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Abstract

When (EtO), P(O)CE, Br (1) is treated with isopropylmagnesium chloride in THF at low temperature it gives a magnesium species (2)
which undergoes reactions with strong electrophiles (HCI, TMSCI, halogens, aldehydes and ketones). The formation of products depends
strongly on the reaction conditions. With 1.5 equivalents of 2 between — 78 and 0°C, a conversion of more than 90% of aldehydes and
ketones into 2-hydroxyphosphonates (7 and 8) can be achieved. These compounds (7 and 8) in the presence of base (NaH, LDA) are
rearranged into 2,2-difluoroethylphosphates without concomitant formation of 1,1-difluoroolefines.

Keywords: Isopropylmagnesium chloride; Metal—halogen exchange; Bromodifluorophosphonate; 1,1-Difluoro-2-hydroxyphosphonate; Halogen;

Phosphoric acid

1. Introduction

The metal-halogen exchange reaction is a valuable
tool in organic synthesis, since it can be performed
under mild conditions and usually with great efficiency
[1]. In the chemistry of phosphonates we started to
make use of the metal-halogen reaction with diethyl
trichloromethylphosphonate, which has been tested as a
representative compound [2-12]. The successive ex-
change reactions of the three chlorine atoms by treat-
ment with butyllithium and an appropriate electrophile
in THF was used for the synthesis of functionalized
phosphonates without any complications. With the use
of isopropylmagnesium chloride the same
trichloromethyl phosphonate can undergo the exchange
reaction of only one chlorine atom to give the desired
diethyl dichloromethylphosphonate [13]. To our knowl-
edge it is still the best method for obtaining pure
dichloromethylphosphonate in high yield. As we were
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developing the metal-halogen reaction as a synthetic
tool, we became interested in the extension of the
reductive dehalogenation reaction to diethyl bromodiflu-
oromethylphosphonate (1) as well as in exploiting the
synthetic potential of the magnesium species. Such a
metal-bromine exchange reaction had already been per-
formed on this reagent with Li, Zn and Cd as metal
[14-27], we chose to perform it with Mg under mild
conditions.

2. Results

Our study anticipated an easy access to diethyl bro-
modifluoromethylphosphonate (1). This reagent was first
prepared by Burton and Flynn [28] via a Michaelis—
Arbuzov type reaction from dibromodifluoromethane
(CF,Br,) and triethylphosphite ((EtO),P) in refluxing
Et,0; a long reaction time was required (24h). Later
the same reaction was reported as ‘‘a violent reaction
which blew out the addition funnel, nitrogen inlet and
stopper. This explosion could be controlled by running
the reaction in a steel bomb’’ [29].
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For our part we found that the synthesis of 1 could
be achieved on a molar scale and in safe conditions by
slow addition of pure (EtO),P to a solution of CF,Br,
in refluxing THF. Under these conditions CF, Br, reacts
readily, cleanly and quantitatively with (EtO),P. A *'P
NMR spectroscopic investigation of the reaction mix-
ture revealed that half an hour after the end of the
addition (EtO),P was no longer detected and the only
phosphorus species observed in the reaction mixture
was diethyl bromodifluoromethylphosphonate (1) (8 *'P
(THF) —0.4). A number of 1,1,1-trihalogenated phos-
phonates have been conveniently prepared according to
this process, which can be connected unambiguously to
the Michaelis—Arbuzov reaction [30-39]. However,
among all the mechanistic pathways which are believed
to be involved (ionic, radical and mono-electronic trans-
fer), only the halophylic substitution (S C1*) has been
retained as the major contribution [40] (Scheme 1).

Satisfied with the preparation of 1, which was re-
peated with equal success several times, we decided to
examine its reactivity. Diethyl bromodifluorometh-
ylphosphonate (1) was treated at low temperature in
THF with 1.1 equivalents of 'PrMgCl. The
magnesium—bromine exchange reaction was complete
and the resultant magnesium compound 2 was obtained
as a colorless, clear solution which could be stored at
low temperature without any change. It is well known
that diethyl lithiodifluoromethylphosphonate has to be
kept at low temperature to prevent the thermal dissocia-
tion of the anion [27,41] when by contrast the
organocadmium and organozinc reagents are remark-
ably stable at room temperature [14,21]. The organo-
magnesium has an intermediate thermal stability. Effec-
tively, when a cold solution of 2 in THF was slowly
heated, the solution remained colorless until —40°C
and then turned progressively brown. This transforma-
tion was monitored by following the change in the p
NMR spectra of samples taken at various temperatures
from —40°C and hydrolysed in acidic medium. They
revealed a decreasing intensity of the triplet correspond-
ing to 3, indicating a slow decomposition of the magne-
sium species 2.

The reactions of 2 were necessarily conducted at low
temperature in order to prevent the anticipated decom-
position. 2 reacts only with strong electrophiles such as
aldehydes, ketones, halogens, chlorosilanes and mineral
acid. This restricted reactivity is due to the poor nucle-
ophilicity of the highly stabilized anion, which more-
over is thermally unstable above —40°C. Therefore, it
seemed necessary to find out how the reaction condi-
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Scheme 2.

tions influenced yields and reactivities. Firstly we de-
cided to examine two good electrophiles, the proton and
chlorotrimethylsilane.

The production of diethyl difluoromethylphosphonate
(3) depended strongly on the proton source. H,O proto-
nated the magnesium species 2 with only a reasonable
yield (75%). It was clear that the strongly electron-
withdrawing difluoro group activated considerably the
phosphoryl group, which is very sensitive to nucleo-
philic attack [41]. A fast reaction with the electrophile at
low temperature was required, and thus the use of a
dilute hydrochloric acid solution was preferred.

The complete conversion of 2 to 3 on a preparative
scale was achieved by pouring at low temperature a
solution of 2 into a cold, stirred biphasic mixture of 3M
hydrochloric acid and CH,Cl,; under these conditions 3
could be isolated in a pure form and in good yield
(85%). With chlorotrimethylsilane, the magnesium
reagent 2 also underwent complete conversion into a
silylated compound, to give 4 in excellent yield (90%)
after treatment in acidic medium (Scheme 2).

To obtain a further insight into the synthetic potential
of the magnesium species 2, we also examined the
reactivity of 2 with halogens (I,) and halogenating
agents (C,Cl,). With iodine in THF at low temperature
iodination remained the main reaction (8 *'P (THF)
—1.4) (80%), but two by-products could be detected,;
we assumed that these compounds were 3 (6 ’'p 4.9)
and the difluoromethyl bis(diethylphosphonate) (8 *'P
(THF) 3.4). After acidic work-up at low temperature,
iododifluoromethylphosphonate (6) was isolated and pu-
rified by distillation (48%). With hexachloroethane at
low temperature, formation of chlorodifluorometh-
ylphosphonate was the main reaction, and the synthesis
of § could be achieved with reasonable yield (60%).
This method of preparation of 5 and 6 is the most
practical, because attempts to prepare the compounds by
reaction of CI~ or I~ with 1 would give only dealkyla-
tion products by attack of the nucleophile on the phos-
phonate esters (Scheme 3).
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With aldehydes [42-44], the reaction parameters that
we chose to study were stoichiometry, temperature,
reaction time and effect of lithium salts. The metallation
time was 5min at —78°C in THF. The variation in
stoichiometry 2:aldehydes was tested for 1:1.1 and 1.5:1,
the temperatures were —78 to 0°C for 1h and 0°C to
room temperature for an additional hour; in addition
some of the experiments were run under the influence
of electrophilic assistance by lithium bromide in order
to facilitate the condensation. The composition of the
crude reaction mixture was determined by *'P and 'H
NMR spectroscopy (Scheme 4).

The addition of an aldehyde to 2 in stoichiometric
ratio led to two phosphorus products, 7 and 3, and
unreacted aldehyde detected by '"H NMR. For example,
the 1,1-difluoro-2-hydroxyethylphosphonates 7e and 7g
(Table 1) were isolated after treatment in acidic medium
with 70% and 60% yields respectively. The amount of
1,1-difluoro-2-hydroxyphosphonate (7) was strongly de-
pendent on the quantity of magnesium species 2. The
increase in amount of 2 (1.5 equiv.) led to a mixture of
1,1-difluoro-2-hydroxyethylphosphonate (7) with 3, the
ratios of which are dependent on the reaction condi-
tions, but without any trace of aldehyde. With these new
conditions the previously prepared 1,1-difluoro-2-hy-
droxyethylphosphonates 7e and 7g were isolated with
85% and 96% yields respectively (Table 1). With regard
to these results, there is an increase in the yield of 7
with increasing number of equivalents of 2. These
conditions were extended to a large class of aldehydes,
aliphatic, aromatic and heteroaromatic, and the results
of these experiments are summarised in Table 2.

