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Abstract - The preparation of difluoromethylenephosphonate analogues of the
glycolytic intermediates, glycerol-3-phosphate and $-phosphoglyceraie are
descrzged Attempts to prepare the correspondznz analogue of dihydrozyaceione
phosphate failed due the fﬁczle elimnation of hydrogen fluoride from the
target molecule. Finally the synthesis of a difluoromethylenephosphonate

possessing inhibitory activity against BNA transcriptase from the influenza
virus 18 described

The difluoromethylenephosphonate moiety has attracted much attention? in recent years
largely due to a series of preliminary investigations on analogues of pyro- and
tri-phosphates where the bridging oxygen atoms were replaced by a CFa group Notably the
1nvestigations by Blackburn® and co workers on CF,; analogues of ATP and Poulter and
co-workers® on CF; analogues of geranyl pyrophosphate indicate a closely analogous steric
and electronic profile to that of the parent functionality There are wide implications of
a potential, readily available, phosphate 'mimic' and we are beginning to study the
enzymatic activity of a variety difluoromethylenephosphonates as isosteric and
1soelectronic analogues of monophosphates as part of a wider programme of explorations on
the effects of fluorine incorporation on enzymic activity

The glycolytic phosphates are suitable targets for investigation since these
molecules are key metabolites and the enzymes of the glycolytic pathway are accessible
from commercial sources The synthetic challenge 1s considerable as few efficient methods®
exist for the introduction of the difluoromethylenephosphonate moiety into organic
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systems We have described the scope of diethyl difluoromethylphosphonylcadmium bromide,
a reagent first reported®.? by Burton and co-workers Although this organocadmium reagent
has limitations we favour 1t over the equivalent organolithium derivative, due to the
itherent instability of the latter and in the present paper we describe full details of
our synthetic procedures for the synthesis of difluoromethylenephosphonate analogues of
the glycolytic intermediates! using this approach

Analogues (1) and (3) of glycerol-3-phosphate (2) and 3-phosphoglycerate (4)
respectively, have been successfully prepared but, to date, we are unable to 1sclate the
analogue (5), of dihydroxyacetone phosphate (6) without elimination of hydrogen fluoride,
giving rise only to the fluorovinylphosphonate (7) Our routes to all of the analogues
start from allyl phosphonate (8) (Scheme 1) which can be obtained in 647 yield after
treatment of allyl bromide with diethyl difluoromethylphosphonylcadmium bromide in THF !
As a consequence of the synthetic manipulations which can be carried out on (8), this
allyl phosphonate occupies a pivotal role in the preparation of the target analogues In
particular treatment of (8) with mercuric acetate and bromine gave rise to a 47 53 mixture
of the 1someric bromo-acetates (9a and 9b) as the first transformation towards analogue
(1) O0Ozonolysis of (8) afforded aldehyde (10) 1n high yield which opened up routes to the
remaining two analogues (3) and (5)

The mixture of bromo-acetates (9a and 9b) after treatment with methanolic KOH
afforded epoxide (11), whach was converted efficiently to the diol (12) under acid
catalysed conditions. The diethyl phosphonate ester (12) was then hydrolysed by addition
of bromotrimethylsilane® and neutralised to provide (13), the cyclohexylammonium salt of
(1

Aldehyde (10) was transformed smoothly into the protected cyanohydrin (14) after
treatment with trimethylsilyl cyanide 9 Phosphate ester hydrolysis afforded the
trisilylated intermediate (15) and then treatment with 3N hydrochloric acid gave (16),
contaminated with (3) the product of the nitrile hydrolysis The nitrile was then
completely hydrolysed in 6N HCl to give the 3-phosphoglycerate analogue (3) which was
1s50lated after neutralisation as the tricyclohexylammonium salt (17)

Dur route to (5), the difluoromethylenephosphonate analogue of dihydroxyacetone
phosphate (6), involved generating the carbovylic acid (18) by oxidising!® allyl
phosphonate (8) with Ruly (RuClz, RI0,, in CCly N3CCN 10,1 1 2) This could be
accomplished directly 1n moderate yield (45%),! or more efficiently (85% overall) after
oxidation of aldehyde (10) with Ruly under similar conditions Compound (18) was easily
converted with thionyl chloride into the corresponding acid chloiide (19) which gave,
after treatment with diazomethane, the diazohetone (20) Subsequent comversion into the
hydrovyhetone under a varicty of acidic conditions proved problematic In acidic methanol

'A preliminary account relating to the synthesis of (3) has been conmunicated’
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for example no identifiable products were 1solated The smoothest transformation was

accomplished using Dowex 'H*' form however, concomitant hydrogen fluoride elimination
resulted affording fluorovinylphosphonate (21) as the only product. This compound was
hydrolysed and 1solated as the cyclohexylammonium salt (22).

