
1936 J. Org. Chem. 1982,47, 1936-1939 
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Stereospecific Synthesis of (R )-( + )-Isopropyl Methyl Methylphosphonite' 
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A new route for the stereospecific conversion of PIv to Pnl organophosphorus compounds haa been developed 
from the reaction of methyl trifluoromethanesulfonate with a chiral resolved organophosphinate ester. Thus, 
(R)-(+)-isopropyl methylphosphinate (1) waa alkylated in ita preferred tetracovalent form to give a phosphonium 
salt (2), which yielded (R)-(+)-isopropyl methylphosphonite (3) on treatment with an ether or benzene solution 
of a tertiary amine. The neat product was stereochemically labile at ambient temperature but was relatively 
stable in benzene solution. It was converted on treatment with sulfur into (S)-(-)-isopropyl methyl methyl- 
phosphonothionate (4). All of the stated reactions take place with retention of configuration and appear to be 
highly, if not completely, stereospecific. 

Methyl trifluoromethanesulfonate (methyl triflate) is a 
powerful alkylating agent, which methylates tetracovalent 
p=O, P-S, and P=Se systems a t  the oxygen, sulfur, and 
selenium atoms, respectively.2J However, ita reaction with 
phosphinylidene  compound^,^ that is, analogues which 
contain a hydrogen substituent, such as phosphinate RO- 
(R)P(O)H, phosphonate (R0)2P(0)H,  or secondary 
phosphine oxide R2P(0)H species, appears not to have 
been reported. 

We have studied the reaction of methyl triflate with 
phosphinate esters and find it is applicable to a new ste- 
reospecific synthesis of trivalent organophosphorus esters. 
The stereochemistry of trivalent organophosphorus com- 
pounds is currently being intensively studied,3p5 and re- 
cently the stereospecific conversion of a resolved PIv 
species into an optically active phosphinite ester 
(R,R,POR) was p u h l i ~ h e d . ~ ~  Optically active alkyl- 
phosphonites (e.g., 31, however, have not been reported, 
although a (-)-0-trimethylsilyl analogue is known.6 

Isopropyl methylphosphinate (1) reacted exothermically 
with methyl triflate at ambient temperatures, almost ex- 
clusively (if not solely, see below) in ita preferred tetra- 
covalent form (Scheme I), to produce a phosphonium salt 
(2), which gave isopropyl methyl methylphosphonite (3) 
when added to a benzene/triethylamine solution a t  -20 
"C. After warming to room temperature, the product was 
obtained as a benzene/TEA solution, which separated 
from a heavier liquid layer that mainly consisted of amine 
salt byproducta in benzene/TEA. A study of the reaction 
under varying conditions revealed no advantage in using 
a solvent in the first step or a hindered amine such as 
1,2,2,6,6-pentamethylpiperidine in place of TEA to pre- 
clude possible alkylation of the amine by 2 in the second 
step of the synthesis. For isolation of the neat product, 
however, a more volatile solvent/amine combination 
(ether/ trimethylamine) seemed preferable for the second 

(1) Presented in part at the International Conference on Phosphorus 
Chemistry, Durham, NC, June 1981, as reported in 'Phoephorua Chem- 
istry, Proceedings of the 1981 International Conference", Quin, L. D., 
Verkade, J. G. Ede., American Chemical Society: Washington, DC, 1981; 
ACS Symp. Ser. 171, p 557. 

(2) Colle, K. S.; Lewis, E. S. J. Org. Chem. 1978, 43, 571. 
(3) (a) Omelanczuk, J.; Mikolajczyk, M. J. Am. Chem. SOC. 1979,101, 

7292. (b) Omelanczuk, J.; Perlikowska, W.; Mikolajczyk, M. J.  Chem. 
SOC., Chem. Commun. 1980, 24. 

