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ABSTRACT 

Two 3-silanyl-propenylphosphonate esters (la, 1 b) 
were synthesized, and their deprotonation was at- 
tempted using RONdROH, RLdTHF: and LDNTHF 
systems. In the first two cases, the nucleophilic addi- 
tion was the predominant (or exclusive) reaction ob- 
served; deprotonation was achieved with LDA, as con- 
firmed by the reaction of the lithiated species with 
alkylating agents and with benzaldehyde. Chemical be- 
havior of substrates 1 does not parallel closely that of 
the parent silanyl or phosphoryl-substituted allylie sys- 
tems. 0 1996 John Wiley & Sons, Inc. 

INTRODUCTION 
Carbanions generated from allylphosphonates [ 11 or 
from allylsilanes [2] have been used for the prepa- 
ration of dienes and polyenes via olefination reac- 
tions with electrophiles like aldehydes or ketones 
[3,4]. From the regioselectivity point of view, the 
condensation reactions occur usually exclusively at 
the carbon a to a heteroatom; however, in cases of 
bulkier electrophiles, the isomeric y product may be- 
come favored (Scheme 1). 

Allylphosphonates can be easily deprotonated 
with alkyllithium bases. In reactions with alkyl ha- 
lides, electrophilic substitution takes place, in a ki- 
netically controlled process, at the a position. But, in 
cases of Me,SiCl as an electrophile, the y product was 
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SCHEME 1 

exclusively obtained [5], which indicates that steric 
effects play an important role in the regioselectivity 
of the substitution reactions. The success in the 
preparation of dienes via the Wittig-Horner reaction 
with lithiated allylphosphonates as substrates de- 
pends on the relative configuration of the two chiral 
centers in the diastereomeric aldehyde adducts [6]. 
In similar reactions of silanyl-stabilized carbanions, 
the regioselectivity depends more on the substitu- 
tion at silicon, and by changing those substituents, 
the a substitution can be changed into the y substi- 
tution [7]. In this work, we report on the behavior of 
two silanyl-propenylphosphonates; i.e., the allylic 
derivatives with the diethoxyphosphonyl and the tri- 
alkylsilyl substituents located at the 1,3-position of 
the allylic system. After lithiation, those substrates 
yield an allylic carbanion stabilized by two hetero- 
atoms, and the reactivity of such systems should be 
determined by the relative effects of phosphorus and 
silicon on the adjacent carbanionic center and on the 
incipient olefinic bond. 

RESULTS AND DISCUSSION 
The preparation of silanyl-propenylphosphates 
(la,b) was based on the reported [5] reaction of lith- 
iated allylphosphonate with Me,SiCl at - 78°C. 31P 
and 'H-NMR spectra of the crude reaction mixture 
showed the exclusive formation of the y-substituted 
product (Scheme 2). 

Both products 1 are formed exclusively as E ster- 
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eoisomers and can be separated from starting ma- 
terials by distillation (more effective for lb because 
of the bigger difference in the respective boiling 
points). It was noticed, however, that in some cases, 
particularly when the electrophile was added to the 
lithiated derivative at a faster rate, or when the dis- 
tillation of the product was carried out slowly, two 
additional products (2a,b or 3a,b) could be detected 
by 31P NMR spectroscopy. The maximum content of 
those side products was ca. 20% for la and 13% for 
lb; the ratios 2d2b and 3d3b were usually ca. 2:1, 
and sometimes products 3a and 3b could not be de- 
tected. In order to identify products 2 and 3, the pri- 
mary products 1 were heated in sealed tubes at 120°C 
until at least 60% of their conversion to 2 (or 3) was 
achieved (two days). No la -+ 2d3a or lb + 2b/3b 
conversion was observed upon irradiation with UV 
light. After separation and purification, 2 and 3 were 
identified as the ( E )  or ( Z )  products of the isomeri- 
zation of 1 with the olefinic bond shifted to the a'pl 
position with respect to silicon (Scheme 3). 