He,

(20) =/—— N\)?&F —_— (21)
2 P(O)(OEt),

(20a)

The carboxylic acid (18) was also hydrolysed and converted into 1ts
dicyclohexylammonium salt (23) Unlike the transformation of (20) into (21), the
conversion of (18) into (23) proceeded without competing elimination The ability of (20)
to enolise to (20a) under acidic conditions presumably increases 1ts capacity to eliminate
hydrogen fluoride when compared to (18). Although not an analogue of a glycolytic
metabolite this compound (23) has potential as an antiviral agent!! acting as an analogue
of inorganic pyrophosphate Indeed preliminary investigations indicate inhibitory
activity against RNA transcriptase from the influenza virus but at half the level of
activity of phosphonoformic acid (24), the most successful of the series, (IDso ¢ of 75um
and 35xm respectively)

The salt of the difluorophosphonate (18) 1s a much more potent inhibitor of the
enzyme than the corresponding methylene analogue (25) (IDsp>500um) This can be contrasted
with the analogous modification in the phosphonoacetic acid series where the opposite

effect 1s apparent, 1 e (27) 1s a more effective inhibitor against Herpes Simplex Virus
than (26) 2b,2c
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The pKa values of the final deprotonation of the two glycolytic analogues (1) and (3)
were found to be 5 64 and 5 44 respectively This can be contrasted with pha values of
6 45 and 6 25 for the patent phosphate compounds (2)!3 and (4) !* The increased acidity of
the phosphonates inevitably weakens the electionic similarity to the phosphate group
liowever 1n enzyme transfoimations where the phosphate 1s bound in the dianionic form this
may not amount to a severe deviation We have in fact demonstrated? that (13) 1s a
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substrate for glycerol-3-phosphate dehydrogenase and further work on the enzymology 1s
proceeding

EXPERIMENTAL

IR spectra were recorded on a Perkin Elmer 257 Sgectrometer Mass spectra were
recorded on a VG-7070E instrument NMR spectra were obtained on a Bruker AC-250 and a
Varian EM360L 60 MHz instruments in CDCls or Do0. Chemical shifts are quoted relative to
TMS for 'H- and 13C- NMR spectra, !9F chemical shifts are quoted as negative and relative
to fluorotrichloromethane and 3!'P chemical shifts relative to phosphoric acid Cadmium
powder-100 mesh, 99.57% was obtained from Aldrich Chemicals and vacuum dried prior to use

70°C, 0 01 mmilg) Allyl bromide was freshly distilled and solvents were dried and

1stilled prior to use Reactions requiring anhydrous conditions were carried out under an
atmosphere of nitrogen

Duethyl 1 1-dsfluoro-3.4-epogybutylphosphonate (11)

A solution of (Qag and (9b)! (9 54 g, 26 mmol) 1n methanol was added dropwise to a
solution of potassium hydroxide (3 02 g, 53 9 mmol) in methanol (25 ml) at 18°C The
reaction was slightly exothermic and warmed initially and was stirred for 8 h by which
time a precipitate of potassium bromide had formed Water (25 ml) was added and the
epoxide extracted into ether (4 x 25 ml) The organic extracts were combined and dried
over M§Sﬂ4 and the solvent removed under reduced pressure The clear 01l was distilled
(60-64°C, 0 01 mmflg) to afford ﬂll) (18¢g, 78 mmol), 307% yield
TH-NMR (CDC13) - 1739 éGH, t, 7z, CﬂsCHg%), 2.1-2 42 (20, m, CH.CF2), 2 56 (2H, m,
CH,0CH), 2 87 (1H, m, CH,O0CH), 4 32 (4H, p, CH3CH,0) Y9F-NMR (CDCl, -111 41 (d.t,
Jp-p = 105 76 Hz, Jp-y = 20 Hz) 31P-NMR (CDCls) : 5 37 (t).