(4) Nifant'ev, E. E. Russs. Chem. Reo. 1978, 47, 1565. 
(5) (a) Mikolajczyk, M.; Omelanczuk, J.; Perlikowaka, W. Tetrahedron 

1979,35,1531. (b) Mikolajczyk, M. Pure Appl. Chem. 1980,52,959. (c) 
Verkade, J. G .  Ibid. 1980,52, 1131. (d) Homer, L. Ibid., 1980,52, 843. 
(e) Homer, L.; Jordan, M. Phosphorus Sulfur 1980,8,221. (0 Horner, 
L.; Jordan, M. Ibid. 1980,8, 225. (9) Horner, L.; Jordan, M. Ibid. 1980, 
8, 235. 

(6) Van den Berg, G. R.; Platenburg, D. H. J. M.; Benschop, H. B. J .  
Chem. SOC., Chem. Commun. 1971, 606. 
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Table I. Distribution of F'roducts from Reaction of 
(R)-( + )-Isopropyl Methylphosphinate (1) 

with Methyl Triflate" 

top layer bottom layer total 
product mol mol pro- 
species %b 6 %b 6 ductb 

(R)-(+)-3 60 176.6 9 175.9 69 

( R y  +) - I  3 26.7 15  33.4 18  

PIVimpuritye <1 46.0 8 53.4 8 

to original starting material (1) taken. Observed in a 
molar ratio of 1/1/3, assigned as MeP( OMe), , MeP( 0Me)- 
(OEt) ,  and MeP(0-i-E), at 6 183.0, 180.0, and 173.0, 
respectively. Assigned as Me( H)P( 0)OMe. e Assigned 
as Me,P(O)O-i-Pr. 

step, since 3 was not readily separated by distillation from 
benzene/TEA. 

When the reaction was run on (R)-(+)-17 (25% enan- 
tiomorphic excess), a 60 mol% yield of (R)-(+)-3 was ob- 
tained as a benzene/TEA solution, 90 mol % pure with 
respect to its organophosphorus content. The total 
product composition and 31P NMR chemical shift data are 
given in Table I. From the IH and 31P NMR analyses a 
weight percent yield of each component was assigned (see 
Experimental Section), and from the observed rotation a 
value of [a]26D +67.7" was calculated for the specific ro- 
tation of the (R)-(+)-3, if optically pure starting material 
had been used. 

other PIn 3c <1  3 

PI impurityd o 2 39.3 2 

a After addition to benzene/triethylamine. Relative 

(7) Reiff, L. P.; Aaron, H. S. J.  Am. Chem. SOC. 1970,92,5275. The 
designation of the R configuration for (+)-l is a correction of the earlier 
assignment, due to subsequent results? 
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The NMR results (Table I) reveal that some dialkyl- 
phosphinate, assigned as Me2P(0)O-i-Pr, was present in 
the bottom layer of the reaction product. I t  is uncertain 
whether this species was formed by direct alkylation of the 
trivalent tautomer of 1 or by some other mechanism, e.g., 
alkylation of the product (3) formed during the neutrali- 
zation step and/or via a proton-transfer mechanism dis- 
cussed below, as depicted in Scheme 11. Thus, it  is un- 
certain whether the starting material (1) is exclusively 
alkylated in its tetracovalent form or whether a small 
amount also reacts as the trivalent tautomer. 

As summarized in Table I, the desired P" product was 
found to contain small  amounts of other Pm contaminanta, 
assigned (NMR) as the two bis esters MeP(OMe)2 (7) and 
MeP(O-i-Pr), (8), plus (in this case) the extraneous MeP- 
(OMe)(OEt) (9). The latter is believed to have formed 
from a little ethyl methylphosphinate contaminant in the 
starting material (l), apparently formed by ester inter- 
change between 1 and traces of ethanol still present on the 
h e y  nickel catalyst used for its synthesis (from 5), even 
after the catalyst had been washed with isopropyl alcohol. 
This contaminant was eliminated in later runs by directly 
washing and storing the catalyst with isopropyl alcohol. 

It was not poeaible, however, to eliminate completely bis 
ester contamination (7 and 8) from the desired product, 
since these are not only formed by thermal dispropor- 
tionation of 3 but were already observed (in their pro- 
tonated form) when the phosphonium salt (2) was first 
examined by NMR. When the latter was left to stand a t  
room temperature for several hours, a decrease in the 
concentration of 2 was observed, accompanied by an in- 
crease in the percentage of (protonated) 7 and 8 (in une- 
qual amounts, however,) together with other products. 