Increasing the time of reaction between 2 and alde-
hydes led to a cleaner reaction, but omitting the heating
step between 0°C and room temperature had a negative
effect, since formation of a third compound (13) took

lace. This was detected by *' P NMR spectroscopy (&
'P (THPF) +3.4) and isolated by hydrolysing the reac-
tion mixture at an early stage. After column chromatog-
raphy, a mixture of 7 and 13 with 13 as the minor

Table 1

Effect of LiBr on the reaction of 2 with 4-methoxybenzaldehyde
Reaction Yield

temperature (°C) 3o LiBr With LiBr

-8 96% 95%

—-40 partial decomposition  95%

-20 major decomposition  major decomposition

Table 2

(Et0), P(O)CF,CH(OH)R' (7)

Compound R'- Yield (%)
a —(CH,)(CH, 85(b)

b —~CH(CH,)CH,CH, 70(a) *

c -C(CH,), 84(a)

d —CH=CHCH,(E) 89(b)

e O’F 85(b)

f O'CH3 95(b)

g O_ OcHs 96(b)

h O'N(CH3)2 92(b)

i -<\J7 94(b)
S

j @ 96(b)

K . 82(b)

Products are purified by (a) distillation or (b) chromatography.
* One diastereomer partially distilled with 3.

product was obtained. Trituration with hexane allowed
13, contaminated with a small amount of 7, to be
obtained. Thus 13 was attributed to difluoromethyl bis-
(diethylphosphonate) in accordance with PF NMR
spectroscopy (8 '°F (CDCl,) 122.0 (t, *J(P-F) = 87.6))
and mass spectrum (m/z (IE) 324).

Performing the reaction between 2 and aldehydes in
the presence of LiBr, in stoichiometric ratio, had a
beneficial effect since the amount of 1,1-difluoro-2-hy-
droxyphosphonates (7) did not decrease by running the
reaction at —40°C instead of —78°C. This is particu-
larly obvious in the case of 4-methoxybenzaldehyde
(Table 1 and Fig. 1), where the presence of LiBr made
the formation of product 7g easier, whereas decomposi-
tion mainly took place at the same temperature ( —40°C)
in the absence of LiBr.
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without LiBr
at - 40 °C

with LiBr (1 equiv.)
at-40°C

with LiBr (1 equiv.)
at-20°C

Fig. 1. *'P NMR spectra of the condensation reaction of 2 with 4-methoxybenzaldehyde under various experimental conditions.

We also examined the reactivity of ketones (Table 3).
The metallation reaction was performed at —78°C, and
the resulting magnesium species 2 was heated to —40°C
and reacted at this temperature with ketones in a stoi-
chiometric ratio 1.5:1 in the presence of LiBr (1.5
equiv.). In spite of these conditions, the conversion to
1,1-difluoro-2-hydroxyethylphosphonate (8) was never
complete, and the maximum yield of these reactions
was 82%.

In addition, to obtain further information on the
reactivity of the 1,1-difluoro-2-hydroxyethylphos-
phonates 7 and 8, we explored their reactions with
various bases (NaH, 'BuOK, "BuLi and LDA). Our
objective was to investigate the rearrangement reactions
that they might undergo, and to obtain 1,1-difluoroole-
fines on a preparative scale. There has been some
previous work in this area, and the initial observation of

Table 3
(Et0), (O)CF,C(OH)R'R? (8)
Compound -R'R?- Yield (%)
a —(CH,)s— 72
(CHy), = (|3H = (CHy)p-
b C(CH3) 82

S
-CH.
d L o 63

Obayashi et al. [16] that lithiodifluoromethylphospho-
nate reacts with carbonyl compounds to produce 1,1-dif-
luoroolefines led us to examine the related chemistry of
compounds 7 and 8.

In THF at room temperature, 1,1-difluoro-2-hydroxy-
ethylphosphonate (7e) (Table 2), on reaction with NaH,
gave only diethyl 2,2-difluoro-1-(4'-fluoro)phenylethyl-
phosphate (9e), which was isolated in pure form with
61% yield. With 'BuOK, even with a large excess,
formation of 9e remained the main reaction, but other
by-products could be detected. With LDA and "BuLi in
refluxing THF, there was formation of one major prod-
uct, 1,1-diflucromethyl-(4'-fluoro)benzylalcohol (11e),
indicating that the prior rearrangement of 7e into phos-
phate was followed by a loss of the phosphate moiety.
By comparison the reaction was extended to 8a (Table
3), and we observed that rearrangement to phosphate
remained the main process. Rearrangement with NaH
giving the best results, it has been extended to several
2-hydroxyphosphonates (7a,b,c.e.f,g,h.k (Table 2) and
8a,c (Table 3)) in order to obtain the phosphates 9 and
10, which have been isolated with the following yields:
9a (68%), 9b (51%), 9¢ (47%), 9e (61%), 9f (64%), 9g
(80%), 9k (54%), 10a (72%). However, in all the
reported experiments, the desired 1,1-difluoroolefine
was never detected except for 7h (15%) and 8c (20%)
(Scheme 5).

2 2 2
lu: R Base lf ll{ ! x|= ‘f L
(EtO),p-C—C—R! —— p—C—C—R' + H-C—C—R
2ll ! ] + ] T
O F OH THF F Q F OH
(Et0),P=0
7R!#H,R*<H 9R! #H,R?=H 11R'#H,R*=H
8R!, R?zH 10R! R*#H 12R,L,R®#H

Scheme 5.
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3. Conclusion

When bromodifluoromethylphosphonate (1) is treated
with 'PrMgCl in THF, and the resulting magnesium
species 2 reacted with an electrophile, the product for-
mation will be influenced by stoichiometry, temperature
and the presence or absence of salts. The right balance
between these three factors seems crucial for the syn-
thetic applications of 2, and has led to the development
of an efficient system for the formation of 1,1-difluoro-
2-hydroxyethylphosphonates. However, the aim of this
work was to improve the efficiency of the conditions
leading to the formation of 1,1-difluoroolefines. The
reported results indicate that no improvement was ob-
tained by using a step-by-step process, and no addi-
tional benefit was achieved in comparison with previous
results.

4. Experimental section

NMR spectra were recorded on a Brucker AC 200
spectrometer operating at 200 MHz for proton 50 3MHz
for carbon and 81.01 MHz for phosphorus 'P down-
field shifts () are expressed with a positive 51gn in
ppm. relative to external 85% H,PO, in H,O. 'H and

C chemical shifts () are reponed in ppm relative to
CDCl; as internal standard. “F NMR spectra were
recorded on a Brucker AC 250 spectrometer operating
at 235MHz. "°F chemical shifts (8) are expressed in
ppm with a positive sign relative to CFCl; as internal
standard in CDCl,. Positive values of the coupling
constants (J) are given in hertz. The following abbrevi-
ations are used: s, singlet; d, doublet; t, triplet; q,
quadruplet; p, pentuplet and m, multiplet.

Low-resolution mass spectra were recorded on a
Hewlett—Packard 5989 B mass spectrometer.

Organic solvents were purified by standard proce-
dures. THF was distilled under an inert atmosphere
from purple solutions of sodium:benzophenone ketyl.
The synthesis of all compounds was carried out under
dry nitrogen.

4.1. Diethyl 1,1-difluoro-1-bromomethylphosphonate (1)

A 11 reactor equipped with a mechanical stirrer,
thermometer, efficient reflux condenser, and an addition
funnel was charged with dibromodifluoromethane
(115g, 0.55mol) and THF (300ml) and flushed with
nitrogen. Stirring was initiated and the solution was
warmed by immersing the flask in an oil bath heated at
60°C, triethyl phosphite (83 g, 0.5 mol) was then added
dropwise over 1h. After an additional 30 min at 60°C,
the reaction mixture was cooled and the solvent was
removed under reduced pressure. The crude product 1
(99%) was purified by bulb-to-bulb distillation (b.p.
145-155°C /0.5 mmHg). Yield 96%.

*'P NMR (CDCL,): & —2.6 (1, 2J(P—F)=93); 'H
NMR (CDCl,): & 1.40 (1, 6H, J(H H) = 7.1,
C H,CH,0), 4.35 (qd, 4H, *J(H-H) = 7.1, *J(H-P) =

8.2, CH CH 0); *C NMR (CDCl,): 8 17.0 (d, J(C~
P) = 58 CH,CH,0), 67.0 (d 2J(C-P) =
CH,CH,0), 1173 (td 'J(C—F) = 3289, 'J(C~ P)
238.2, PCF Br).

m/z (EI) 269 (M +H™", 5%), 267 (M +H", 5%),
137 (80), 109 (100).