It is obvious that compounds 2 and 3 cannot be 
formed directly in the reaction of the lithiated allyl- 
phosphonate and RMe,SiCl, but are the products of 
thermal isomerization of 1 (occurring partially also 
during the distillation or as result of a local over- 
heating of the initial reaction mixture). The trans- 
formation of 1 + 2(3) represents a 1,3-~igmatropic 
shift within an allylic system. Usually allylsilanes are 
regiostable and undergo a 1,3-shift at temperatures 
above 300°C [8]. The phosphonyl substituent at the 
other terminal of the system obviously lowers the 
activation energy of the shift; it is also interesting to 
note that, in these 1,3-disubstituted allylic sub- 
strates, the thermal 1,3-~igmatropic shift should 
have the antara preference, normally not observed 
for steric reasons [9]. It was previously shown that 
substituted allylic and vinylic phosphonates can eas- 
ily isomerize into each other via a prototropic 
process in the ROH/RO- system [lo]. In the case 
of the unsubstituted allylphosphonate H,C = CHCH,- 
PO,Et,, however, it was demonstrated that, after 
quantitative isomerization to the 1 -propenylphos- 

THF 
~ P 0 3 E t 2  h + RMqSiCl- -78 c RMe2Si W P03Et2 

Li+ 
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SCHEME 2 

phonate, a Michael-type addition of EtO- had fol- 
lowed at the p position. Therefore, not unexpectedly, 
alkoxy bases reacted with silanyl-propenylphos- 
phonates 1 according to the addition pattern. In eth- 
anol, la reacted with NaOEt giving, in good yields 
exclusively the adduct Me,SiCH,CH(OEt)CH,PO,Et, 
(4); with NaOMe in methanol transesterification 
took place besides the addition, yielding the corre- 
sponding dimethyl ester of the 2-methoxy adduct, 
Me,SiCH,CH(OMe)CH,PO,Me,. These results obvi- 
ously indicate that the deprotonation in the y posi- 
tion (with respect to the P atom) is much slower than 
the addition of a base. In fact, treatment of la,b with 
BuLi (or 'BuLi), followed by quenching with am- 
monium chloride, led to the isomerization products 
2 and 3 as minor products, but the base-added com- 
pounds, (5a,b, 6a,b) were still the major products 
(Scheme 4). 

The final yield of 5(6) could be also increased by 
multiple treatment of 1 with 'BuLi. For example, la  
was treated with an excess of 'BuLi and the ratio of 
the addition vs. isomerization product (as well as the 
parent compound) was determined by 31P NMR 
spectroscopy as shown in Table 1. 

In consequence, lithiation of substrates 1 by 
means of alkyllithium proved impractical because of 
the inherent participation of the addition of the re- 
agent across the olefinic bond. Competition from the 
addition reaction could be minimized when lithium 
diisopropylamide (LDA) was used as the deproton- 
ating agent. Under conditions identical to those ap- 
plied for treatment with BuLi, la, l b  could be con- 
verted by LDA to 2 or 3 with 70% yield, and with less 
than 5% of the addition product formed. When l b  
was treated with LDA, followed by a haloalkane (Me1 
or PhCH,Br), the corresponding C-alkylated prod- 
ucts were obtained, giving evidence for the effective 
deprotonation of the substrates by LDA. Alkylation 

i R'Li, ii NH,Cl(aq)at -78OC. iii 13 5a (R= Me, R= n-Bu) 

5b (R- Me, R= 'Bu) 

6a (R= 'Bu, R= n-Bu) 

6b (R= 'Bu, R =  'Bu) 
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TABLE 1 
BuLi Determined by 31P NMR Spectroscopy 

Composition of the Reaction Product of l a  with 

heat ms i  Number Proportions of Compounds ("A) 

with 'BuLi 5b 2db 1 
F M ? $ l ~ P @ E t z  m w p o 3 E t z  + u P @ E t 2  of Treatments 

2. zb 3% 3b Ix. L! 
1 50.0 40.1 9.9 

2, R= Me 2 54.1 42.3 3.6 
3 57.1 41.7 1.2 
4 63.5 36.7 1 .o 

B, R= 'Bu 

SCHEME 3 
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occurred exclusively at the a carbon of lb,  yielding 
the a-substituted silanylallyphosphonates, 7, 
Me,'BuSiCH = CH-CH(R)-PO,Et, (7a, R = Me; 7b, 
R = PhCH,), stable compounds that could be puri- 
fied by distillation. 

With regard to the Wittig-Homer reaction, the 
reaction of silanylphosphonate lb with aldehydes 
was studied next in order to establish the potential 
of the product as a precursor in diene formation. The 
earlier results [ 1 1,121 demonstrated that the addi- 
tion of lithiated allylphosphonate to aldehydes is not 
very regioselective, often leading to some formation 
of the thermodynamically controlled y adduct. Sil- 
anylpropenylphosphonate lb showed similar behav- 
ior: after deprotonation with LDA, the reaction with 
benzaldehyde yielded the a adduct 8 (as a pair of 
diastereomers), together with a minor amount of the 
y adduct 9 (Scheme 5). 

