
Alcohols 2 and 318 (X = OH) were prepared from the acetates 
(see above) or directly from acetoxymercuration following the 
standard p r o c e d ~ e ' ~  in 55% yeld; the alcohols (3:2 = 5050)  were 
separated on a alumina (neutral) column (200 cm/3 cm, with 
dichloromethane): lH NMR [2, X = OH] 0.97 (2 Me), 4.13 ppm, 
[3, X = OH] 0.90, 0.97 (Me), 3.63 ppm. 
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Introduction 
The alkyl methylphosphonofluoridates are an important 

class of highly toxic compounds. In order to minimize the 
safety hazards associated with preparing these esters, 
simple high yield syntheses are highly desirable. The 
method that is usually employed to prepare these com- 
pounds involves the reaction of an alcohol with methyl- 
phosphonic difluoride (1) in the presence of an H F  ac- 
ceptor such as an alkyl amine.l Another reaction that is 
sometimes used to prepare the alkyl methylphosphono- 
fluoridates involves the controlled addition of an alcohol 
to an equimolar mixture of 1 and methylphosphonic di- 
chloride dissolved in refluxing methylene chloride.2 Both 
of these methods suffer from the necessity of controlling 
the addition of the alcohol in order to moderate the heat 
from the reaction and from the workup procedures that 
are necessary to obtain pure products that  are free from 
a solvent or an ammonium fluoride salt. 

In the chemistry of organosilicon compounds, the re- 
actions in which Si-F bonds are formed are usually highly 
exothermic. In reactions in which silicon tetrafluoride is 
formed, the Si-F bond energy3 of 160 kcal/mol provides 
the driving force for these reactions. In view of the affinity 
of silicon for fluorine, and the lability of the fluorine atoms 
of 1, it seemed logical to investigate the potential reactivity 
of alkoxy-substituted silanes with 1. It seemed reasonable 
to suppose that a ligand exchange reaction with P-F 
systems might occur by a simple redistribution mechanism. 

Results and Discussion 
We found that 1 reacts with the tetraalkoxysilanes 2a-c 

to give the alkyl methyphosphonofluoridates 3a-c together 
with the dialkyl methylphosphonates 4a-c and silicon 
tetrafluoride (eq 1). The difluoride 1 also undergoes an 
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II 

0 
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MePF2 + Si(OR)4 - MePOR + MeP(OR), + SiF4 

2a,  R=Me I 4a. R=Me ( 1 )  
b. R=Et F 

b. R=Et  
c .  R= / - P r  

1 
b ,  R = E t  
C ,  R = / - P r  3a, R = M ~  

(1) Perera, J. New. Sci. 11 April 1985, Apr 11, 10-11. 
(2) Bryant, P. J. R.; Ford-Moore, A. H.; Perry, B. J.; Wardrop, A. W. 

(3) Walsh, R. Acc. Chem. Res.  1981, 14, 246. 
H.; Watkins, T. F. J .  Chem. SOC. 1960, 1553. 

Table I. Reactions of 1 with the Alkoxvsilanes 
alkoxysilane ration reactn time products (X yield)* 
2a 1:3 15 min 3a (79), 4a (19)' 
2a 
2 a + 7 + 8  
2a + H20e 
2b 
2c 
2~ + H208 
2c + H20h 

5 
6 

1:l 20 h 
1:ld 4 min 
1:4 15 s 
1:4 1.5 h 
1:4 48 
1:4 15 s 
1:4 4 min 
1:3 10 min 
1:l 5 days 

4a (>95) 
3s (801, 1 (20) 
3a (92), 4a (6) 
3b (81)f 
3c ( 8 5 )  
10 (90) 
3c (601, 10 (191, 1 (20) 
3a (go), 4a (101, 1 (10) 
3a (86), 4a (5) 
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(I Molar ratio of alkoxysilane to 1. *Product yields by 'H NMR. 
'Product yield by 31P NMR. dEquimolar ratio of total methoxy 
groups to 1. eEquimolar ratio of H20 and 2a. 'Isolated yield after 
distillation. gEquimolar ratio of H20 and 1. hEquimolar ratio of 
H 2 0  and 2c. 