Diethyl 1 1-dafluoro-8.4-dibuydrozybutylphosphonate (12)

A solution of (11) (0 3 g, 1 22 mmol) in DMSO (1 ml) and 5% aqueous HCl (2 ml) was
stirred for 20 h at 18°C The solvents were removed at reduced pressure and the diol was
used without further purafication
LH-NMR (CDCls) 1 2 (6H, t, 6.75Hz, CH3CHa0), 2.15-2 26 (2H, m, CHoCFs), 2 54 (2, m, OH,
disappeared after shaking with Do0), 3 42-3 55 (iH, m, CHOH), 3 88-3 95 SZH, m, Cll,00),
4.10 (40, p, Ci3CH,0) 19F-N)R CDCl3) -111 6 (d t, Jp-p = 105 21 liz, Jp-y = 18 9 liz)
3tP-NMR (CDC13) 5 61 (t). IR (meat) 3395, 1265 cm!?

Cyclohexylammonsum 1_1-diflnoro-8 {-dihydrozybuiylphosphonate (13)

Bromotrimethylsilane (0 29 g, 1 90 mmol) was added dropwise to (12) (0 1 g, 0 38
mmol) and stirred for 12 h, after which volatiles were removed under reduced pressure
50.01 nullg) The crude trimethylsilyl ester (0 08 g, 0 3 mmol) was then dissolved in ether

18 ml) and extracted into water (3 x 10 ml{ The acidic aqueous extracts were combined
and neutralised by dropwise addition of cyclohevylamine to pii 8 Lyophilisation afforded a
white powder which was recrystallised from methanol/acetone (1/5) to give the
cvclohexylammonium salt (133 (0 035 g 0 278 mmol), 75% yield
YHONMR (D20) 2 16 (2, m, CHyCFa). 3 5 (1, d d, 11 6 Hlz, 6 4 1z, Cl,ll,011), 3 6 (1,
dd, 116 llz, 4 2 llz, CHU,00)  19F-NVR (D20) -108 (IF, d d t, Jr.¢ = 293 50 Hz, Jp-p =
87 0 Hlz, Jp.y = 23 06 Hz); -110 glF, ddt, Jp-p =293 50 llz, Jrp.p = 87 0 Uz, Jp.y =
23 06 liz)  S'P-MIR (D,0 5035 (t, Je-p = 86 lz) (Found C, 398 , U, 7 27 ; N, 455
Cioll;aNF,P0; requires C, 39 38 , I, 7 21 , N, 4 59%)

Ditrimethylsrlyl 4 J-~difluoro-2-t1imethylsilylory-4-phosphonobutyrinsirile (15)

Trimethylsilyl cyanide (2 g. 20 2 mmol) was added to a miture containing (10)
30g, 132 mmol}. 13-crown-6 (138 mg) and Yota551um cyanide (15 mg) and stirring was
continued for 16 h at 45°C Excess trimethylsilyl cyanide was removed under reduced
pressure to afford crude silyated cyanohydrin (14) (3.3 g).
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LH-NMR (CDCl3) : O 35 éQH, s, (CH3)sS1); 1.18 (6H, t, 7 1 Hz cnacnzn[)); 2 43 (28, t.t,
CH:CF2), 4 13 (4H, p, CHsClH.0), 4 87 (1R, t, 7.4Hz, CHCN) 1SP-NMR (CDCls) -112 51 (d t,
Jp-p = 102.9 Hz, Jp.y = 18 6 Hz) 31P-NMR (CDCI3) . 4 72 (t)

Bromotrimethylsilane (5 8 g, 37 9 mmol) was added drogw1se over 15 min to (14)
(3 25 g, 9 87 mmol) and the mixture stirred for 20 h at 20%C, then for 2 h at 35°C. Excess
bromotrimethylsilane was removed under reduced pressure to leave the trisilylated product
(15& (4.08 §, 9.8 mmol) as an 01l 1n quantitative yield.
TH-NMR (CDCI3) : 0 42 (18H, s, 2x (Cﬂagas1UP); 0 52 (9H, s,gCﬂ3)351BC); 2.67 (2H, t.t,
CH,CFy); 4 96 (1H, t, 5.5Hz, CHCN). !9F-NMR (CDCly) : -111 62 (d t, Jp-p = 104.48 Hz,
Jr-u = 15 93 Hz) 3tP-NMR (CDCl3) 3 75 (t)

4 4-Difluoro-2-hydrozyphosphonobutyric acid (3)