OCH3 OCH3 0-i-Pr 

I f  I t  I C  

I I 
2Me-P-H ZZ Me-P-H + Me-P-H 

I 
O T P I  OC H3 0-1-Pr 

2 7-H' 8-H' 

Although depicted here as a simple ligand exchange, the 
mechanism of the actual process is unknown. The ob- 
served rate of decomposition of 2 would appear to be too 

7-H' L -I 

slow, however, to account for the amount of 7-H+ and &H+ 
initially observed. We suggest, therefore, that the for- 
mation of the various byproduch observed in this reaction 
may be explained, at  least in part, by a series of reactions 
that are summarized in Scheme 11. That is, as the phos- 
phonium salt (2) concentration begins to build up in the 
reaction mixture, it  should compete with methyl triflate 
and react with the starting material (l), presumably via 
two possible pathways: proton transfer and alkylation. On 
proton transfer, a mixture of 1-H+ and 3 would be ob- 
tained. However, the latter would be rapidly alkylated by 
methyl triflate to give a phosphonium salt, which would 
be converted into an alkyl dimethylphosphinate after 
treatment with base. The l-H+, on the other hand, would 
be recovered as starting material after the neutralization 
step. This scheme would account for the fact that un- 
reacted starting material is always observed in the reaction 
product, even when an excess of methyl triflate is taken. 
An alkylation reaction (i-Pr group transfer between 1 and 
2, on the other hand, would account for the observed 
formation of the two protonated bis esters (before neu- 
tralization), as depicted in the scheme. For Me group 
transfer, of course, no apparent reaction would be ob- 
served, since the two reactants would merely be inter- 
converted. Moreover, this postulated alkylation reaction 
would also account for the formation of the (assigned) 
methyl methylphosphinate, since a proton transfer (from 
1-H+, for example) would preserve some of this interme- 
diate until the neutralization step. This scheme was tested 
in the case of the ethyl methylphosphinate system, by 
adding the phosphinate to the methyl triflate and com- 
paring (NMR) the resulting neat liquid phosphonium salt 
to that obtained by the reversed addition. Consistent with 
the postulated scheme, 2.5 mol % of each of the two 
protonated bis esters was observed in the former experi- 
ment, compared to 10 mol % in the latter. Unexpectedly, 
however, little difference in the amount of protonated 
starting material and dialkyl phosphonium intermediate 
[Me(Et)P(OEt)(OMe)]+ was observed from either order 
of addition. 

To determine the best conditions for isolation of the neat 
product, we studied a variety of solvent/amine combina- 
tions with racemic 1, before proceding with resolved 
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reagent. Thus, while benzene/TEA seemed to suppress 
the bis ester formation in comparison to ether/TMA, the 
product was not readily separated from the solvent/amine, 
even after distillation through a short packed column. 
Since the more volatile ether/TMA combination appeared 
to give the highest recovery of 3, this procedure was fol- 
lowed with optically active 1 (20% ee). In this case, 
however, only a 27.5% yield of neat (R)-(+)-3 was obtained 
after two distillations, 88 mol % pure by 31P NMR, and 
considerably racemized in comparison to the product ob- 
tained in benzene/TEA solution (above). The optical 
rotation of this neat product was observed to decrease by 
20% during 80 min a t  27'. By comparison, that of the 
benzene/TEA solution, further diluted with benzene, de- 
creased by only 14% during 70 h at  ambient temperature. 
However, these data are not necessarily an accurate 
measure of the true optical stability of neat 3, compared 
to that in benzene solution, since some disproportionation 
and hydrolysis products were also observed in both sam- 
ples. Recent literature has suggested9 that acidic impur- 
ities in trialkyl phosphites (hence, presumably, also 3) 
catalyze disproportionation reactions. Since these im- 
purities even include such weak acids as the dialkyl 
phosphonates, it is possible that the rate of dispropor- 
tionation of 3 will differ for each sample, depending upon 
the amount of impurities or trace water that may be 
present. This suggestion was made to explain the results 
obtained in an earlier study of dialkyl alkylphosphonite 
disproportionation.'O Attempts to stabilize the neat 
product by storing it over metallic sodium, as suggested: 
actually resulted in a marked increase in the rate of rac- 
emization, possibly due to formation of alkoxide or hy- 
droxide ions. 

