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Monofluoro - and Difluoro -methylenebisphosphonic Acids : Isopolar 
Analogues of Pyrophosphoric Acid 

By G. MICHAEL BLACKBURN,* DAVID A. ENGLAND, and FRIEDRICH KOLKMANN 
(Depavtnzent of Chevnistvy, The Univevsity, Shefield S3 7HF) 

Suvnvnavy New syntheses are described for the preparation 
of monofluoromethylenebisphosphonic and difluoro- 
methylenebisphosphonic acids whose physical properties 
show them to be good isopolar analogues of pyrophos- 
phoric acid of significant biological potential. 

PHOSPHONATES have been widely investigated as models for 
phosphate esters because they have an approximately 
isosteric relationship and because the C-C-P linkage is 
more stable to hydrolysis than is the C-0-P linkage. Their 
successful application as biological models has been of 
limited value,l even though significant progress has been 
achieved in the efficient synthesis of such corn pound^.^^^ 
This limitation has been attributed in part to the failure of 
the a-CH, group in a phosphonate adequately to  reflect 
the electronegativity of oxygen and its consequent impaired 

influence on the adjacent phosphorus atom in a phosphate 
ester.* 

We have shown that a-fluorination of alkylphosphonic 
acids and their esters heightens their similarity to  the 
corresponding phosphoric acid esters.5 We here describe 
novel syntheses for fluoromethylene- and difluoromethylene- 
bisphosphonic acid esters and their smooth conversion into 
the parent acids. The physical properties of these acids 
show that they can be well described as isopolar analogues 
of pyrophosphoric (diphosphoric) acid. 

IVhile the direct halogenation of tetra-alkyl methylene- 
bisphosphonates, as their carbanions, is a proven method 
for the preparation of mono- and di-chloro, -bromo, and 
-iodo derivatives,6 we have experienced considerable dif- 
ficulty in attempting to reproduce a reported synthesis of 
the corresponding fluoromethylene esters using fluorine in 
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toluene solution.' In our hands, fluorine gas, perfluoro- 
piperidine, or perfluoro-2,6-dimethylpiperidine each led to 
partial fluorine substitution for hydrogen at  all possible 
sites in tetraethyl methylenebisphosphonate.* We therefore 
turned to perchloryl fluoride as an electrophilic fluorinating 
agentS which has been used in a synthesis of triethyl 2- 
phosphonofluoroacetate.1° 

Treatment of the sodium salt of tetraisopropyl methylene- 
bisphosphonate (1) with an excess of perchloryl fluoride in 
tetrahydrofuran (THF) at  -20 "C results in the formation 
in good yield of tetraisopropyl monofluoromethylenebis- 
phosphonate (2a) mixed with some difluoromethylenebis- 
phosphonate (3a). While these products co-distil in high 
vacuum, they can be separated readily by partition between 
hexane and water and purified by distillation. The ratio 
of the products depends on the choice of conditions and is 
usually about 4 :  1 (Scheme 1).  

i ii 
CH2(P03Pri,), & CHF(PO,R,), + CF2(PO,R2), 

(1) (2) (3) 
i, NaH, PhMe; ii, ClFO,, THF. 

a, R = Prf ;  b, R = H ;  C, R = Me3Sj 

SCHEME 1. 

The separated esters (2a) and (3a) are both transformed 
by means of i~dotrimethylsilane~ into the corresponding 
acids (2b) and (3b) which afford stable, highly crystalline 
salts with cyclohexylamine or with anisidine. t The reaction 
of bromotrimethylsilane2 with (2a) and (3a) is sluggish at  
ambient temperature and less useful for the preparation of 
the free acids. 

We have achieved a more satisfactory synthesis of the 
difluoromethylene-bisphosphonic acid (3b) from bromodi- 
fluoromethylphosphonate esters (4), themselves readily pre- 
pared by  a Michaelis-Becker reaction using dibromo- 
difluoromethane.8pl1 The ester (4a) reacts smoothly with 
the sodium salt of dibutyl phosphite (5a) at  -40 "C in 
hexane to give difluoromethylenebisphosphonic acid as the 
tetra-alkyl ester (4) in good yield (Scheme 2 ) .  