3N HC1 (60 ml) was added to a solution of (15) (4 08 g, 9 8 mmol) in ether and the
biphasic reaction stirred at 30°C for 24 h. After cooling the aqueous layer was separated
and the solvent removed under reduced pressure to afford a mixture of the nitrile (16) and
the carboxylic acid (3). Further acidic hydrolysis with conc. HCl (10ml) at 85°C for 20 h
afforded an o1l after evaporation The product was washed by successive addition and then
evaporation of three portions (10 ml) of distilled water to provide (3) (1.81 g, 9 mmol)
as a clear o1l 1n 68% overall yield from (10).
TH-NMR (D;0) - 2 45 (2H, t.t, CH.CF2), 4 85 (1H, t, CHOH) 13C-NMR (D;0/H.0) : 36 75 (¢,
Cliod, Jg_p = 15 5 Hz), 64 68 (t, CHaCFs, Jg-p = 58.10 Hz), 122.10 (t.d, CFy, Jé-p =
271.2 Hz, J%-p = 185 1 Hz) '9F-NMR - -96 26 (d t, Jp-p = 119.5 Bz, Jp-y = 18 5 Hz)
31P NMR : 435 (t)

Dreyclohexylammonsum 4 4-difluoro-3-hydrozyphosphonobutyrate (17)

Cyclohexylamine was added to a solution of (3) 61.5 g, 7 35 mmol) 1n water (20 ml) to
pll 8 and then the mixture was stirred for 3 h at 20°C The solvent was removed at reduced
pressure and the remaining solid recrystallised from methanol/acetone (1/5) to afford the
triggclohexylammonlum salt (17) as a white amorphous powder (3 02 g, 5.84 mmol), 807%

1e
YH-NMR §D20) 231 (20, t ¢, CHZCFz&, 3.42 (1H, m, CHOH). 1'9F-NMR (D,0) . -110.5 (1F,
d d.m, Jp.p = 294 3 Hz, Jp.p = 87.5 Hz), -1114 (AF, d d m, Jp-r = 294 3 Hz, Jp.p = 87.5
Hz) 31P-NMR (Dy0) : 4 43 (t, Jp.p = 87 Hz). (Found - C, 51 21, H, 9 25, N, 8 36.
C22H4gN3F206P requires C, 51 06, H, 8 89, N, 8 12%)

Diethyl 8 3-d:fluoro-3-phosphonopropronic aced (18)

Potassium periodate 313 79 g, 60 mmol) and reuthenium(III) chloride trihydrate
(70 mg, 0 26 mmol) were added to a biphasic solution of (10)! (3 22 g, 15 mmol) 1n
carbontetrachloride (20 ml) acetonitrile {20 ml) and water (60 ml) and the entire mixture
stirred vigorously for 6 h at 18°C Dichloromethane (150 ml% was added and the solution
filtered The organic phase was separated and dried over MgS0y and the solvent removed at
reduced pressure Purification by silica gel chromatography (EtOic C"gClg(4 1) gave 18

(3 05 %, 13 nmol) as a clear o1l, 87% ylelﬁ (b p 96-101°C/0 01 mmlilg) I-NR(CDC13)
13 (6, t, ClsCll,), 3 04 (21, d t, 18 82 Nz, CU,(CFy). 4 19 (4ll, ¢. CH.0), 7 37 (1H, s,
oy, 19F-FR (CDCIs) -111 16 (d't, 105 19 Hz), 31P-NWR (CDClz) . 4 QOét) IR (neat)
3330§)1745, 1275 cm1 (Found C, 34 28, H, 538 C;N3F205P requires C, 34 14, H,

5 287

Diethyl 8 3-difluoro-3-phosphonapropionyl chloride (19)

Thionyl chloride (3 26 g, 36 47 mmol) was added dropwise over 20 min to (18) (3 5 g.
11 58 mmol) and the reaction stirred at 60°C for 12 h Excess thionyl chloride was removed
by distillation and the remaining traces were removed by addition and removal of benzene
(30 ml) at reduced pressure After vacuum drying (0 01 mmlig) §19) (3 8 g, 14 36 mmol) was
recovered as a residual o1l in quantitative }IGTd and was used without further
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?urlflcatlon
E-MMR (CDCl3) : 114 (6H, ¢, Tha, CHsCa0), 3 31 (21 , d & , CHCFy), 4 12 (4R, p,
CH3CH,0) 'SF-NMR . -111 96 (d t, Jp.p = 104.49 Bz, Jp_y =17 41 Hz). S1P-NMR - 1 2 (¢) IR
(neat) : 1805, 1275 cm-!