In the above-mentioned isolation experiments of neat 
3 from racemic 1, varying amounts of the bis esters 7 and 
8 were observed as impurities in the distilled product. This 
result suggests that a redistribution reaction had taken 
place. To test this conclusion, we maintained a sample of 
neat racemic 3 a t  80 "C for 10 h and examined it period- 
ically by 31P NMR. A disproportionation into 7 and 8 was 
indeed observed, according to an apparent first-order 
rate,'l with a calculated half-life of 17 h. 

Because of the chemical reactivity and stereochemical 
lability of optically active 3, for stereochemical studies the 
product is best used directly in solution as obtained and 
not isolated as the neat material. Thus, excess sulfur was 
added directly to a portion of (+)-3 in benzene/TEA, and 
(S)-(-)-isopropyl methyl methylphosphonothioate (4) was 
obtained. The distilled product, 92% pure by NMR, had 
an observed rotation (neat) of -0.384", which corresponds 
to -1.55", if optically pure starting material had been used. 
This result may be compared to a literature value of +1.50° 
for (+)-4, obtained (presumably with high if not complete 
stereospecificity) from the reaction of sodium methoxide 
with optically pure (+)-isopropyl methylphosphono- 
thionochloridate (6).12 Thus, the conversion of (+)-1 into 
(+)-3 appears to be highly, if not completely, stereospecific, 
consistent with the assigned retention of configuration 
based upon the chemistry of the reaction, the known steric 
course of the sulfur addition reaction,13 and the kn0wn7J2J4 

(8) Denohue, J.; Mandel, N.; Farnham, W. B.; Murray, R. K.; Mislow, 

(9) Al'fonsov, V. A.; Girfanova, Y. U. N.; Zamaletinova, G. U.; Batyeva, 

(10) Hoffman, F. W.; Roth, R. G.; Simmons, T. C. J. Am. Chem. SOC. 

(11) Van Wazer, J. R. Ann. New York Acad. Sci. 1969, 159 Art. 1, 5. 
(12) Mikolajnyk, M.; Omelanczk, J.; Para, M. Tetrahedron 1972,223, 

K.; Benechop, H. P. J. Am. Chem SOC. 1971,93, 3792. 

E. S.; Pudovik, A. N. Dokl. Akad. Nauk. SSSR 1980,251, 105. 

1968,80,5937. 

3855. 

(corrected8) relationship among R-(+)-l, (S)-(-)-5, (R)- 
(-)-6, and S-(-)-4, as summarized in Scheme I. 

While studied only with phosphinate systems in our 
laboratory, the reaction is presumably also applicable to 
phosphonate and secondary phosphine oxide species. 
Preliminary experiments indicate that phosphinothionates 
[R(RO)P(S)H] also react in an analogous manner, and 
these results will be reported a t  a future date. I t  is per- 
tinent to report, however, that the treatment of ethyl 
methylphosphinate with methyl fluorosulfate ("Magic 
Methyl"), another powerful alkylating agent, reputedly 
comparable in strength to methyl triflate, did not produce 
any PIIr species under the same conditions. In this case, 
a mixture of the highly toxic methyl and ethyl methyl- 
phosphonofluoridates [RO(Me)P(O)F] were obtained as 
the major products, together with other PIv species. This 
result is of interest in view of the earlier repor@ that no 
examples were known in which methyl fluorosulfate re- 
acted as a fluorinating agent. 

Experimental Section 
The synthesis and reactions of trivalent phosphorus species 

were all carried out in a dry, nitrogen atmosphere. Optical ro- 
tations were recorded on a Perkin-Elmer 141 autopolarimeter. 