Purification of the product was first carried out 
by bulb to bulb distillation, which allowed us to sep- 
arate the adducts from nonvolatile impurities. Sub- 
sequent multiple column chromatography (CH,Cl, 
EtOAc, 3:l) led to the isolation of 9, as well as the 
main product 8, isolated as a mixture of diastereo- 
mers (8a, 8b). Both regioisomers could be unambig- 
uously identified by NMR ("P, IH, I3C) spectroscopy. 
The remarkable property of adducts 8 and 9 was 
their thermal stability; during the distillation of the 
crude product at 18O"C, no signs of decomposition 
could be observed. In the case of la  as a starting 
material, the adducts analogous to 9 and 8 (also a 
pair of diastereomers, 6,28.10,27.97) could be iden- 
tified by NMR spectroscopy. The attempts to purify 
those trimethylsilyl derivatives always led to exten- 
sive decomposition. 

It can be concluded that the silanylpropenyl- 
phosphonates 1 represent vinylic phosphonates, for 
which a nucleophilic addition to the /? carbon is fa- 
vored over the deprotonation at the y carbon. The 
reason for this behavior may be the decrease of the 

PhA OH 

Sn. b ( malor) 

I LDA. I I  PhC(0)Hat -78'C. 111 NH,Cl,e*at rt 

P03Et2 

*:: Me2Bd-CH-CH 

HO 

Ph 
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2 ( minor) 

P03Et2 +:; Me@Si-CH -CH 

Hb 

Ph 

Sb (threo) 

acidity of the y-hydrogen atom as a result of the pres- 
ence of the trialkylsilyl substituent. In agreement 
with that conclusion, when the isomeric system was 
used as a starting material (2b/3b instead of lb) in 
the reaction with benzaldehyde, a significant (25%) 
increase in the yield of the addition product was ob- 
tained. Since it was observed that the bulkiness of 
the trialkylsilyl substituent (Me,Si vs. Me,'BuSi) had 
a considerable effect on the chemical behavior of the 
silanylpropenylphosphonate system, further studies 
on the chemistry of those derivatives carrying vari- 
able R,R'Si substituents are currently being carried 
out in our laboratory. 

EXPERIMENTAL 
Solvents and commercially available substrates were 
purified by conventional methods immediately be- 
fore use. All reactions were carried out in an atmo- 
sphere of dry nitrogen. NMR spectra were recorded 
as solutions in CDC1, on a Bruker AC 300 spectrom- 
eter. Chemical shifts are given in ppm relative to 
SiMe, (IH, I3C) as an internal standard, and 85% 
H,PO, ("P) as an external standard. Proton-coupled 
I3C-NMR spectra are given. Mass spectra were re- 
corded on a Varian MAT-2 12 double-focusing direct- 
inlet spectrometer and GC-coupled spectrometer at 
an ionization potential of 70 eV. For column chro- 
matography, Merck Kieselgel 60 (0.063-0.200 mm) 
was used. 

Allyl-phosphonic Acid Diethyl Ester 
It was prepared from triethyl phosphite and ally1 
bromide [13]. Colorless liquid, b.p. 54°C (0.2 Torr), 
yield 94%. 'H-NMR, 6,: 1.20 (6H, t, J,,, = 7.1 1 Hz, 
2 X Me of OEt), 2.51 (2H, d of d, J,, = 7.20 Hz, JH, 
= 21.92 Hz, a-CH,), 4.00 (4H, quint, J,,, = JHp = 
7.00 Hz, 2X CH, of OEt), 5.1 1 (2H, m, JHH(trans) - - 

16.9 Hz, JHH(=is)  = 6.9 Hz, JHH(gem) = 1.2 Hz, y-CH,), 
5.71 (IH, m, /?-CH); I3C-NMR, 6,: 15.96 (dq, Jcp = 
5.96 Hz, JCH = 142.04 Hz, 2 x Me of OEt), 31.34 (dt, 

Jcp = 6.49 Hz, JCH = 147.32 Hz, 2 X  CH, of OEt), 
119.34 (dt, Jcp = 14.41 Hz, J,,, = 154.72 Hz, y-CH,), 
127.13 (dd,J,-, = 11.17 Hz,J,, = 159.02 Hz,/?-CH); 

OPO,H+, 100%). 