Diethyl 1.1-d2fluoro-3-o0z0-4-drazobutylphosphonate (20)

A solution of (19) (5 1 g, 19 28 mmol) 1n ether (40 ml) was added dropwise over

60 min to an ethereal solution (50 ml) of diazomethane (53 mmol) at -10°C. Once addition
was complete the solution was left to stir at 0°C for 15 h and then 18°C for 5 h The
solvent was removed at reduced pressure to afford the diazoketone (20) as a clear o1l (4 0
8 14 8 mmol), 767 yield

H-NMR (CDCl3) . 1.24 (6H, t, 7.5Hz, CH3CH,0), 2 95 (2H, d t, Jy.p = 3 96 Hz, CH:CF,),
4 14 (44, p, CH3CH,0), 5.53 (1H, s,CﬂNzB 19F-NMR (CDCl3) . -105 41 (d t, Jp-p =

102 13 Hz, Jp.y = 19.76 Hz) 31P-NMR (CDCl;) - 4 88 (t) IR (neat) . 2110 (CHN2),
1735,1645, 1275 cmt.

Diethyl-irans 4-hydrozy-8-0z0-1-fluorobui-1-enylphosphonate (21)

Dowex 50x8-200 hydrogen 'H*' form (10 g) was added to an aqueous solution (15 ml) of
(20) (20 g, 7 4 mmol and the mixture was shaken v1§orously for 48 h After filtration
the solution was extracted with ether 33 x 15 ml) The ether extracts were combined, dried
over MgS04, and the solvent removed under reduced pressure The residual o1l was purified
by silica gel chromatography (hexane CHyCla/1 1) to afford (21) as a clear o1l (0 5 g,
2.3 mmol), 31% yield
IH-NMR (CDC1l3) 1 31 (6H, t, 7 5Hz, CH3CH,0), 3 69 (1H, s, OH, removed by shaking with
D,0), 4 08 (4H, p, CH3Cll.0), 4 38 (2H, s, CH.0H), 6 36 (1H, d d, Jy-y = 40 34 Hz, Jy.p =
8 44 Hz, CH=) 13C-NMR (CDCl3) - 15 53 (s, CH3CH.0), 63 62 (s, Cl3CH,0), 63 65 (s,

CH,00), 116 31 (d, J&-p = 25 97 Hz, CH=CF), 150 16 (d d, J&.r = 306 93 Hz, Ji.p =

225 92 llz, CF), 187 3 (d, J%_F = 10 18Hz, C0) !9F-NIR %CDCla) -104 89 (d d, Jg-p =
99 78 llz, Jp-y = 40 34 Hz? 31P-NMR ﬂCDClsg 145 (d) IR (neat) - 3445, 1710, 1640, 1275
cm?!  (Found C, 39 76, H, 5 89 CgH; 4F05P requires C, 40 0, H, 5 83%)

Cyclohezylammontum-irans 4-hydrory-8-oro-1-fluorobut-1-enylphosphonate (22)

Bromotrimethylsilane (1.0 g, 6 53 mmol) was added dropwise at 0°C over 5 min to (21)
(05g, 23 mmol) and the reaction was allowed to stir for 6 h at 18°C Volatiles were
removed under vacuum and the residual o1l was used directly *H-NMR indicated a new
resonance at 0 3 ppm (18H, (CH3)3510) with no signals corresponding to the CH3CH,0-
groups The o1l was dissolved in ether (50 ml), treated with water (50ml) and the biphasic
solution stirred for 2 h at 18°C The aqueous layer was separated and neutralised to pli 8
with cyclohexylamine After solvent removal (22) (1 35 g, 4 76 mmol% was recrystallisation
(ether/methanol) and 1solated as a white amorphous solid in 737 yield
TH-NMR' (CDCl3) ~ 4 56 (21, s, CH,0H), 6 02 (1ll, d d, Cll=) !9F-NMR (D»0) -102 44 (d 4,
Jp-p = 106 45 Hz, Jp.y = 44 52 Hz), 3!P NMR (D,0) 08t (d) (Found €, 423 1, 6 75
Cioll; gNFO3P requires C, 42 4, H, 6 7T1%)

Dicyeloherylammonrum 8 9-difluoro-3-phosphoropropionate (23)

The dicyclohexylammonium salt (23) was prepared from {18) according to the procedure
outlined above for (22)
TH-NMR (D20) 2 85 (21, d ¢, CHaCFy) 19F-NMR (D;0) -108 52 (d t, Jr.p = 88 95 llz,
Jr-y = 20 70 Hz). 3'P-NMR (Diﬂ) 2 54 (t) IR (nujol) 1650, 1265 cw! (Found . C,

4602;;5 I, 792, N, 733, P, 798 CyslyNyFal;P requires C. 46 39, H,7 98, N, 7 21, P,
8 067%
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