NMR Spectral Analyses. The 31P nuclear magnetic reso- 
nance (NMR) spectra were recorded with a Varian FT-BOA 
multinuclear Fourier-transform NMR spectrometer operating at 
32.2 MHz in the external mode. Spectra were obtained at probe 
temperature (-31 "C), and phosphoric acid (85%) was used as 
the external reference. The chemical shift (6) values reported 
are accurate to f0.2 ppm and the coupling constants (J values) 
to *l%; a positive chemical shift indicates the resonance is 
downfield with respect to the phosphoric acid reference. For each 
sample analyzed, 200-300 transients were accumulated, using a 
pulse width of 8 ~.ls (-34 "), a sweep width of 8000 Hz, a filter 
bandwidth of 8000 Hz, an acquisition time of 0.5 s, and a pulse 
delay of 2.5 8. In addition, gated decoupling was used to eliminate 
any nuclear Overhauser effects (NOE). Quantitative data were 
obtained by digital integration of the peak areas; corrections were 
made on all peaks attenuated by the audiofilter. 

The 'H NMR studies were carried out at 60 MHz, using a 
Varian A-6OD NMR spectrometer. Spectra were recorded at probe 
temperature (-31 "C), and quantitative data were obtained by 
electronic integration of the sample. Since all species present could 
be identified and observed by NMR, the mole frqctions deter- 
mined from the 'H and 31P spectra, together with the molecular 
weights of each species, the weight of the sample, and the weight 
of the starting material, could be used to calculate the total percent 
reaction and the weight percent yield of each component. 

Raney Nickel. For the synthesis of (R)-(+)-l, as reported in 
Table I, the catalyst was prepared as described in the literature.16 
In subsequent runs, however, a fresh batch of catalyst was pre- 
pared in which isopropyl alcohol was used in place of ethanol both 
to wash and store the catalyst. 
(R)-( +)-Isopropyl Methylphosphinate (1): The Raney 

nickel catalyst, prepared and stored under ethanol, was washed 
with and stored under isopropyl alcohol, 24 h before it was used 
in the following experiment. To 26 g of an isopropyl alcohol slurry 
of Raney nickel in an additional 14 mL of dry isopropyl alcohol 
was added dropwise 3.01 g (0.0195 mol) of (S)-(-)-isopropyl 
methylphosphonothioic acidI7 (5, 49.8% ee). The mixture was 
then heated to reflux for 2 h, allowed to cool, and filtered through 

(13) Mikolajczyk, M. Chem. SOC., Chem. Commun. 1969, 1221. 
(14) (a) Michalski, J.; Mikolajayk, M. Tetrahedron 1966,22,3055. (b) 

Szafraniec, L. J.; Reiff, L. P.; Aaron, H. S. J.  Am. Chem. SOC. 1970, 92, 
6391. 

(15) Ahmed, M. G.; Alder, R. W.; James, G. H.; Sinnott, M. L.; 
Whiting, M. C. J. Chem. SOC., Chem. Commun. 1968, 1533. 

(16) Fieser, L. F.; Fieser, M. "Reagents for Organic Synthesis"; Wiley; 
New York, 1967; p 729. 

