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Stereoselective Syntheses of the Methylene- and a-Fluoromethylene-phosphonate 
Analogues of 2-Phospho-D-Glyceric Acid 
G. Michael Blackburn" and Abdul Rashid 
Department of Chemistry, The University, Sheffield S3 7Hf ,  U.K. 

An enantioselective synthesis is described for the preparation of (2R)-2-carboxy-3-hydroxypropane-l -phosphonic 
acid ( l ) ,  an isosteric analogue of 2-phospho-~-glyceric acid (2), from L-threose; the route is extended to provide 
diastereoselective syntheses of both (1 R,2R)- and (1 S,2R)-2-carboxy-l -fluoro-3-hydroxypropane-l -phosphonic acids 
(3) and (4) respectively which provide the first examples of the synthesis of a-fluoroalkanephosphonates of defined 
chirality at C-1. 

The use of phosphonate analogues' of biological phosphates 
for the study of enzyme-catalysed reactions in glycolysis 
achieved major significance with the synthesis*.' and enzy- 
matic evaluation2.j of the racemic modification of the isosteric 
analogue (4) of 3-phospho-~-glyceric acid, 3-PGA. Knowlesj 
showed that ( 1 )  is a substrate for phosphoglycerate kinase, 
PGK, with similar values of k,;,, to the natural substrate 
although with binding to the enzyme 60-fold weaker than 
3-PGA at pH 6 9 .  That difference can be attributed in part to 
the weaker acidity of the phosphonic acid relative to the 
parent phosphate.j.5 

We have argued' that a-fluoroalkanephosphonic acids 
should exhibit improved performance as analogues of the 
corresponding phosphate esters with regard to both static and 
dynamic aspects of binding to enzymes and there are examples 
which support this hyp0thesis.h-8 Hitherto, among the 
analogues of glycolytic intermediates, an enantiospecific 
synthesis has been described only in the case of the two 
isomers of 3,4-dihydroxybutanephosphonic acid which are 
analogues of D- and ~-glycerol-3-phosphate.Y We now report 
stereoselective syntheses for the methylene- and monofluo- 
romethylene-analogues of 2-phospho-~-glyceric acid (2). 

1,2-O-Isopropylidene-~-threose ( 5 )  was obtained from 2.4- 
0-benzylidene-r.-threose") by treatment with toluene-p-sul- 

phonic acid in dry acetone, an improvement on the previously 
reported 2-step procedure. 1 1  Oxidation of ( 5 )  using pyridi- 
nium chlorochromate (PCC) in dry dichloromethaneI2 was 
superior to the preparation of (6) by oxidation with ruthenium 
tetroxide,l3 and gave the oily ketone (6) in 76% yield. This 
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Scheme 1. Reagents and conditions: i ,  P C r ,  CH,CL, NaOAc; ii, 
{(EtO),P(O)},CHLi, tetrahydrofuran; iii, H,, Pd-C; iv, 90% trifluo- 
roacetic acid; v, NaIO,, aq. NaHC03, 20°C, 1 h ;  vi, SO2 ,  EtOAc; vii, 
excess NaIO,, aq. NaHC03, 20°C, 3 h; viii, Me,SiI. MeCN then 
MeOH. 

product condensed smoothly with tetraethyl-, but not tetra- 
isopropyl-, methylenebisphosphonate as its lithium derivative 
to give a single diastereoisomeric form of the ar-vinylphos- 
phonate (7). Analysis of the I T  n.m.r. spectrum of (7) 
revealed a large coupling from phosphorus to C-4 (3Jcp 24 Hz) 
and a small coupling to C-2 (3Jcp 5 Hz) supporting the 
assignment of the 2-configuration shown (Scheme 1). Cataly- 
tic hydrogenation of (7) using 10% Pd-C in ethanol proceeded 
stereospecifically as expected to give the D-erythro-phospho- 
nate (8) as the sole product, identified by IH n.m.r. analysis. 
The isopropylidene group of (8) was smoothly removed by 
treatment with trifluoroacetic acidlwater (9/1) at room tem- 
perature and the lactol (9) oxidised without further purifica- 
tion to the aldehyde (10) with sodium metaperiodate in water. 
The attempted purification of this protected analogue of 
~-glyceraldehyde-2-phosphate by chromatography on silica 
resulted in its dehydration to diethyl 2-methylene-3-oxopro- 
panephosphonate (11). When, however, the lactol (9) was 
oxidised for a longer time with a small excess of sodium 
metaperiodate, the desired acid ester (12) was obtained as an 
oil and directly treated with iodotrimethylsilaneIJ in aceto- 
nitrile followed by methanolysis to give the required product 
( l ) ,  which was fully characterised as its p-anisidinium and 
trilithium salts.? 

t All new compounds were fully characterised by spectroscopic and 
composition analysis and were homogeneous by h.p.1.c. or t.1.c. 
analysis. 
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Scheme 2. ReagPnts and conditions: i ,  [(EtO),PO],CFLi, tetrahydro- 
furan; i i ,  H2, Pd-Z; iii,  90% trifluoroacetic acid; iv. NaI04. aq., 
NaHC03, 20°C, 4 h; v,  Me3SiI, MeCN, then MeOH. 

When this route was applied to the synthesis of (1S,2R)-2- 
carboxy-1-fluoro-3-hydroxypropanephosphonic acid (4), the 
condensation of tetraethyl fluoromethylenebisphosphonate as 
its lithium salt15 with (5) showed little stereoselectivity and 
gave a mixture of (2)-  and (E)-isomers of the desired 
condensation product in a 2 : 3 ratio. These were separated 
with some difficulty by h.p.1.c. while their stereochemistries 
were confidently assigned on the basis of IH n.m.r. and 
nuclear Overhauser enhancement (n .0 .e . )  data. In particular, 
the (Z)-isomer (13) shows an n . 0 . e .  relating the CH2 groups 
in the phosphonate ester to H-2 which is not seen in the 
spectrum of the E-isomer (10). Neither isomer shows any 
n .0 .e .  between the ester hydrogens and either H-4' or H-4". 
These stereoisomers were separately reduced (10% Pd-C in 
ethanol) without loss of fluorine' 1 in a stereospecific fashion to 
give the two diastereoisomers of the a-fluoro-derivatives of 
(8). This reduction not only introduces the required D-stereo- 
chemistry at C-3 of the tetrose but also controls the absolute 
stereochemistry at the carbon adjacent to phosphorus. It 
follows that the (2)-isomer (13) is converted into the (1S,2R) 
product (15) while the (E)-diastereoisomer (14) gives the 
(1R,2R) product (16). In practice, the reduction could be 
performed more conveniently on the mixture of (13) and (14) 
since the epimers (15) and (16) are readily separable by 
medium pressure liquid chromatography and independently 
identified by n.m.r. analysis (Scheme 2). 

The syntheses of the target fluoromethylene analogues (4) 
and (3) respectively, of 2-phospho-~-glyceric acid (2) was 
concluded by operations on (15) and (16) as for the conversion 
of (8) into (1). 

The availability of the discrete epimers of the monofluoro- 
phosphonate analogue of 2-phospho-~-glyceric acid should 
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permit assessment of whether the presence of a fluorine atom 
adjacent to the phosphoryl group gives a scalar or a vectorial 
advantage to such analogues of biological phosphate esters. 
Results on the evaluation of the activity of analogues (l), (3), 
and (4) towards appropriate glycolytic enzymes will be 
reported in due course. 
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