4.2. Diethyl 1,1-difluoromethylphosphonate (3)

A 500 ml reactor equipped with a mechanical stirrer,
thermometer, reflux condenser, and an addition funnel
was charged with previously standardised 'PrMgCl
(29ml of 1.90M Et,0 solution, 0.055mol) and THF
(120ml). The solution was cooled to —78°C and a
solution of 1 (13.4g, 0.05mol) in THF (50ml) was
added dropwise. The resulting mixture was stirred for
10min at —78°C then at this temperature a solution of
EtOH (10 ml) in THF (10 ml) was added dropwise. The
reaction mixture was poured into an ice-cold mixture of
HCl1 (40ml of 3M solution) and CH,Cl1, (50ml). The
aqueous layer was extracted with CH,Cl, (2 X 50ml).
The extracts were dried (MgSO,) and the solvents were
removed under reduced pressure to give the crude prod-
uct 3 which was purified by bulb-to-bulb distillation
(b.g) 50-55°C /0.5 mm Hg). Yield 85%

'"P NMR (CDCL,): § +3.1 (i, J(P F)=91); 'H
NMR (CDCl,): 8 1.36 (1, 6H, J(H H) =71,
CH,CH,0), 4.26 (qd, 4H, J(H H)=7.1, *J(H-P) =
8.2, CH,C H,0), 5.89 (td, 1H, “J(H~ F) 48.7, J(H-
P) =26. 9, PCF, H); C NMR (CDCly): 3 169 (d,
*J(C-P)=5.7, CH,CH O) 65.1 (d, J(C P) =
CH,CH,0), 1120 (td 'J(C-F) = 2579, 'J(C- P)
213. 6 PCFZH)

m/z (EI) 189 (M + H™, 1%), 137 (60), 160 (100).

4.3. Diethyl 1,1-difluoro-1-trimethylsilylmeth-
ylphosphonate (4)

A 500ml reactor equipped as above was charged
with 'PrtMgCl (29 ml of 1.90M Et,O solution,
0.055 mol) and THF (120 ml). The solution was cooled
to —78°C and a solution of 1 (13.4g, 0.05mol) and
chlorotrimethylsilane (6g, 0.055mol) in THF (50 mi)
was added dropwise. The resulting mixture was stirred
for 15min at —78°C then poured into an ice-cold
stirred mixture of HCl (40ml of 3M solution) and
CH,Cl, (50 ml). The aqueous layer was extracted with
CH,Cl, (2 X 50ml). The extracts were dried (MgSO,)
and the solvents were removed under reduced pressure
to give the crude product 4 which was purified by
bulb-to-bulb distillation (b.p. 90-95°C /0.5 mm Hg).
Yield 90%.

3'p NMR (CDCL,): & +7.7 (t, *J(P-F)=92); 'H
NMR (CDCl,): 8 0.24 (s, 9H, Si(CH,),), 1.34 (t, 6H,
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J(H H)=7.1, CH,CH,0), 4.23 (qd, 4H, *J(H-H) =
*J(H-P) = 7.1, CH,CH,0); °C NMR (CDCl,): &
—48 (s, Si(CH, )) 162 (d, *J(C-P) =54,
CH CH ,0), 635(d J(C P) = 7.5, CH,CH ,0), 126.5
(td, J(C F) = 271.5, 'J(C- P) = 165.1,
PCF,Si(CH,),).
m/z (EI) 260 (M™, 2%), 69 (100).

4.4. Diethyl 1,1-difluoro-1-chloromethylphosphonate (5)

A 250ml reactor equipped as above was charged
with "PrMgCl (5.5 ml of 2.0 M Et,O solution, 0.011 mol)
and THF (10ml). The solution was cooled to —78°C
and a solution of 1 (2.67 g, 0.01 mol) in THF (15ml)
was added dropwise. The resulting mixture was stirred
for 5min at —78°C. Then a solution of hex-
achloroethane (2.61g, 0.011 mol) in THF (20ml) was
added dropwise. The resulting mixture was stirred for
5min at —78°C and then allowed to warm up to 0°C
within 2h. It was poured into an ice-cold mixture of
HCI1 (20ml of 3M solution) and CH,Cl, (20ml). The
aqueous layer was extracted with CH,Cl, (2 X 20 ml).
The extracts were dried (MgSO,) and the solvents were
removed under reduced pressure to give the crude prod-
uct 5 which was purified by bulb-to-bulb distillation
(b.g 50-55°C /0.5 mm Hg). Yield 60%.

'P NMR (CDCLy): 5 =27 (t, *J(P-F) = 101); 'H
NMR (CDCl,): 8 1.37 (1, 6H, ’J(H-H) = 7.1,
CH,CH,0), 431 (p, 4H, *J(H-H) =17.1, *J(H-P) =
7.1, CH,CH,0); "C NMR (CDCI,): 8 16.0 (d, *J(C-
P) = 60 CH ,CH,0), 66.0 (d *J(C-P) = 6.3,
CH,CH,0), 1230 (td 'J(C-F) =316.7, 'J(C-P) =
249 1, PCF CD.

m/z (EI) 223 (M*, 2%), 137 (43), 109 (100).

4.5. Diethyl 1,1-difluoro-1-iodomethylphosphonate (6)

A 250ml reactor equipped as above was charged
with 'PrtMgCl (5.5 ml of 2.0 M Et, O solution, 0.011 mol)
and THF (10ml). The solution was cooled to —78°C
and a solution of 1 (2.67g, 0.01 mol) in THF (15mi)
was added dropwise. The resulting mixture was stirred
for 5min at —78°C. Then a solution of iodine (2.54 g,
0.011 mol) in THF (20ml) was added dropwise. The
resulting mixture was stirred for Smin at —78°C and
then allowed to warm up to 0°C within 2h. It was
poured into an ice-cold mixture of HCl (20ml of 3M
solution) and CH,Cl, (20ml). The aqueous layer was
extracted with CH,Cl, (2 X 20ml). The extracts were
washed with an aqueous sodium bisulfite solution, dried
(MgSO,) and the solvents were removed under reduced
pressure to give the crude product 6 which was purified
by bulb-to-bulb distillation (b.p. 95-
100°C /0.5 mm Hg). Yield 48%.

*'P NMR (CDCL,): 8§ —38 (1,
NMR (CDCl,): 8 1.39 (t, 6H,

2J(P-F) = 86); 'H
*J(H-H) = 7.1,

CH,CH,0), 434 (p, 4H, *J(H-H) = SI(H-P) =
7.1, CH,C H,0); C NMR (CDCl,): 6 162(d J(C-
P) = 54 CH CH,0), 66.1 (d 2J(C-P) = 6.4,
CH,CH,0), 972 (td 'J(C-F) =331.2, 'J(C-P) =
2181 PCF D.

m/z (ED) 315 (M + H*, 3%), 187 (60).

4.6. General procedure for the condensation of 2 with
aldehydes

A 250ml reactor equipped as above was charged
with 1PngCl (7.5ml of 1.90M Et,O solution,
0.015 mol) and THF (20 mi). The solution was cooled to
—78°C and a solution of 1 (4.00g, 0.015mol) in THF
(20 ml) was added dropwise. The resulting mixture was
stired for Smin at —~78°C and at this temperature a
solution of aldehyde (0.01mol) in THF (20ml) was
added dropwise. The resulting mixture was stirred for
5min at —78°C then allowed to warm up to 0 °C within
I h and from 0°C to room temperature for an additional
hour. The reaction mixture® was poured into an ice-cold
mixture of HCl (20ml of 2M solution) and CH,Cl,
(20ml). The aqueous layer was extracted with CH,Cl,
(2 X 20ml). The extracts were dried (MgSO,) and the
solvents were removed under reduced pressure to give
the crude product 7 mixed with 3 which was previously
eliminated by heating the crude mixture at 70 °C under
0.5mmHg for 1h. Then 7 was purified either by bulb-
to-bulb distillation or by column chromatography (see
Table 2).

[* Work-up was performed in a different manner for
the 2-(4'-dimethylamino)phenyl- (7h) and the 2-2'-
pyridyl- (7k) phosphonates: ice-cold HCI1 (7.5 ml of 2M
solution, 0.015 mol) was rapidly added to the reaction
mixture of 7h before extraction; whereas the reaction
mixture of 7k was poured into an ice-cold mixture of
saturated ammonium salt solution (20ml) and CH,Cl,
(20 mb)].

4.6.1. Diethyl 1,1-difluoro-2-heptyl-2-hydroxyethylphos-
phonate (7a)

"'P NMR (CDCL,): & +5.4 (t, *J(P-F) = 104); "F
NMR (CDCl,): 8 —116.8 (ddd, *J(F-F) = 3047

*J(F-P) = 102. 8 *J(F-H) = 7.6, PCF,F,CHOH),
—125.6 (ddd, ‘J(F-F) = 3047 2J(F- P) 106.6,
*JF-H) = 190 PCF, FCHOH); 'H NMR (CDCl,): 8

0.87 (t, 3H, *J(H- H) 63 (CH,)CH,), 1.29 (s, 8H,
(CH,),CH,), 1.38 (1, 6H, *J(H- H) 7.1, CH,CH,0),
1.64 (m, 4H, CHOH(C H,),), 3.4 (m, 1H, PCF, CHOH)
3.9 (m, 1H, PCF, CHOH) 4.29 (p, 4H, J(H H) =

J(H-P)=7.1, CH ;C H,0);, C NMR (CDCl,): 6 14.0
(s, (CH,)¢CH,), 6.3 (d *J(C-P) = 5.5, CH,CH,0),
227 (s, CH, ), 25.4 (s, CH,), 28.9 (s, CH,), 294(d
*J(C-P) = 75 CHOHCH) 29.8 (s, CH) 319 (s,
CH,), 646(s CH,CH 0) 71.2 (m, X part of ABMX
system, *J =233, P CF FzCyHOH), 119.7 (ddd, X
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part of ABMX system, 'J(C-F) = 268.6, 'J(C-F) =
264.0, ' J(C-P) = 207.6, P,,C, F, F,CHOH).
m/z (ED) 317 (M + H*, 6%), 188 (100), 161 (95).