JCp = 139.47 Hz, JCH = 127.32 Hz, a-CH,), 61.40 (dt, 

31P-NMR, 6,: 27.5; MS: 178 (M+, 5%), 109 (Et- 

General Procedure for the Preparation of 
Silanyl-propenyl Phosphonate Esters 
n-Butyllithum (1.6 M solution in hexane, 1.2 mol 
equiv.), or tert-butyllithium (1.7 M solution in pen- 
tane, 1.1 mol equiv.), or lithium diisopropylamide 
(10% suspension in pentane, 1.3 mol equiv.) was 
cooled to - 78°C. A solution of the allylphosphonate 
in THF (1 mol equiv.) was added at -78°C and 
stirred at this temperature for 60-90 minutes. The 
electrophile (1.2 mol equiv.) was then added drop- 
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wise to the solution. After having been stirred for an 
additional 30-45 minutes at - 78"C, the reaction 
mixture was allowed to warm to room temperature 
and the reaction was quenched by addition of 10% 
aq. ammonium chloride, and the product was ex- 
tracted with ether. The combined ether fraction was 
dried with magnesium sulfate, evaporated under re- 
duced pressure, and purified by bulb to bulb 
distillation. 

3-( Trimethylsilanyl )-propenyl-phosphonic Acid 
Diethyl Estev, la  
Colorless liquid, 130°C (0.2 Tom) (bulb to bulb), 
yield: 70%. IH-NMR, 6,: -0.02 (9H, s, 3X Me of 
Me,Si), 1.24 (6H, t, JHH = 7.03 Hz, 2X Me of OEt), 
1.70 (2H, d, J,, = 8.64 Hz, y-CH,), 3.98 (4H, quint, 
J,, = JHp = 7.08 Hz, 2 x CH, of OEt), 5.35 (lH, m, 
a-CH), 6.72 (lH, m, /3-CH); I3C-NMR, 6,: - 1.91 (4, 
JCH = 104.22 Hz, Me of Me,Si), 16.35 (dq, Jcp = 6.49 
Hz, JCH = 127.47 Hz, 2 x  Me of OEt), 27.00 (dt, Jcp 

= 4.98 Hz, JCH = 142.79 Hz, 2 X CH, of OEt), 114.08 
= 21.28 Hz, J,, = 124.37 Hz, 7-CH,), 61.32 (dt, Jcp 

(dd,Jcp = 191.69 Hz,JCH = 147.46 Hz, a-CH), 152.09 
(dd,JC, = 5.21 Hz,J,, = 149.73 Hz,P-CH); ,'P-NMR, 

(M+-OEt, 7%), 137 (PO,Et;, 22%), 92 (PO,Et+, 96%), 
6,: 20.04; MS: 250 (M+, lo%), 235 (M+-Me, 1 l%), 205 

73 (Me,Si+, 100%). 

3- (tert-Butyldimethylsilanyl )-pro enyl- 
phosphonic Acid Diethyl Estev, 1 i 
Colorless liquid, 160°C (0.2 Torr) (bulb to bulb), 
yield: 61%. 'H-NMR, 6,: -0.05 (6H, s, 2 x  Me of 
Me,Si), 0.85 (9H, s, 3 x Me of 'BuSi), 1.27 (6H, t, JHH 
= 7.08 Hz, 2 X Me of OEt), 1.74 (2H, d, JHH = 8.40 
Hz, y-CH,), 3.99 (4H, quint, J,, = JHp = 7.09 Hz, 2 X 
CH, of OEt), 5.39 (lH, m, a-CH), 6.76 (lH, m, P-CH); 
13C-NMR, 6,: -6.43 (q, JCH = 117.34 Hz, Me of 
Me,Si), 16.33 (dq, Jcp = 6.41 Hz, JCH = 126.85 Hz, 

124.59 Hz, y-CH,), 26.37 (q, JCH = 119.23 Hz, Me of 
'BuSi), 32.65 (s, C of 'BuSi), 61.32 (dt, Jcp = 5.00 Hz, 

2X Me of OEt), 23.05 (dt, J C p  = 22.11 Hz, JCH = 

J C H  = 146.47 Hz, 2 X CH2 of OEt), 114.21 (dd, Jcp = 
189.70 Hz, JCH = 155.76 Hz, a-CH), 152.53 (dd, Jcp 
= 5.70 Hz, JCH = 155.15 Hz, P-CH); ,'P-NMR, 6,: 
19.96; MS: 292 (M+, 4%), 277 (M+-Me, 8%), 235 (M+- 
Bu, 19%), 220 (M+-Bu-Me, 29%), 177 (M+-Me,'BuSi, 
90%), 153 (C,H,,Si+, 95%). 

