}
(D2O, 50.3 MHz, 298 K): δ � 173.5 (O�C,C3), 148.9 (C6H4, C7a),
138.3 (C6H4, C7a), 134.0 (C6H4, C6), 128.5 (C6H4, C4), 128.3
(C6H4, C4a), 128.2 (C6H4, C5), 126.7 (C6H4, C7), 107.6 (d, JC,P �

196.8 Hz, P�C�OH, C1) ppm. 31P NMR{1H} (D2O, 200.7 MHz,
298 K): δ � 9.08 (s) ppm. [M � H]: 228.5. C8H7O6P (230.1): calcd.
C 41.76, H 3.07, P 13.46; found C 41.31, H 3.46, P 13.23.

Silylated Intermediate 2g: 1H NMR (CDCl3, 500.6 MHz, 298 K):
δ � 7.69 (d, 3JH,H � 7.5 Hz, 1 H, C6H4, H4), 7.62 (d, 3JH,H �

7.5 Hz, 1 H, C6H4, H7), 7.57 (dd, 3JH,H � 7.5 Hz, C6H4, 1 H, H6),
7.47 (dd, 3JH,H � 7.5 Hz, C6H4, 1 H, H5), 0.15 (s,3 H, SiCH3),
�0.13 (s,3 H, SiCH3), �0.18 (s, 3 H, SiCH3) ppm. 13C NMR{1H}
(CDCl3, 125.9 MHz, 298 K): δ � 167.9 (O�C, C3), 146.9 (C6H4,
C7a), 134.7 (C6H4, C6), 131.3 (C6H4, C4), 127.3 (C6H4, C4a), 125.4
(C6H4, C5), 125.3 (C6H4, C7), 102.9 (d, JC,P � 228.9 Hz,
P�C�OH, C1), 1.5, 1.2, 0.9 (SiCH3) ppm. 13C NMR DEPT 135
Mode: δ � 134.7 (C6H4, C6), 131.3 (C6H4, C4), 125.4 (C6H4, C5),
125.3 (C6H4, C7), 1.5, 1.2, 0.9 (SiCH3) ppm. 31P NMR{1H}
(CDCl3, 200.7 MHz, 298 K): δ � �6.06 (s) ppm.

Synthesis of (3-Oxo-1-phosphono-1,3-dihydroisobenzofuran-1-yl)-
phosphonic Acid (3h): To a solution of tris(trimethylsilyl) phosphite
(2.4 g, 8 mmol) in 5 mL THF was added, in a 25 mL round bottom
flask under N2, phthalic anhydride (0.59 g, 4 mmol) at room tem-
perature. The resulting mixture was stirred for 12 h at 50 °C, and
the reaction was monitored by 31P NMR spectroscopy. The volatile
fractions were evaporated under vacuum (0.1 Torr) at 50 °C.
Twenty mL of methanol was then added to the residue and the
solution was stirred for 1 h. After solvent removal in vacuo, the
residue was washed with 3 � 50 mL of diethyl ether to remove
traces of H3PO3. Lyophilisation then yielded 1.2 g (97%) of a white
powder. M.p. � 260 °C. IR (D2O): ν̃ � 3418 (O�H), 1752 (C�O),
1609, 1596, 1470 (C�C), 1295, 1106, 948, 755, 695 cm�1. 1H NMR
(D2O, 500.6 MHz, 298 K): δ � 7.76 (d, 3JH,H � 7.3 Hz, 1 H, C6H4,
H4), 7.70 (dd, 3JH,H � 7.3 Hz, 1 H, C6H4, H6), 7.63 (d, 3JH,H �

7.3 Hz, 1 H, C6H4, H7), 7.56 (dd, 3JH,H � 7.3 Hz, 1 H, C6H4, H5)
ppm. 13C NMR{1H} (D2O, 125.9 MHz, 298 K): δ � 176.5 (O�C,
C3), 148.6 (C6H4, C7a), 138.4 (C6H4, C6), 133.0 (C6H4, C4), 129.0
(C6H4, C4a), 127.2 (C6H4, C5), 127.1 (C6H4, C7), 89.5 (t, JC,P �

141.0 Hz, P�C�P, C1) ppm. 31P NMR{1H} (D2O, 200.7 MHz,
298 K): δ � 9.02 (s) ppm. [M � H]: 292.4. C8H8O8P2 (294.1): calcd.
C 32.67, H 2.74, P 21.06; found C 33.01, H 3.12, P 21.41.
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