4.6.2. Diethyl 1,1-difluoro-2-(2'-butyl)-2-hydroxyethyl-
phosphonate (two diastereomers) ( 7b)

p NMR (CDCl,): & +5.5 (&, LJ(P-F) = 105, P,
+5.0 (dd, *J(P- F) = 99 and 105, P,,); 'H NMR
(CDCL,): & 0.89 (t, 3H, *J(H-H) = 7.4, CH,CH,),
0.98 (d 3H, 'J(H-H)=6.7, CHCH,), 1.35 (t 6H,
*J(H-H)=17.1, CH,CH,0), 1.5 (m, 2H, CH,CH,),
1.9 (m, 1H, CHOHCH) 35(m 1H, PCF2CH0H) 37
(m, 1H, PCFﬁCHOH) 425 (m, 4H, *J(H-H) =
CH,CH,0); °C NMR (CDCl,): § 11.7 (s, CH, CH
pin) 12.3 (s, CH,CH, ), 141 (s, CHCH3ma) 163
(s, CHCH, ;). 17.1 (d, *J(C-P)=5.3, CH, CH ,0),
247 (s, CH,CHj; ;). 27.8 (s, CH,CH, ), 349 s,
CHOH-CH,,), 35.7 (s, CHOH- CH,_.), 655 (s,
CH,CH,0), "73.3 (m, CHOH,). 753 (m, CHOH ),
1209(ddd X part of ABMX system 'J(C-F) = 270.6,
'J(C-F) = 265.4, 'J(C-P) = 208.4,
Py CxF,F CHOHmla) 121.4 (ddd, X part of ABMX
system, 'J(C-F) ='J = 2722, ' J(C-F) = 266.0, ' J(C-
P) = 210.0, P,,CyF,F,CHOH . ).

m/z (ED 274 (M*, 2%), 217 (46), 188 (61), 161
(100).

105P ),

4.6.3. Diethyl 1,1-difluoro-2-tertbutyl-2-hydroxyethyl-
phosphonate (7c)

'P NMR (CDCL,): 6 +5.8 (t, *J(P-F) = 104); 'H
NMR (CDCL,): & 1.05 (d, 9H, J = 0.9, C(CH,),), 1.36
(L 6H, J(H-H)=17.1, CH,CH,0), 35 (m, IH,
PCF CHOH), 3.71 (ddd 1H, X part of ABMX system,
3J(C-P) = 28.5, *J(C-F) = 3.1, J(C F) = 1.4,
Py CF,FyC HyOH), 4.7 (qd 4H, °J(H-P) = 12.0,
J(H W=11, CH,C H,0); "C NMR (CDCl,): 6 17.0
(d,’)C-P) =57, CH sCH ,0),27.3 (s, C(CH,)5), 36.0
(d, C(CH)) 65.2 (d J(C P)=70, CH, CH ,0),
65.5 (d, J(C P) = 66 CH,CH,0), 769(m Xpanof
ABMX system, “J(C- F) = 249, *J(C—F) = 203,
2J(C-P) = 10.0, P,,CF,F,C, HOH), 1229 (m, X part
of ABMX system, J(C F) 277.0, 'J(C-F) = 267 .4,
'J(C-P) = 209.2, P,,C F,F,CHOH).

m/z (ED) 275 (M + H*, 100%), 188 (19), 161 (56),
132 (39).

4.6.4. Diethyl 1,1-difluoro-2-(I'-propenyl)-2-hydroxy-
eth3ylphosphonate (7d)

'P NMR (CDCL,): 6 +5.0 (1, J(P F)=103); “F
NMR (CDCl,): 6 —1164 (ddd, *J(F-F)= 3047
2J(F-P) = 99.0, ’J(F-H) = 7.6, PCF,F sCHOH),
1243 (ddd, ‘J(F- F)—3047 2 J(F- P) 102.8,
*J(F-H) = 19, PCF, F,CHOH); 'H NMR (CDCl,): &
138(t 6H, ’J(H- H) 71 CH,CH,0), 177(d 3H,
*J(H-H) = 6.7, =CHCH,), 320 (dm, 1H, J(H H)
= 3.8, PCF,CHOH), 4.28 (p, 4H, J(H-P) ="J(H-H)

=71, CH£,CH20) 4.4 (m, lH PCF,C HOH), 5.59
(ddg, 1H, *J(H-H),,,,, =154, *J(H- H)—65 *J(H-
H) = 1.5, CH CHCH,), 5.95 (dqd H, *J(H- H),,m
= 15.4, *J(H- H) 6.7, ‘J(H-H) =
CH=CHCH,); "C NMR (CDCL,): § 16.3 (d, J(C P)
=352,CH CH ,0), 17.9 (s, =CHCH,), 64.7 (d, *J(C-
P)=17.1, CH CH 0), 725 (ddd, x part of ABMX
system, J(C F) =25.8, “J(C-F) =228, *J(C-P)=
15.1, P,,CF,F;Cy HOH), 1189(ddd X part of ABMX
system, 'J(C-F) = 269.5, 'J(C-F) = 2642 "J(C- P)
207.8, P,,CyF,F;CHOH), 1250 (d, *J(C-P) =
CH=CHCH,), 132.0 (s, CH= CHCH,).

m/z (CI +ve) 259 (M + H*, 100%).

4.6.5. Diethyl 1,1-difluoro-2-(4'-fluorophenyl)-2-hy-
droxyethylphosphonate (7e)

P NMR (CDCL,): 6 +4.9 (1, 2J(P-F) = 99); °F
NMR (CDCL,): 6 —113.7 (m, C{H,F), —115.0 (dd,
2J(F-F) = 304.7, *J(F-P) = 990 PC F,F,CHOH),
1258 (ddd, °J(F- F)—3047 *J(F- P) 102.8,
*J(F-H) = 19.0, PCF, F;CHOH); 'H NMR (CDCl,): 8
1.34 (2 1, 6H, *J(H- H) 7.0, (CH,CH, O)AjmdB) 4.0
(m IH, PCF, CHOHCH,F), 4.24 (qd, 4H, "J(H-P) =

*J(H- H) 7.0, (CH CH o)AandB) 5.10 (ddd, 1H,
J(H P) = 20.4, J(H F)—59 J(H- F)—39
PCE,C HOHCH,F), 7.07 (t, 2H, J(H F) =>J(H- H)
=87,H,,, ofC H,F), 7.46 (dd, 2H, *J(H-H) =
*J(H- F) = 8.5, H,,,,,w of C,H,F); 3C NMR (CDCl )
817.0 (d, *J(C-P) =517, CH CH,0), 65.7 (d, J(C—
P)=6.8, CH,CH ,0), 73.3 (mgpem, X part of ABMX
system, J(C F) =264, *J(C-F) = 21 6, *J(C-P) =
144 P,,CF,F,C,HOH), 115.7 (d, 2 J(C—F) = 22.0,
Crota ofC H F) 1186(ddd X part of ABMX system,
'J(C-F) = 271, 9, 'J(C-F) = 264.9, 'J(C-P) = 206.2,
P,,C, F,F;CHOH), 1306(d *HC-F)=8.1, C,,,, of
C H, F) 1315 (t, 'J(C-F)=3.0, C,,,, of C{H,P),
1637(d 'J(C-F) =249.6, C,,,, of C;H,F).

m/z (ED) 312 (M*, 1%), "188 (33) 161 (41), 132
(100).