(17) (a) Aaron, H. S.; Braun, J.; Shryne, T. M.; Frack, H. F.; Smith, 
G. E.; Uyeda, R. T.; Miller, J. I. J. Am. Chem. SOC. 1960, 82, 596. (b) 
Boter, H. L.; Platenburg, D. H. J. M. Red.  Trau. Chim. Pays-Bas 1967, 
86, 399. 
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Celite on a coarse sintered-glass funnel. The filter cake was 
washed with about 12 mL of isopropyl alcohol. The filtrate and 
washinge were combined and concentrated at 50 mm to give 3.53 
g of a pale-yellow liquid. This liquid was dissolved in 10 mL of 
benzene, dried over MgSOI, fitered, and concentrated at 102 mm 
on a rotary evaporator to give 2.13 g of a yellow liquid. This liquid 
was flash distilled and then redistilled at 53 "C (5 mm) to give 
1.36 g (57%) of the desired product, 1 [.InD +16.06" (c 4.31, 
ethanol), which corresponds to +32.25", had optically pure 5 been 
used. Analysis of the product by 31P NMR revealed a purity of 
95 mol % (6 30.9, J = 542 Hz). The major impurity (3.4 mol %), 
assumed to be ethyl methylphosphinate on the basis of its 
chemical shift (6 33.6, J = 537 Hz), is apparently formed by 
transesterification of 1 with traces of ethanol still present on the 
h e y  nickel. The results of the 'H NMR analysis indicated 90.9 
mol % of the isopropyl methylphosphinate (I), 4.1 mol % iso- 
propyl alcohol, 0.3 mol % benzene, and 4.8 mol % impurities 
containing phosphorus. This product was then diluted with an 
equal weight of racemic 118 (98.3 mol % pure by 'H and 31P NMR) 
for use in the next step. 

(It)-( +)-Isopropyl Methyl Methylphosphonite (3) in 
Benzene Solution. To 4.08 g (0.0249 mol) of methyl trifluoro- 
methanesulfonate (Aldrich Chemical Co.) was added dropwise 
with stirring 2.51 g (0.0206 mol) of (R)-(+)-isopropyl methyl- 
phosphinate (l), [.InD +8.0lo (c 2.95, ethanol, 24.8% ee). The 
temperature was maintained below 40 OC by the rate of addition. 
(In another experiment, the reaction mixture was examined at 
this point by 31P NMR. The major signal (75 mol a), due to the 
phosphonium salt (2), was observed at 6 73.4 (J = 656 Hz). Also 
present were 3.6 mol % of 7-€I+ and 3.3 mol % of 8-H+ at 6 80.1 
(J = 659 Hz) and 6 65.8 (J 655 Hz), respectively.) After the 
addition, the resulting solution was added slowly to a stirred and 
cooled (-20 to -23 "C) solution of 6.00 g (0.0593 mol) of tri- 
ethylamine in 8 mL of dry benzene. The reaction mixture was 
then allowed to warm to ambient temperature, whereby two layers 
had formed. These were separated, and the weight (9.75 g) and 
volume (12.0 mL) of the top layer and the weight (8.44 g) of the 
bottom layer were noted. Samples of both layers were submitted 
to 'H and 31P NMR analysea; in addition, samples of the top layer 
were removed for optical rotation studies. On the basis of the 
combined NMR data, the total product distribution was calcu- 
lated, and the results are summarized in Table I. These data 
reveal that an overall total of 72% conversion of (+)-(l) to Pm 
species had been realized, even uncorrected for the starting 
material that was still present in the product. Of the Pm species, 
96% had been converted to the desired isopropyl methyl me- 
thylphosphonite (3), which was readily obtained in almost its 
entirety (i.e., 87% of the total formed) in the top layer, in about 
90% purity with respect to its organophosphorus content. The 
weight percent composition of the top layer was calculated to be 
as follows: benzene, 50.7%; triethylamine, 30.8%; isopropyl 
methyl methylphosphonite (3), 16.3%; dimethyl methyl- 
phosphonite (7), 0.2%; ethyl methyl methylphosphonite (9), 0.2%; 
diisopropyl methylphosphonite (8), 0.7%; isopropyl methyl- 
phosphinate (11, 0.7%; and alkyl dimethylphosphinate, 0.3%. 
From the above NMR data and an observed rotation of a benzene 
solution of the top layer (0.2 mL diluted to 1 mL with benzene, 
aoW +0.450°), a specific rotation [.Iz6D +16.8" (c 2.65, benzene 
with 6% TEA) was calculated for the (R)-(+)-isopropyl methyl 
methylphosphonite (3) present in this layer, correded for the 1% 
contribution to the rotation from the (+)-l starting material, still 
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(18) Petrov, K. A.; Bliznyuk, N. K.; Studnev, Yu. N.; Kolomiets, A. F. 
Zh. Obshch. Khim. 1961,31, 179. 

present. This result corresponds to [.]=D +67.7", if optically pure 
starting material had been used. The rotation of this solution 
was followed during an additional 70 h standing in the polarimeter 
tube at ambient temperature. At this point, a rotation of 0.386" 
was observed (14% decrease). 