Prototopic Isomerization of Phosphonates la 
and lb 
A mixture of lithium diisopropylamide (10% suspen- 
sion in pentane, 1.4 mol equiv.) and THF was cooled 
to - 78°C. A solution of the trialkylsilylpropenyl- 
phosphonate in THF was added slowly at the same 
temperature. After 45 minutes of stirring, the reac- 
tion was quenched by addition of 10% aq. ammo- 
nium chloride, and, after 15 minutes, the mixture 

was allowed to warm to room temperature with con- 
tinuous stirring. The product was extracted with 
ether, and the combined ether fraction was worked 
up in the conventional way. 

( E  )-3-(Trimethylsilanyl)-allyl-phosphonic Acid 
Diethyl Ester, 2a 
Colorless liquid, 130°C (0.2 Torr) (bulb to bulb), 
yield: 81%. 'H-NMR, 6,: 0.02 (9H, s, 3X Me of 
Me,Si), 1.24 (6H, t, JHH = 7.01 Hz, 2 X Me of OEt), 

4.04 (4H, quint, JHH = JHp = 6.99 Hz, 2X CH, of 
OEt), 5.17 (lH, m, y-CH), 5.89 (lH, m, /3-CH); I3C- 
NMR, 6,: - 1.49 (q, JCH = 119.00 Hz, Me of Me,Si), 
16.34 (dq, Jcp = 6.11 Hz, JCH = 126.32 Hz, 2 x  Me 
of OEt), 34.64 (dt,J,, = 136.44 Hz, JCH = 135.38 Hz, 

2.58 (2H, d, J,, = 6.78 Hz, JHp = 21.62 Hz, u-CH,), 

u-CH,), 61.82 (dt, Jcp = 6.49 Hz, J C H  2 142.78 Hz, 
2X CH, of OEt), 134.45 (dd, Jcp = 11.17 Hz, J C H  = 
153.95 Hz, y-CH), 136.88 (dd, Jcp = 11.77 Hz, J C H  = 
146.02 Hz, P-CH); ,'P-NMR, 6,: 27.34; MS: 250 (M+, 
7%), 235 (M+-Me, 31%), 179 (C,H,,O,P+, 98%), 137 
(PO,Et;, 25%), 122 (PO,CH,Et+, 97%), 73 (Me,Si+, 
100%). 

(E )-3-(tert-Butyldimethylsilanyl)-allyl- 
phosphonic Acid Diethyl Estev, 2b 
Colorless liquid, 160°C (0.2 Torr) (bulb to bulb), 
yield: 90%: 'H-NMR, 6,: -0.01 (6H, s, 2X Me of 
Me,Si), 0.84 (9H, s, 3 X Me of 'BuSi), 1.27 (6H, t, J H H  

= 6.96 Hz, 2 X Me of OEt), 2.67 (2H, d, JHH = 6.64 
Hz, JHp = 21.88 Hz, a-CH,), 4.04 (4H, quint, J,, = 
JHp = 7.37 Hz, 2 x  CH, of OEt), 5.41 (lH, m, y-CH), 

119.70 Hz, Me of Me,Si), 16.41 (dq, Jcp = 6.11 Hz, 

124.76 Hz, 3 x  Me of 'BuSi), 29.97 (s, C of 'BuSi), 

61.80 (dt, Jcp = 6.57 Hz, JCH = 145.66 Hz, 2X CH, 

5.20 (lH, m, P-CH); I3C-NMR, 6,: -6.26 (q, JCH = 

JCH = 126.79 Hz, 2X Me of OEt), 26.32 (q, JCH = 

34.82 (dt, Jcp = 136.38 Hz,J,, = 131.32 Hz, U-CH,), 

of OEt), 134.04 (dd, Jcp = 12.60 Hz, J C H  = 144.08 
Hz, y-CH), 135.85 (dd, Jcp = 11.25 Hz, J C H  = 150.26 
Hz, P-CH); 31P-NMR, 6,: 27.32; MS: 277 (M+-Me, 6%), 
235 (M+-Bu, 51%), 179 (C,H,,O,P+, loo%), 153 
(C,H,,Si+, 25%). 