4.6.6. Diethyl 1,1-difluoro-2-(4'-methylphenyl)-2-
hydroxyethylphosphonate (7f)

*'P NMR (CDCL,): & +5.2 (t, J(P F) = 103); "F
NMR (CDCl,): 5 —1148 (ddd, *J(F-F) = 304.7,
YJ(F-P) = 99.0, 'J(F-H) = 7.6, PCF F,CHOH),
~125.6 (ddd, *J(F-F) = 304.7, J(F- P) 106.6,
*J(F-H) = 19.0, PCF, F,CHOH); 'H NMR (CDCl,): &
1.31 (m, 6H, C H,CH,0), 2.35 (s, 3H, C4H,C H3), 4.1
(m,, 0 1H, PCF CHOH), 4.23 (m, 4H CH CHZO)
5.07 (ddd, 1H, J(H P) = 205 *J(H-F) = 6.0 and 3.8,
PCF,C HOH), 7.18 (d, 2H, *J(H-H) =80, H,,,,, of
C,H,CH,), 7.36 (d, 2H, *J(H-H) = 8.0, Hoyn, of
C H,CH,); "C NMR (CDCl,): § 16.6 (d, J(C P) =
61 CH CH ,0), 21.5 (s, C¢H,CH,), 650(d J(C P)

=70, CH ,CH,0), 653 (d, *J(C-P) =
CH,CH,0), 733 (ddd X part of ABMX system
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2J(C-F) = 26,5, *J(C-F) =213, *J(C-P) = 147,
Py CF,Fy Cy HOH), 118. 8 (ddd, X part of ABMX sys-
tem, J(C— F) 272.3, 'J(C-F)=263.2, 'J(C-P) =
2074, Py CxF,F;CHOH), 1285 (s, C,,,, of
C H CH) 129.1 (s C,ino of CcH,CH,), 133.1 (d
Jcip) = 57, C.ps, of CoH CH) 1387(s C
C,H,CH,).

m/z (ED) 308 (M*, 7%), 188 (48), 161 (55), 132
(100).

para

4.6.7. Diethyl 1,1-difluoro-2-(4'-methoxyphenyl)-2-hy-
droxyethylphosphonate (7g)

*'P NMR (CDCL,): & +5.2 (t 2J(P-F) = 103); UF
NMR (CDCl,): & —1152(dd *J(F-F) = 304.7, J(F—
P) = 99.0, PC F,F,CHOH), —125.6 (ddd, 2J(F-F) =
304.7, 2J(F- P) 102.8, *J(F-H) = 19.0,
PCE, FyCHOH); 'H NMR (CDCl,): & 1.32 (id, 6H,
(H-H) = 7.1, CH,CH,0), 3.80 s, 3H, OCH,), 40
(m, 1H, PCFQCHOH) 4.18 (m 4H, *J(H-H) =
CH,CH,0), 506 (dm, 1H, *J =202, PCF, CHOH)
6.90 (d, 2H, *J(H-H) = 8.6, H,., of C;H,OCH,),
7.39 (d, 2H, *J(H-H)=86, H,,,,, of C, H OCH,);
“C NMR (CDCl,): & 165 (d, J(C P) = 4.6,
CH ,CH,0), 55.5 (s, OCH,), 65.2 (dd, *J(C-P) = 7.2,

120 CH,CH,0), 73.3 (m, X part of ABMX sys-
tem Py CF Fg C HOH), 1138 (s, C,,, of
C H4OCH ) 1182 (ddd, X part of ABMX system,
J(C F)=271.7, 'J(C-F) = 26528, 'J(C-P) = 2042
P,,CxF,F,CHOH), 127.1 (t, *J(C-F) =6.0, C,

C.H,0CH,), 1296 (s, C,,.... of CiH,OCH,), f%oz
(5. C..._ of CiH,OCH,).

para

m/z (CI +ve) 324 (M+ 5%).

ortho

4.6.8. Diethyl 1,1-difluoro-2-(4'-dimethylaminophenyl)-
2- hzydroxyethylphosphonate (7h)

P NMR (CDCI ): 8 +5.5 (1, J(P F) =
NMR (CDCY,): 5 ~115.2 (ddd, *J(F-F)=
*I(F-P) = 99 0,

104); “F

304.7,
*J(F-H) = 7.6, PCF F,CHOH),
—1255 (ddd, *J(F- F)~3047 2J(F- P) 106.6,
'J(F-H) = 190 PCF, F,CHOH); 'H NMR (CDCl,): §
1.33 (td, 6H, *J(H- H) 7.0, CH,CH,0), 2.95 (s, 6H,
N(CH,),), 40 (m, 1H, PCF, CHOH) 4.24 (m, 4H

CH,CH,0), 503 (dm, 1H, ’J(H-P) =
PCF CHOH) 6.72 (d, 2H, J(H H) =838, H,,,m of
C, H .N(CH,),), 7.33 (d, 2H, *J(H-H) = 8.3, H of

nrtho

c H N(CH ) ); *C NMR (CDCL,): & 17.0 (d, "J(C-
P) 59 CH ;CH,0), 41.1 (s, N(CH ),), 65.5 (dd,
2J(C-P) = 67 J——121 CH,CH,0), 738(m X part
of ABMX system, 2J(C~F) = 26.6, *J(C— F) =213,
2J(C-P) = 14.7, P,,CF,FyCyHOH), 112.6 (s, C,,.,, of
C H,N(CH,),), 118 8 (m, X part of ABMX system,
(CF) = 2701, 'J(C-F) = 264.0, 'J(C-P) = 204.5,
P,,CxF,FyCHOH), 123.0 (d, *J(C-P)=49, C,,,, of
C H N(CH 3)), 1296 (s, C,,,,, of C(H N(CH ),),
1516 (s, C,,,, of CLH,N(CH,),).
m/z (B1) 337 (MY, %), 150 (100).

4.6.9. Diethyl 1,1-difluoro 2-(2'-furyl) 2-hydroxyethyl-
phosphonate (7i)

*'P NMR (CDCl,): 6 +4.3 (1, J(P F)=101); “F
NMR (CDCl,): 5 —115.9 (ddd, *J(F-F) = 304.7,
*J(F-P) = 99.0, *J(F-H) = 7.6, PCF F,CHOH),
~123.6 (ddd, *J(F-F) = 304.7, 2 J(F- P) = 102.8,
P J(F-H) = 19.0, PCF F,CHOH); 'H NMR (CpCl, ) 5
1.34 (td, 6H, J(H H) = 7.0, ‘J(H-P) =
CH CH,0), 4.09 (m, 1H, PCF,CHOH), 4.25 (qd, 4H
J(H P) 8.9, *J(H-H) = 7.0, CH ,CH,0), 5.15 (dm,
1H, PCF,C HOH), 6.40 (dd, 1H, J(H H) 3.3, *J(H-
H)—18 H, of C,H,0), 6.52 (d,,.., 1H, *J(H-H) =
33, H, ofC HO) 745(m 1H, H, of C,H,0); "C
NMR (CDCl) 8 16.6 (d, *J(C-P) = 6.0, CH CH,0),
65.4 (d, J(C P) = 6.5, CH,CH, 0), 681(ddd Xpart
of ABMX system, “J(C— F) 271 2J(C-F) =21.9,
J(C-P) = 16.6, P,,CF,F,C,HOH), 110.3 (s, C, of
C,H,0), 1109 G, c4 ofC H ,0), 1183(ddd Xpart
of ABMX system, ' J(C- F) 271 7, 'J(C~F) = 265.0,

'J(C-P) = 209.8, P,, c FFCHOH) 143.3 (s, C of
C,H,0), 1496(dd J(C P) 6.2, *J(C-P)=2.7, C,
ofCHO)

m/z (EI) 284 (M™*, 10%), 188 (73), 161 (75), 132
(100).

4.6.10. Diethyl 1,1-difluoro 2-(2'-thienyl) 2-hydroxyeth-
ylphosphonate (7j)

*'P NMR (CDCl,): & +4.8 (t, “J(P F) = 101); °F
NMR (CDCl,): 3 —115.0 (ddd, *J(F-F) = 2990
2J(F-P) = 99.0, °J(F-H) = 7.6, PCF F,CHOH),
—125.2 (ddd, *J(F-F) = 2990 J(F—P) 102.8,
SJ(F-H) = 190 PCF, F CHOH) "H NMR (CDCl,): &
1.34 (g, 6H, *J(H- H) *J(H-P) = 7.0, CH CH 0)
1.8 (m, 1H, PCF,CHOH), 4.25 (p, 4H, J(H P)
J(H-H) = 7.0, CH ,CH,0), 5.39 (dm, 1H *J(H- P)
195 PCF,CHOH) 703 (dd, 1H, *J(H- H)
*J(H-H) = 3.6, H, of C,H,S), 718(d 1H, *J(H- H)
=36, H, of C, H 39), 736 (dd, 1H, *J(H-H) =
‘J(H- H)-—12 H ofC H,S); “C NMR(CDC]) 5
16.9 (d, *J(C-P) = 5.6, CH CH,0), 65.7 (d, J(C P)
= 70 CH,CH,0), 707 (ddd x part_ of ABMX sys-
tem, “J(C- F) 275 *J(C-F) =224, *J(C-P) = 16.2,
P CF/,tF CyxHOH), 118. 1 (ddd, X part of ABMX sys-
tem, 'J(C-F)=272.6, 'J(C-F)=264.8, 'J(C-P)=
206.6, P,,CyxF,F,CHOH), 127.1 (s, C, of C,H,S),
1272(5 c ofC H,S), 127.7 (s, C; ofC H s) 1384
(d, *J(C- P) 67 C2 of C,H,S).

m/z (ED) 300 (M, 13%) 188 (80), 161 (93), 132
(100).