High resolution 19F n.m.r. analysis of the partially 
purified product (6) formed from (4a) and (5a) shows the 
presence of three different tetra-alkyl esters, identified as 
(6a), (6b), and (6c). I t  follows that, in addition to the 
transfer of a bromonium ion from (4) to (5) proposed by 
Burton,12 the formation of these esters involves either the 

BrCF2P(0,R1,) + NaP(0,R2,) 
(4) (5) 

1 
-+ ( R1203) PCF2P( 03Ra2) + NaBr 

(6) 45% 

i, hexane, -40°C 

a, R1 = Et,  R2 = B u ;  b, R1 = R2 = B u ;  c,  R1 = R2 = Et. 

SCHEME 2. 

generation of difluorocarbene or a process equivalent to its 
exchange between phosphorus anions. The mixed esters 
(6) ,  are smoothly and quantitatively dealkylated by iodo- 
trirnethyl~ilane~ to give the tetrakistrimethylsilyl ester (3c), 
which on methanolysis affords the parent acid (3b). 

The relationship between (2b), (3b), and other methylene 
analogues of pyrophosphoric acid and their esters is shown 
by a comparison of spectroscopic and physical data (Table). 
The general rising trend of P=O vibrational frequency is 
characteristic of phosphoryl groups bonded to increasingly 
electronegative ligands.lS The downfield shift effect of 
fluorination is clearly evident in the 13C n.m.r. data and this 
corresponds with an upfield shift for the 31P n.m.r. signal. 
This latter is suggestive of an increased symmetry in 
electronegativity for the four ligands around phosphorus14 
for which difluoromethylenebisphosphonic acid makes the 
closest approach to pyrophosphoric acid. Lastly, the third 
and fourth dissociation constants of the tetrabasic acids 
show a progressive increase in acid strength in the series 
X = CH, < CC1, < CHF < C(OH), < 0 < CF,. Because 
both of these ionisations operate within the 'physiological' 
range of pH, the excellent correlation of acidity for (3b) 
and pyrophosphoric acid is particularly significant. 

It is thus apparent that while methylenebisphosphonic 
acid can be described as an isosteric analogue of pyro- 
phosphate, the latter has a superior relationship to the 
mono- and di-fluoromethylenebisphosphonic acids. For all 
the physical properties described here, this feature is 
attributable to the disparity in electronegativity between 
-0- and the -CH,- groups which is made good partially 
for the -CHF- and more extensively for the -CF2- functions. 
There is good evidence that in biological systems, the steric 
analogy of phosphonates to their phosphate prototypes is 
of lesser importance than features relating to electronic dis- 
t r i b ~ t i o n . ~  We believe that this quality of relationship is 
best emphasised by the description of (2b) and (3b) as 
'isopolar' analogues of pyrophosphoric acid. 

TABLE. Physical properties of bisphosphoryl compounds R203PXP03R,.a 

Tetra-alkyl ester (R = alkyl) 
f 

A r 
X vp,o/cm-l 6 (1") 6 ( S I P 7  

1255 + 20.4 + 17.5 
(+ 6-51 

1260 + 84.5 + 9.5 
1275 +116*1 + 3.35 

(1280) - (- 12.5) 

- - CH2 
cc1, 
C(OH)Z 

CF2 

- - - 
CHF 

0 

Free acid (R = H) 
A 

6 ("P) PKm ~ K a 3  
(2.87) (7.45) 
- (6.1 1) 

(+ 18-51 

b (5.81) 
( + 7.5) 

( + 14-61 

(- 10.6) (2.36) (5.77) 

+ 9.5 t 2 . 7  6.15 + 3.54 <2.6 5-80 

7 
PK*4 

(10.96) 
(9.78) 
(8.42) 
9.35 
8-00 

(8.22) 

a 3lP Data in p.p.m. relative to external 85 % phosphoric acid a t  40.48 MHz in D,O for disodium salts and in CDC1, for fully esterified 
pK, values determined at zero ionic strength and 20 "C species. 

(c = 5 mM). 
l3C Data in p.p.m. relative to tetramethylsilane at  25.19 MHz. 

Literature values in parentheses. b Unstable in acid solution. 

-f All new compounds described have been fully characterised by elemental and spectroscopic analysis. 
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Studies on the biological activity of these species and the 
synthesis of nucleotide analogues derived from them will be 
reported elsewhere. 

We thank the S.R.C. for financial support (to D.A.E. and 
to F.K.) and Professor .R. N. Haszeldine, U.M.I.S.T., for the 

provision of facilities for the use of certain fluorinating 
agents. 
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