Reaction of Phosphonate la with Alkoxide Base 
la  (0.5 g) was dissolved in a 2.2 mol solution of so- 
dium alkoxide in the corresponding alcohol and the 
solution was incubated at 25°C for 20 hours; 10% aq. 
ammonium chloride was added until the pH was ap- 
proximately 7, and the product was extracted with 
ether and worked up in the conventional way. 

2-Ethoxy-3-(trimethylsilanyl )-propyl- 
phosphonic Acid Diethyl Estev, 4 

,'P-NMR, 6,: 29.44, or 2-methoxy-3-(trimethylsil- 
any1)-propyl-phosphonic acid dimethyl ester, ,'P- 
NMR, 6,: 30.34. 
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Reaction of Phosphonates la  and lb with 
Alkyllithium 
The same procedure was used as described previ- 
ously, but instead of LDA, butyllithium (1.6 M solu- 
tion in hexane, 1.2 mol equiv.) or tert-butyllithium 
(1.7 M solution in pentane, 1.1 mol equiv.) was used. 

2- Trimethylsilanylmethyl-hexanyl-phosphonic 
acid Diethyl Ester, 5a 

8%), 265 (M+-Et-Me, 29%), 251 (M+-Bu, 23%), 137 
(PO,Et;, 28%), 73 (Me,Si+, 100%). 

3'P-NMR, 6,: 32.44; MS: 308 (M+, 7%), 279 (M+-Et, 

2-(Trimethylsilanyl-meth 1)-3,3-dimethylbutyl- 

,lP-NMR, 6,: 33.96; MS: 293 (M+-Me, 34%), 265 (M+- 
Et-Me, 16%), 251 (M+-Bu, 34%), 137 (PO,Et:, 18%), 
73 (Me,Si+, 100%) 

phosphonic Acid Diethy Y Esteu, 5b 

2-[(tert-Butyldimethylsilanyl )methyl]-hexanyl- 
phosphonic Acid Diethyl Estev, 6a 
31P-NMR, S,: 32.72; MS: 350 (M+, 2%), 335 (M+-Me, 

(M+-2Bu, 82%), 222 (M+-2Bu-Me, 26%), 137 
(PO,Et:, 12%). 

6%), 293 (M+-Bu, loo%), 265 (M+-Bu-Et, 30%), 236 

2[( tert-Bu tyldimethylsilanyl )-methyl]-3,3- 
dimethylbutyl-phosphonic Acid Diethyl Ester, 6b 
31P-NMR, 6,: 33.73; MS: 335 (M+-Me, 9%), 293 (M+- 
Bu, loo%), 236 (M+-2Bu, 69%), 222 (M+-2Bu-Me, 
35%), 179 (M+-BuMe,Si, 41%), 137 (PO,Et:, 17%). 

Alkylatioiz of Phosphonate lb 
A mixture of lithium diisopropylamide (10% suspen- 
sion in pentane, 1.3 mol equiv.) and THF was cooled 
to - 78°C. A solution of lb in THF was added slowly 
at the same temperature. After 90 minutes of stir- 
ring, the electrophile (1.2 mol equiv.) in THF was 
added, and after 25 minutes the solution was 
warmed to room temperature. The reaction was 
quenched with 10% aq. ammonium chloride, the 
product was extracted with ether, and the combined 
ether fraction was worked up in the conventional 
way. 

(E  )-3-( tert-Butyldimethylsilany1)-1 -methyl-allyl- 
phosphonic Acid Diethyl Estev, 7a 
Colorless liquid, b.p.: 145°C (0.2 Torr) (bulb to bulb), 
yield: 59%: 'H-NMR, 6,: -0.01 (6H, s, 2X Me of 
Me,Si), 0.83 (9H, 3 X Me of 'BuSi), 1.27 (3H, d,  J H H  

= 6.86 Hz, Me of C(1)-Me), 1.29 (6H, t, JHH = 7.04 
Hz, 2X Me of OEt), 2.65 (lH, m, a-CH), 4.05 (4H, q, 
J,,, = J,,, = 7.17, 2 x CH, of OEt), 5.80 (lH, d of d, 