4.6.11. Diethyl 1,1-difluoro 2-(2'-pyridyl) 2-hydroxyeth-
ylphosphonate (7k)

P NMR (CDCL,): & +4.3 (@, 2J(P-F) = 101); PR
NMR (CDCL,): & —1146(dd 2J(F-F) = 3047 2J(F-
P) =99.0, PCF,Fy CHOH), = 1256 (ddd, *J(F-F) =
304.7, 2J(F- P) = 102 8, ‘J(F-H) = 19.0,
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PCF Fy CHOH) "H NMR (CDCl,): & 1.35 (td, 6H,
J(H H) J(H P) =127, CH3CH 0), 4.26 (qd,
4H, J(H P) 8() J(H H) =7.1, CH,CH,0), 5.20
(dt, 1H, *J(H-P) = 20.8, *J(H-F) = 4.5, PCF CHOH)
5.67 (sy,rge» 1H, PCF,CHOH), 7.35 (dd, 1H, J(H H)
=7.7 and 4.8, H, ofc H,N), 748 (d,,_., IH, J(H—
H) 1.7, H, ofC H, N) 778(tt 1H, "J(H-H) =
*J(H-H) = J(H P)—12 H, of C;H,N), 8.60 (dd
1H, *J(H-H) = 4.8, ‘J(H- H)—12 H of CH,N);
BC NMR (CDCL,); & 159 (4, J(C P)—54
CH,CH,0), 643(d *J(C-P) = 6.3, CH,CH o) 72.5
(ddd X part of ABMX system, 2J(C-F) = 261 2J(C-
F) =219, *J(C-P) = 13.6, P,,CF,F,C,HOH), 118.4
(ddd X part of ABMX system, J(C-F)=272.6,
'J(C-F) = 264.8, ' J(C-P) = 209.2, P,,C F,F,CHOH),
123.0 (s, C, of C;H,N), 1235 (s, C5 of CsH,N),
136.5 (s, c of C4H,N), 147.9 (s, 06 of C;H(N),
153.9 (d, J(C P) = 61 C, of C;H,N).

m/z (EI) 296 (M + H™, 5%), 161 (8), 132 (17), 108
(100).

4.7. General procedure for the condensation of 2 with
ketones

A 250ml reactor equipped as above was charged
with anhydrous LiBr (1.31 g, 0.015 mol, dried by heat-
ing at 150°C under 0.1 mmHg vacuum over 1h) and
THF (15 ml) and heated at 50 °C until complete dissolu-
tion. 'PrMgCl (7.5ml of 190M Et,0 solution,
0.015mol) and THF (10 ml) were added to the reactor
at —20°C. The solution was cooled to —78°C and a
solution of 1 (4.00g, 0.015mol) in THF (20ml) was
added dropwise. The resulting mixture was stirred for
5min at —78°C then allowed to warm up to —40°C.
At this temperature a solution of ketone (0.01 mol) in
THF (20 ml) was added dropwise. The resulting mixture
was stirred for 15 min at —40°C then allowed to warm
up to 0°C within 1 h and from 0°C to room temperature
for an additional hour. The reaction mixture was poured
into an ice-cold mixture of HCl (20ml of 2M solution)
and CH,Cl, (20ml). The aqueous layer was extracted
with CH,Cl, (2X20ml). The extracts were dried
(MgSO0,) and the solvents were removed under reduced
pressure to give the crude product 8 and the excess of 3
which was previously eliminated by heating the crude
mixture at 70 °C under 0.5 mm Hg for 1h. Then 8 was
purified either by bulb-to-bulb distillation or by column
chromatography (see Table 3).

4.7.1. Diethyl 1,1-diflucro 1-(I'-hydroxy)cyclohexyl
methylphosphonate (8a)

"'P NMR (CDCl,): § +5.5 (t, *J(P-F) = 107); “F
NMR (CDCl%) § —121.5 (d, ‘J(F-P) = 1066
PC F,COH); NMR (CDCl,): & 12 (m, IH,
COH(CH CHZ) CH_ H, ) 1.37 (t, 6H, *J(H-H) =

7.1, CH,CH,0), 161 (m, 7H,
COH(CH H, CH)CH H.), 1.87 (dm, 2H,
2 J(H-H) = 11.9, COH(CH H CH )CHZ) 9.99 (s,
1H, PCF,COH), 4.28 (p, 4H, J(H P) ="J(H- H)—
7.1, CH,C H,0); C NMR (CDCL,): § 169 (d, *J(C-
P)=5.9, CH,CH,0), 21.1 (s, COH(CH CH,),CH,),
26.0 (s, COH(CH CH ),CH,), 303(d J(C P) 27
COH(CH,CH )CH%) 65.5 (d, J(C P) =
CH,CH 0) 745(td J(C F) =20.9, 2J(C-P) = 13.4
PCF COH) 1209 (id, 'J(C-F)=271.0, 'J(C-P) =
2003 PCF,COH).

m/z (EI) 287 (M + H*, 6%), 188 (100), 161 (90),
132 (79).

4.7.2. Diethyl 1,1-diflucro 1-(I'-hydroxy-4'-
terttobutyl)cyclohexyl methylphosphonate (8b)

3'P NMR (CDCL,): § +5.6 (t, J(P F) = 106); °F
NMR (CDle,): & —1215 (d, “J(F- P)—1066
PCF,COH);, H NMR (CDCl) & 093 G,
C(CH,);), 1.05 (tyg,. 1H, °JH,-H,)= 114
COH(CH,CH,),CH,,), 145 (1, 6H, "J(H-H) =
C H,CH,O0), 1.52-1.75 (m, 6H,
COH(CH, H, CH,),CH,,), 2.01 (d,,. 2H, *J(H-H)
=124, COHCH H, CH )CH D 2.85 (550> 1H,
PCF,COH), 4.36 (p, “4H, JHIP) - J(H H) =171,
CH,C H,0); *C NMR (CDCL,): 8 17.0 (d, J(C-P) =
5.9, CH;CH,0), 22.0 (s, COH(CH CH,),CH), 281
(s, C(CH ;). 30.8 (d, ‘J(C-P) =
COH(CH CHo)ZCH) 333 (s, C(CH,),), 480 (s
CHC(CH)) 65.5 (d, J(C P)=6.9, CH,CH,0),

743 (td, 2H{C—F) = 20.8, “J(C-P) = 13.3, PCF, COH),
121.0 (d, 'J(C-F) = 270.9, 'J(C-P) = 200.4,
PCF,COH).

m/z (CI +ve) 343 (M + H", 100%).

4.7.3. Diethyl 1,1-difluoro 1-(I'-hydroxy-1,2',3' ,4'-te-
trah[ydro)naphtyl methvlphosphonate (8¢)

P NMR (CDCL,): & +5.4 (dd, J(P F) = 133 and
99); 'H NMR (CDCl) 5 1.31 (t, 34, *J(H-H) = 71
CH,CH,0,), 1.36 (t, 3H, ’J(H-H) =
CH3CH o ) 1.8-2.0 (m, 3H, H,, .and Hy pseudo cq)* 25
(m, 1H, H, pseudoax) 2.79 (1, 2H, *J(H-H) = 6.0, H,),
329 (s, 1H, PCF, COH) 42 (m, 2H, CH,CH,0,),
4.26 (p, 2H, J(H P)="J(H-H)=7.1, CH, "CH oB)
710(m 1H, Hy), 7.23 (m, 2H, Hy and7) 775(m 1H,

Hy), °C NMR (CDCL,): 8 164 (d, *J(C-P)=59,
CH CH o) 18.8 (d, J(C P) =34, c) 29.4 (s, C,),
338(d SJ(C-P) = 37, C,), 64.6 (d, “J(C-P) =509,
CH,CH,0), 73.7 (q, J(C F) =20.7, *J(C-P) = 17.5,
PCF COH) 111.6 (q, '"J(C-F)=257.8, 'J(C-P)=
212.3, PCF, COH) 125.7 (s, Cg), 128.3 (s, C;), 128.7
(s, Cg), 1294(d ‘J(C-P) =29, C,y), 1342 (d, *J(C-
P)=5.2, Cy), 1392 (s, Cy).

m/z (EI) 334 (M, 2%), 161 (29), 147 (100).
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4.7.4. Diethyl 1,1-difluoro 2-hydroxy 2-methyl 2-(2'-
thzenyl) ethylphosphonate (8d)

*'P NMR (CDCl,): & +5.2 (1, ‘J(P F)=103); 'H
NMR (CDCl,): & 1.14 (t, 3H, ‘J(H- H)—71
CHCHO) 1.37 (t, 3H, ‘J(H-H) =
CH3CHO) 1.73 (t, 3H, CH3) 37 42 (m, 2H
CH,CH,0,), 429 (p, 2H, J(H P) =>J(H- H)

CH CHO ), 7.00 (dd, 1H, *J(H-H) = 5.0, *J(H- H)

—37 H, ofCCH S), 710(d H, *J(H- H)
H, of C CH ,S), 729(d 1H *J(H-H) = 5.0, *J(H- H)
_12 H ofC4CH S); ! CNMR(CDCI) ) 162(d
’J(C-P)=6.3, CH CH ,0,), 16.2 (d, J(C P) =
CH CH,0,), 246(t J(C P) =22, CH) 649(d
J(C P) 65 CH,CH 0 ), 64.9 (d, J(C P) =171,
CH;CH,0y), 756 (td J(C F)=123.2, J(C P) =
150 PCF COH) 118.8 (td, ' J(C~F) = 273.0, ' J(C-P)
=202.9, PCF COH), 125.5 (s, C; of C,H,S), 125.6
(s, C, of C4H3S), 126.8 (s, Cs of C4H3S), 145.2 (s, C,
of C,H,S).

m/z (EI) 314 (M*, 22%), 188 (66), 161 (95), 127
(100).