exchange reaction with trimethoxysilane ( 5 )  as well as with 
trimethylmethoxysilane (6) when a catalytic amount of a 
KF-saturated acetonitrile solution containing 1% (w/v) 
18-crown-6 is employed. In order to further explore the 
reaction between 1 and 2a, the synthesis of the fluorinated 
methoxysilane intermediates was attempted. A mixture 
consisting of 20% 2a, 56% trimethoxyfluorosilane (71, and 
23 % dimethoxydifluorosilane (8) was obtained upon 
treating 2a with antimony trifluoride. Trifluorometh- 
oxysilane should also have been formed, but it reportedly4 
disproportionates to give 2a and silicon tetrafluoride. 
From these experiments (Table I) it is evident that the 
fluorinated methoxysilanes are more reactive toward the 
exchange reaction with 1 than is 2a. 

As part of our attempts to determine the mechanism of 
this reaction, a number of potential catalysts ware scre- 
ened. Among the reagents tested for catalytic activity were 
potassium fluoride/ 18-crown-6, pyridine-HF, boron tri- 
fluoride etherate, triethylamine, and methanol. In these 
trials a 4:l molar ratio of 1 to 2a was employed, because 
the end of the reaction could be visualized by the emission 
of SiF,. In all cases, instead of increasing the rate of 
reaction, the presence of the potential catalysts delayed 
the emission of SiF, (end of reaction) from 15-20 min 
(absence of added catalyst) to 25-40 min. In these ex- 
periments it was noted that a rise in the reaction tem- 
perature to 55-65 "C occurs simultaneously with the 
emission of SiF,. The presence of water, however, causes 
a marked acceleration in the rate of the reaction. A pos- 
sible mechanism that would account for these results is 
suggested in eq 2-4. 

Si(OMe)4 + H20 - (Me0)aSiOH + MeOH ( 2 )  

2a 9 

0 0 
I I  I I  

I 
Me-P-F2 + MeOH - Me-P-OMe + HF (3 )  

1 F 

3 a  

(Me0)sSiOH + HF - (Me0)sSiF + H 2 0  ( 4 )  

9 7 

In this mechanism, methanol is produced by the hy- 
drolysis of 2a (eq 2) and reacts with 1 to give 3a and HF 
(eq 3). The H F  dehydrates trimethoxysilanol (9) that is 
formed in eq 2, resulting in the regeneration of H,O and 
the formation of 7 (eq 4). The fluorosilane 7 then reacts 
with water and continues this cycle until SiF4 is formed. 

(4) Noskov, V. G.; Kalinina, L. N.; Englin, M. A. Zh. Obshch. Khim. 
1972, 42, 2028. 
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The diester 4b has been reported5 to result from the 
reaction of 1 with l-ethoxysilatrane. It is likely that the 
pentacoordinate silicon atom enhances the reactivity of the 
ethoxy group toward the exchange reaction with 1 and with 
3b because the formation of 3b was not r e p ~ r t e d . ~  In our 
systems, the uncatalyzed reactions of the three tetraal- 
koxysilanes 2a-c with 1 proceed at  different rates. Tet- 
ramethoxysilane (2a) is the most reactive toward 1, 
whereas tetraisopropoxysilane (212) is the least reactive. 
Steric interactions, which develop in the transition state 
leading to the alkyl phosphonofluoridate products, can be 
invoked to explain the observed order of relative reactivity. 