Isolation of Neat (R)-( +)-Isopropyl Methyl Methyl- 
phosphinate (3). To 7.71 g (0.0470 mol) of methyl trifluoro- 
methanesulfonate was added dropwise with stirring 4.79 g (0.0392 
mol) of (R)-(+)-isopropyl methylphosphinate (1,20% ee). The 
temperature was maintained at or below 43 "C by the rate of 
addition. The resulting solution was then added slowly to a stirred 
and cooled (-30 to -40 "C) solution consisting of 40 mL of so- 
dium-dried ether and 7.51 g (0.127 mol) of trimethylamine, and 
a fine white precipitate immediately formed. The reaction mixture 
was stirred and allowed to warm to ambient temperature (26 "C), 
degassed over a 2.5-h period to remove the excess amine, and 
filtered through a coarse sintered glass funnel. The now sticky 
precipitate was washed 3 times with 1-mL portions of ether. The 
washings were combined with the filtrate and, after overnight 
storage in a freezer at -40 "C, concentrated on a rotary evaporator 
under reduced preasure (>160 mm) to give a colorless liquid. This 
liquid was degassed briefly and then distilled at 30 "C (3.25 mm) 
to give 2.64 g of a clear liquid, which was stored over the weekend 
in a freezer at -40 "C. After an analysis ('H NMR) of the liquid 
revealed the presence of 22 mol % ether, it was redistilled under 
reduced pressure to give 1.47 g (27.5%) of product, bp 35-38 "C 
(34 mm). Analysis by 31P NMR indicated the following mol % 
composition: 3, 6 177.4,88.0%; 7, 6 183.8,4.2%; 8,6 174.0, 5.3%; 
dimethyl methylphosphonate, 6 33.4, 0.3%; isopropyl methyl 
methylphosphonate, 6 32.6,0.2%; dikopropyl methylphosphonate, 
6 30.3, 1.5%; and 1,6 28.2,0.5%. The 'H NMR analysis of the 
product revealed only the additional impurity of 0.9 mol % ether. 
The observed rotation of the neat liquid when examined at 27" 
in a 1-dcm micropolarimeter tube, was +4.468". Corrected for 
the wt % content of 3 in the product and for the optical purity 
of the R-(+)-1 starting material, one calculates a value of +25.10° 
for the observed rotation of the (+)-3 product, if optically pure 
R-(+)-1 had been wed for the reaction. The rotation of the neat 
product, after standing for an additional 80 min in the polarimeter 
tube at ambient temperature, was observed to be +3.490° (22% 
decrease). 

(S)-(-)-Isopropyl Methylphosphonothionate (4). To the 
top product layer obtained as described above as (R)-(+)-3 in 
benzene solution, calculated to contain 1.54 g (0.0113 mol) of the 
product, was added, piecemeal, 0.66 g (0.0206 mol) of sulfur. An 
exothermic reaction resulted, with the gradual dissolution of most 
of the sulfur. The reaction mixture was stirred for 1 h at ambient 
temperature, allowed to stand overnight, and then filtered to 
remove excess sulfur. The filtrate was washed 3 times with about 
7-mL portions of water, then dried over MgS04, filtered, and 
concentrated to give 2.79 g of a brown liquid. This residue was 
degassed for 15 min at 30 "C (10 mm) and then distilled at 28 
"C (0.60 mm) to give 1.74 g of a colorless product: (S)-(-)-4, 6 
96.4,92.4 w t  % pure by 'H and 31P NMR, a26D -0.384' (neat), 
~ n ~ 0 ~ ~ t . d  for purity or possible contribution of any other species 
to this rotation. This result corresponds to a rotation of -1.55", 
if the (R)-(+)-3 starting material had been obtained from optically 
pure (@(+)-la 
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