4.8. General procedure for the transposition of the
diethyl 1,1-difluoro 2-hydroxyethyl phosphonates 7 and
8 into 9 and 10

Sodium hydride (0.15 g of 60% dispersion in mineral
oil, 3.3 mmol) was washed with hexane (3 X 10ml) in a
three-necked round-bottomed flask equipped with a
thermometer, reflux condenser and an addition funnel
and flushed with nitrogen. Magnetic stirring was initi-
ated and THF (20ml) was added. The suspension was
cooled to 0°C, diethyl 1,1-difluoro-2-hydroxyethyl
phosphonate (7 or 8, 3 mmol) was then added dropwise.
After an additional 30min at 0°C, an ice-cold mixture
of water (10ml) and brine (10ml) was added. The
aqueous layer was extracted with CH,Cl, (3 X 10ml).
The extracts were dried (MgSO,) and the solvents were
removed under reduced pressure to give the crude prod-
uct (9 or 10) which was purified by chromatography.

4.8.1. Diethyl 1-heptyl 2,2- dzﬂuoroethylphosphate (9a)

3'P NMR (CDCl) 8 —3.4 (s); "H NMR (CDCl,):
8 0.85 (t, 3H, J(H H) = 6.4, (CH,),CH,), 1.28 (m
14H, (CH,),CH; and CH,CH 0) 1.47 (m, 2H,
CH(OP)CH CH,), 168 (m, 2H CH(OP)CH) 4.12
(qd, 4H, J(H H) *JH-P) =72, CH CH2O) 4.45
(m 1H, HF,C-CH), 5.80 (td, 1H, *J(H-F) = 55.3,
3J(H-H) = 34 HF,C); ‘3c NMR (CDCl,): & 14.6 (s,
(CH )GCH) 16.5 (d *J(C-P) =2.7, CH,CH,0,),
166(d *J(C-P) = 3.0, CH,CH,0,), 232(s CH)
24.9 (s, CH,), 29.1 (s, CH) 298(s CH ), 300(s
CH,), 324 Gs, CHZZ) 64.7 (d, J(C P)~61
CH,CH,0), 76.7 (1d, J(C F) =25.1, 2J(C-P) =
HFC CH) 114.7 (td, 'J(C-F) =245.0, 3J(C—P)=
4.9, HF,C).

m/z (Cl +ve) 317 (M + H", 100%).

4.8.2. Diethyl 1-{I'-methyl)propyl
ﬂuaroethylphosphate (two diastereomers) (9b)
'p NMR (CDCL,): § —3.2 (s, major) —3.3 (s,
minor); 'H NMR (CDCl) 8 0.92 (t, 3H, *J(H-H) =
73 CH,-CH, ..), 0.94 (t, 3H, >J(H-H) = 7.3, CH,—
A 0.98 (d, 3H, *J(H-H) = 6.9, CH-CH, maj)
102(d '3H, *J(H-H) = 7.0, CH— -CH,_.),1.3(m .4
1H, CHH-CH;), 132 (t, 6H, J(H-H) = 7.1,
CH,CH,0), 1.54 (m, 1H, CHH—CH) 1.83 (m, lH
CH—CH3) 4.12 (p. 4H, *J(H- H)— *J(H-P) =
CH ,CH,0), 4.4 (m 1H, HF,C-CH), 5.81 (i, lH
J(H F) =552, *J(H-H) = 47 HF,C,.), 585 (td
IH, 2J(H-F) = 548, *J(H-H) =39, HF 2Conin)i
NMR (CDCl,): & 11.1 (s, CH,CH, mm) 11.5 (s
CH,CH; ), 134 (s, CHCH3ma) 14.4 (s, CHCH,
W) 15.9 (d, *J(C-P)=34, CH ;CH,0,), 16.0 (d,
J(C-P) =44, CH,CH,0y), 240 Gs, “ch CH; i)
25.8 (s, CH,CH, ma) 352 (. [ (om F) = J(C- P)
3.0, CHCH; ). 356 (q, *J(C-F) ="J(C-P) =
CHCH, ), 64.0 (d, J(C P)= 5.9, CH,CH,0), 785
(d, *J(C- F) 24.1, *J(C- P) 5.9, HFC CH,,,),
795 (d, ‘J(C- F)—234 2J(C- P)—59 HF,C~
CH_ ), 1142 (ud, J(C F) =244.4, J(C P)= 48
HF,C,), 114.4 (id, 'J(C-F) = 244.5, *J(C-P) =
HF,C,,,;
m/z (CI +ve) 275 (M + H*, 100%).

2,2-di-

4.8.3. Diethyl 1-(I',l'-dimethyl)ethyl
ﬂuoroethylphosphate (9¢)

*'P NMR (CDCl,): 6 —3.2(s); “F NMR (CDCl,):
8 —123. 7 (ddd, A part of ABXY system, “J(F-F) =

2,2-di-

289.4, *J(F-H) = 53.3, ‘J(F-H) = 11.4,
Hy F, F CCH,), —125. 6 (ddd, B part of ABXY Sys-
tem J(F F) 289.4, *J(F-H) = 53.3, ’J(F-H) =

11.4, HyF, F,CCH,); HNMR(CDCl) 5 1.04 (s,
9H, C(CH3)) 133(t 6H, *J(H-H) = 7.1, C H,CH,0),
4.14 (p, 4H, *J(H- H) JJ(H-P) = 71 CH, CH 0),
423 (dddd, 1H SJ(H-P) = 15.9, ’J(H- F) 103
J(H F) =9.6, *J(H-H) = 2.8, HE,C-CH), 5.88 (td,
1H, 2J(H-F) = 54.0, *J(H-H) = 28 HF,C); "C NMR
(CDCI) 8 15.7 (d, *J(C-P) = 5.0, CH,CH,0,), 15.8
(d, J(C P) =5.0, CH,CH,0;), 25.8 (s C(CH))
33.6 (1, *J(C-F) = 3.4, C(CHZ,,)) 63.7 (d, J(C P)
6.0, CHQCH 0), 82.4 (ddd, “J(C-F) =214, J(C F)

=18.7, J(C P) = 6.1, HF,C-CH), 113.8 (ddd, 'J(C-
F) =246.3, 'J(C-F) = 2435 *J(C-P) =2.7, HF,C).
m/z (Cl +ve) 275 (M + H*, 100%).

4.8.4. Diethyl 1-(4'-fluorolphenyl
fluoroethylphosphate (9e)

*'P NMR (CDClL,): 6 —3.6 (s); '’F NMR (CDCl,):
8 —112.6 (s, C;H F) ~127.5 (ddd, ApartofABXY
system, “J(F— F) 2856 *J(F-H) = 53.3, “J(F-H) =
114, Hy F,F,CCH,), —130.3 (ddd, B part of ABXY
system, J(F F) 2856 2J(F-H) = 53.3, *J(F-H) =
11.4, H,F, F;CCH,); 'H NMR (CDCL,): & 1.17 (4,

2,2-di-
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3H, J(H H)=7.1, CH,CH,0,), 1.28 (t 3H, J(H—
H) = CH,CH,0;), 3.94 (pd 2H, *J(H-H) =
J(H P) 71, J= 25 CH,CH,0,), 4.09 (q, 2H,
J(H H) =171, CHQCHO) 5.36 (qd 1H, *J(H-P)
=>J(H- F) 10.1, “J(H- H) 4.0, HF,C-CH), 5.88
(td, 1H, *J(H-F) = 552, *J(H- H) 40 HF,0), 7.09
(t, 2H, *J(H- H)— J(H- F) Hpeia of CoH B,
7.41 (dd, 2H, *J(H-H) =" J(H F) 8.7, J(H F) =

5.3, Hypyp, of CoHLF); BC NMR (CDCL,): § 162 (d
FJ(C-P) = 3.0, CH CH220 ), 16.3 (d, *J(C-P) =
CH,CH,04 ), 64.6 (d, “J(C-P)=6.0, CH CHZZOA)
64.8 (d, J(C P) = 6.2, CH,CH,0p), 77.1 (td J(C-
F) = 26.6, “J(C- P) 4.7, HFC CH) 114.1 (td,
’J(C—F) 246.6, *J(C-P) = 87 HF,C), 116.2 (d,
‘HC-F) =222, C,,,, of C;H,F), 1292 (Syarge> C e
of C;H F) 130.2 (d, *J(C- F) 8.2,C,, ., of C¢H,F
1638(d 'J(C-F) =248, C,,,, of C,H,F).

para

m/z (ED 313 M +H", 1%) 292 (44) 244 (55),
216 (84).