Experimental Section 
General Procedures. 'H NMR spectra were obtained on a 

Varian EM-360A spectrometer, generally with carbon tetrachloride 
as the solvent, with tetramethylsilane as an external standard. 
31P and '9 spectra were recorded on a Varian FT-BOA or Varian 
XL-200 spectrometer using neat liquid samples. A positive 
chemical shift value (6, ppm) is taken downfield from 85% 
phosphoric acid as an external reference for the 31P NMR spectra 
and downfield from CFC13 for the '9 spectra. Tetramethoxysilane 
(2a), trimethoxysilane ( 5 ) ,  trimethylmethoxysilane (6), and tet- 
raethoxysilane (2b) were used as received from Petrarch. Me- 
thylphosphonic difluoride ( 1)6 was distilled from dicyclohexyl- 
carbodiimide prior to use. Tetraisopropoxysilane (2c) was pre- 
pared by Regis Chemical Company7 according to the method of 
Sumrell and Ham.* 

Fluorinated Methoxy Silanes (7 and 8). The mixture of 
7 and 8 was prepared as described by N o ~ k o v . ~  Analysis of the 
crude distillate by 'H and '9 NMR revealed that the composition 
of the product mixture was 20% 2a, 56% 7, and 23% 8. '9 NMR: 

'H NMR: 6 3.38 (s, 2a), 3.46 (s, 7), 3.56 (s, 8). 
Reactions of Methylphosphonic Difluoride with the 

Alkoxy-Substituted Silanes. General Procedures. W A R N -  
ING!  T h e  alkyl  phosphonofluoridates are highly toxic acetyl- 
cholineesterase inhibitors; trained medical personnel should be 
available and the  proper safety procedures should be followed 
while synthesizing or performing other experiments wi th  these 
 compound^.^ It is recommended that the water catalysis of these 
reactions not be attempted and that the reaction flask never be 
filled above half-full in order to ensure the retention of the alkyl 
methylphosphonofluoridate product in the reaction flask during 
the emission of silicon tetrafluoride. These reactions were con- 
ducted by using 1 to 2 g (10-20 mmol) of 1. The neat reaction 
mixtures were stirred for the times specified (Table I) in flasks 
fitted with calcium sdfate drying tubes. Reactions were monitored 
by 'H NMR analysis of a small aliquot of the reaction mixture 
dissolved in carbon tetrachloride. In some cases, the reaction 
temperature was measured with a thermocouple inserted into a 
septum-fitted two-necked flask. At the end of the reactions, the 
product composition was determined by 'H or 31P NMR analysis. 
The results are summarized in Table I. 

Methyl Methylphosphonofluoridate (3a). 31P NMR 6 33.4 

6 -157.05 (d, Js i -F  = 196 Hz, 61, -158.15 (d, JSi-F = 196 Hz, 7). 

(d, J = 1039 Hz). 
CH,-P, '5F-H = 6.0 Hz), 3.80 (d, J p - H  = 11.8 Hz, CHSOP). 

NMR 6 1.37 (d, J = 17.8 Hz, 3 H, CH,-P), 3.67 (d, J = 10.9 Hz, 
6 H, CH3OP). 

1.25 (d, J = 6.1 Hz, 6 H, OCH(CH3)2), 1.45 (dd, JP-H = 18.3 Hz, 

'H NMR: 6 1.55 (dd, Jp-H = 18.4 Hz, 3 H, 

Dimethyl Methylphosphonate (5). 31P NMR: 6 37.8 'H 

Isopropyl Methylphosphonofluoridate (11) .  'H NMR 6 

3 H, CH3-P, 'JF-H = 5.5 Hz), 4.4-5.1 (m, 1 H, OCH(CH,),). 
Methylphosphonofluoridic Acid (13). 'H NMR 6 1.49 (dd, 

Jp-H = 18.8 Hz, 3 H, CH,-P, 'JF-H = 6.0 Hz), 9.75 (s, 1 H, P-OH). 

(5) Voronkov, M. G.; Dyakov, V. M.; Kirpichenko, S. V. J.  Organomet. 
Chem. 1982, 233, 1. 