4.8.5. Diethyl I1-(4'-methyl)phenyl
fluoroethylphosphate (9f)

*'P NMR (CDCI,): 8 —3.8 (s); '"H NMR (CDCl,):
8 116 (t, 3H, *J(H-H) = 7.1, CH,CH,0,), 1.27 (t
3H, ‘J(H-H) = 7.1, CHCHO) 235 (s, 3H,
C.H,CH,), 3.92 (pd, 2H, S J(H-H) = J(H-P) = 71
J= 32 CH,CH,0,), 410 (q, 2H, *J(H-H) =
CH,CH,0 ) 533(qd 1H, *J(H-P) = J(H- F)——IOO
3 J(H- H)—42 HE,C-C H), 5.87 (td, 1H, *J(H-F) =

2,2-di-

55.3, *J(H-H) = 42 HF,C), 7.20 (d, 2H, *J(H-H) =
7.9, H,, of C¢H,CH,), 7.30 (d, 2H, *J(H-H) = 7.9,
H, i, of C¢H CH3) ¢ NMR (CDCL,): & 15.7 (d

2J(C-P) = 48 CH,CH,0,), 158 (d, 33J(C P) =

CH,CH,0y), 211(s C, HCH)641(d 2J(C- P)
6.1, CH CH 0,), 642 (d J(C P) =
CH,CH, o ), 775(td J(C F) =262, 2J(C-P) =
HFC CH) 114.1 (td, 'J(C-F) =245238, 3J(C-P)=
9.0, HE,C), 1277 (s, C of C4H,CH,), 1294 (s,
Chors ofC H,CH3), 130.1 (Spprges Cips of CaH,CHY),
139.6 (s, c ofC H,CH.).

m/z (EI5'300 (M '+ H*, 1%), 288 (100).

ortho

ipso

4.8.6. Diethyl 1-(4'-methoxyphenyl)
ﬂuoroethylphosphate (9g)

3'P NMR (CDCl ): & —3.7(s); '"H NMR (CDCL,):
8 113 (t, 3H, J(H H) = 7.1, CH,CH,0,), 124(t
3H, ‘J(H-H) = 7.1, CHCHO) 377 (s, 3H
CH,0OCH,), 3.88 (pd, 2H, J(H H)— J(H-P) =
J=32, CH,CH,0, ), 4.07 (m, 2H, CHgCHZO ), 530
(gd, 1H, J(H P) J(H F) = 10.0, “J(H-H) =
HF,C-CH), 5.85 (td, 1H, J(H F) =55.3, 3J(H-H)=
4.1, HF,C), 6.88 (d, 2H, J(H H) =87, H,,, of
C,H,OCH,), 732 (d, 2H, *J(H-H) =87, H, ., of
C.H.OCH.): C NMR (CDCL,): & 157 (@, 5(C-P)
—42 CH CH,0,), 158 (d, ‘J(C- P)—45
CH,CH,0, ) 551(s C,H,OCH,), 64.0 (d, J(C-P)

2,2-di-

= 6.9, CH,CH,0, ) 64.1 (d, 2J(C—P) = 7.0,
CH,CH oB) 772(td 2J(C-F) =26.2, 2J(C-P) =
HFC CH) 114.1 (s, G,y of C¢H,OCH, ), 1141(td
J(C F) =2459, *J(C-P) = 92 HF c) 125.0 (d,
*J(C-P) =20, C,,,, of C;H,0CH,), 1293 (s, C, 00
of C4H,OCH,), 160.7 (s, c ofC H,OCH.,).

m/z (EI) 124 (M*, 3%), 304 (100)

4.8.7. Diethyl 1-(2'-pyridyl) 2,2-difluoroethylphosphate
(9k)

3'P NMR (CDCl) 8 —4.0 (s); '"H NMR (CDCl,):
8 1.31 (g, 6H, J(H H) =7.1, CH,CH,0, ,, g), 4.1
(m, 2H, CH,CH,0,), 4.21 (p, 2H, J(H H) = J(H P)
= 7.1, CH, CHO ) 5.52 (qd, 1H, *J(H-P) =*J(H-F)

=10.3, J(H H) 3.6, HF,C-CH), 6.22 (id, 1H,
2J(H—F) 54.7, *J(H-H) = 36 HF,C), 7.30 (dd, 1H,
*J(H-H)=7.7 and 4.8, H, of C, H AN, 753 (dge
1H, 3J(H-H) = 71, Hy ofCHN) 7.76 (td, 1H,
P J(H-H) = 77, ‘J(H- H)—18 H, of C;H,N), 8.61
(dd, 1H, *J(H-H) = 4.8, “J(H- H)—18 Hy of
C,H,N); "C NMR (CDCL,): 8 15.8 (t, 3J(C-P) =
and60 CH,CH,0, ,.,8) 643(t 2J(C-P) =618 and
7.1, CH, CH. ,0, MB) 77.4 (ddd, *J(C-F) = 27.1 and
227, J(C P) = 4.6, HF,C-CH), 119.0 (td, ' J(C-F) =
2482, J(C-P) = 5.6, HF2C) 122.7 (s, Cy of C;H,N),
124.2 (s, Cy of CsH,N), 137.2 (s C, of Cj ‘H N)
149.4 (s, Cy of Cj H N) 153.0 (d, *J(C-P) = 28 Cy
of C;H N)

m/Z (EI) 295 (M™, 31%), 275 (45), 250 (52), 227
(82).

4.8.8. Diethyl (I'-difluoromethyl)cyclohexylphosphate
(10a)

P NMR (CDCLy): 5 =75 (s); F NMR (CDCI ):
8 —133.9 (d, J(F H) = 57.1, HF,CCOP); HNMR
(CDCL,): & 118 (m, 1H, COH(CH CH,),CH,H,,),
132(t 6H, *J(H-H) = 7.1, CHCH ,0), 162(m+d
7H, *J(H-H) =63, COH(CH H, CH)CH H,),
2.09 (d,.. 2H, YJ(H - H) 10.3,
COH(CH,, H,,CH,),CH, ). 4.10 (p, 4H., *J(H-H) ="
J(H-P) = 71 CH,CH,0), 6.12 (t, 1H, ‘J(H F) =
56.2, HE,C); “C NMR (CDCL,): 8 16.3 (d, *J(C-P)
=75, CH ,CH,0), 20.8 (s, COH(CH CH,), CH )
25.3 (s, COH(CH CH,),CH,), 29.1 (t J(C F)
COH(CH,CH, )CH ) 64.2 (d, J(C P) =
CH,CH, 0) 835 (td, *J(C-F) =22.7, *J(C-P) = 7.5,
HFEC CH), 115.3 (t, 'J(C-F) = 247.3, HF,C).

m/z (CI +ve) 287 (M + H*, 100%).

4.8.9. 1,1-Difluoro 2-(4'-dimethylamino)phenyl ethene
issued from 7h

"H NMR (CDCI) 5 2.98 (s, 6H, N(CH,),), 5.20
(dd, 1H, *J(H-F,,,.) = 269, J(H- Fm) = 4.0,
F,C=CH), 6.72 (d, 2H, ‘J(H-H)=88, H,,, of
C.H,), 7.24 (d, 2H, *J(H-H) = 88, H,,,,, of C,H,).
m/z (ED) 183 (M™, 100%), 167 (44).
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4.8.10. (1-Difluoromethylene-1,2,3,4-tetrahydro)naph-
thyl issued from 8c

'"H NMR (CDCl,): 8 1.92 (pd, 2H, *J(H-H) = 6.3,
J(H-F) = 1.6, Hy), 2.55 (m, 2H, H,), 2.87 (t, 2H,
*JH-H) =63, H,), 7.15 (m, 3H, Hs ¢ .4 1), 7.65
(dyypger 1H, *J(H-F) = 6.3, Hy); °C NMR (CDCL,): §
24.0 (s, Cy), 305 (s, Cp), 311 (s, C,), 89.0 (dd,
*J(C-F) =22.4 and 10.0, C)), 126.9 (s, C;), 127.3 (s,
C,), 1279 (d, ‘N(C-F) =139, C,), 129.7 (s, Cs and
C,), 1382 (d, *J(C-F) = 4.0, C,), 153.6 (dd, ' J(C-F)
=294.7 and 285.2, CF,).

m/z (ED) 180 (M*, 35), 147 (70), 129 (100).
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