(6) This compound was obtained from the Chemical Process Labora- 
tory, CRDEC. It is now commercially available from Alpha Chemicals, 
Danvers, MA. 

(7) Prepared under Synthesis Contract #DAAKll-82-C-0101. 
(8) Sumrell, G.; Ham, G. E. J. Am. Chem. SOC. 1956, 78, 5573. 
(9) Poziomek, E. J. Concepts Toricol.  1984, 1 ,  243. 

Ethyl Methylphosphonofluoridate (2b). A preparative scale 
synthesis of this compound was performed by employing 14.5 g 
(69 mmol) of silane 2b and 27.2 g (272 mmol) of 1. The tem- 
perature of the reaction mixture rose gradually from room tem- 
perature to 33 "C over a period of 50 min. During the next 5-6 
min the reaction temperature rose to 70 "C as the solution 
darkened and SiF4 was emitted. The resulting product was pu- 
rified by vacuum distillation (bp 53-54 "C/l2 mm) to afford 27.9 
g (81%) of 3b. The product was 97.4% pure by 31P NMR and 
contained 2.1% of unreacted 1. ,'P NMR: 6 31.2 (d, J = 1038 
Hz). 'H NMR: 6 1.39 (t. J = 6.9 Hz. 3 H. OCHXH,). 1.54 (dd. . ,  
Jp, = 18.5 Hz, 3 H, CH3-P, *JF-H 2 5.8Hz), i.8-i:5 (m, 2 HI 
OCHZCH,). 
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Functionalization of chloromethylated polystyrene 
(Merrifield resin) is an important process in the synthesis 
of polymer-supported reagents or catalysts.' As pointed 
out recently by Frechet et al.? organometallic substituents 
on the polymer are ideal reagents for C-C bond formation. 
They were able to prepare an insoluble Grignard reagent 
directly from Merrifield resin by reaction with magnesi- 
um-anthracene/THF. However, they remark in their 
paper that the lithiated derivative of chloromethylated 
polystyrene "has never been prepared successfully", in 
contrast to polystyrene lithiated on the phenyl ring, which 
is readily available from the aryl bromide.2 We now report 
that  both the lithium and potassium derivatives can be 
prepared quantitatively from chloromethylated poly- 
styrene by a simple two-step procedure. 

(1) Pittman, C. U., Jr. In Comprehensiue Organometallic Chemistry; 
Wilkinson, G., Stone, F. G. A., Abel, E. W., Eds.; Pergamon: Oxford, 
1982; Vol. 8, p 553 and literature cited therein. Bergbreiter, D. E.; Chen, 
B.; Lynch, T. J. J .  Org. Chem. 1983,48,4179. Chang, B.-H.; Grubbs, R. 
H.; Brubaker, C. H. J. Organomet. Chem. 1979, 172, 81. Jones, R. A.; 
Seeberger, M. H. J. Chem. SOC., Chem. Commun. 1985,373. Darling, G. 
D.; Frgchet, J. M. J. J. Org. Chem. 1986,51, 2270 and references therein. 
Cohen, B. J.; Kraus, M. A.; Patschornik, A. J .  Am. Chem. SOC. 1981,103, 
7620. Bergbreiter, D. E.; Blanton, J. R.; Chen, B. J. J .  Org. Chem. 1983, 
48, 5366. Farall, M. J.; FrBchet, J. M. J. J .  Org. Chem. 1976, 41, 3877. 
Weinshenker, N. M.; Crosby, G. A,; Wong, J .  Y. J .  Org. Chem. 1975, 40, 
1966. Hagen, A. J.; Farall, M. J.; Frgchet, J. M. J. Polym. Bull .  (Berlin) 
1981,5,111. Grubbs, R. H.; Su, S.-C. H. J .  Organomet. Chem. 1976,122, 
151. 

(2) Itsuno, S.; Darling, G. D.; Stijver, H. D. H.; Frechet, J. M. J. J .  Org. 
Chem. 1987, 52, 4644 and references therein. 
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