JHH = 18.70 Hz,J,, = 4.40 Hz, y-CH), 6.00 ( lH,  m, 
P-CH); 13C-NMR, 6,: - 6.20 (q, JCH = 119.30 Hz, Me 
of Me,Si), 13.30 (dq, Jcp = 5.96 Hz, JCH = 129.20 Hz, 
Me of C(1)-Me), 16.44 (dq, J,, = 5.66 Hz, J,, = 
126.30 Hz, 2X Me of OEt), 26.34 (q, JCH = 124.76 
Hz, 3 x Me of 'BuSi), 28.42 (s, C of 'BuSi), 39.09 (dt, 
Jcp = 136.68 Hz, JCH = 132.1 Hz, a-CH,), 61.86 (dt, 
Jcp = 7.62 Hz, JCH = 149.20 Hz, 2 x  CH, of OEt), 
130.24 (dd, Jcp = 11.32 Hz, JCH = 141.19 Hz, y-CH), 
142.94 (dd, Jcp = 9.36 Hz, JCH = 139.80 Hz, P-CH); 
,lP-NMR, 6,: 30.29; MS: 306 (M+, 3%), 291 (M+-Me, 
4%), 263 (18%), 249 (M+-Bu, 45%), 234 (M+-Bu-Me, 
6%), 220 (M+-Bu-Et, 22%), 193 (C,H,,O,P, loo%), 
139 (PO,Et,H;, 26%), 121 (PO,Et;, 50%). 

( E  )- 1 -Benzyl-3-(tert-butyldimethylsilanyl )-allyl- 
phosphonic Acid Diethyl Ester, 7b 
Colorless liquid, b.p.: 165°C (0.2 Torr) (bulb to bulb), 
purification by column chromatography (CH,Cl,/ 
ethyl acetate, 3:1), yield: 71%: 'H-NMR, 6,: -0.11 
(3H, s, Mea of Me,Si), -0.09 (3H, s, Meb of Me,Si), 
0.70 (9H, 3X Me of 'BuSi), 1.26 (3H, t, J H H  = 7.01 
Hz, Mea of OEt), 1.28 (3H, t, J,, = 7.06 Hz, Meb of 
OEt), 2.81 (2H, m, CH, of benzyl), 3.18 (lH, m, a- 
CH), 4.06 (4H, d Of q, J H H  = J H p  = 7.13, 2X CH, of 
OEt), 5.56 ( lH,  d of d, J,, = 18.63 Hz, J H H  = 4.62 
Hz, y-CH), 5.80 ( lH,  m, P-CH), 7.1 (5H, m, Ph); I3C- 
NMR, 6,: - 6.43 (q, JCH = 120.00 Hz, Mea of Me,Si), 
- 6.22 (q, JCH = 119.32 Hz, Meb of Me,Si), 16.39 (dq, 
Jcp = 6.41 Hz, JCH = 126.86 Hz, 2x  Me of OEt), 
26.28 (q, JCH = 124.83 Hz, 3X Me of 'BuSi), 31.16 
(s, C of 'BuSi), 34.53 (dt, J,, = 3.92 Hz, J,,  = 130.07 
Hz, CH, of benzyl), 47.74 (dt, J,, = 134.64 Hz, J,, 
= 129.66 Hz, a-CH,), 61.75 (dt, Jcp = 7.32 Hz, Jc, = 
144.67 Hz, C Q  of OEt), 62.21 (dt, Jcp = 6.79 Hz, J C H  

= 147.99 Hz, CH: of OEt), 126.10 (d, JcI1 = 161.58 

(d, JCH = 156.97 Hz, m-CH), 133.80 (dd, J,, = 11.40 
Hz, p-CH), 128.12 (d,JcH 2 159.16 Hz, O-CH), 129.02 

H Z , ~ , ,  = 130.49 Hz, y-CH), 138.70 (s, C,-Ph), 140.66 
(dd,Jcp = 9.06 Hz,J,-, = 149.50 Hz, P-CH); ,'P-NMR, 
6,: 28.65; MS: 367 (M+-Me, 2%), 325 (M+-Bu, 19%), 
139 (PO,Et,H;, 40%), 121 (PO,Et;, 43%), 91 
(PhCH;, loo%), 77 (Ph+, 22%). 

Euythro-3-(tert-Butyldimethylsilan 1)-1- 
hydrox lphenylmethyl-allyl-phosp l onic Acid 
Diethy Y Ester, 8a 
IH-NMR, 6,: - 0.09 (3H, s, Mea of Me,Si), - 0.06 (3H, 
s, Meb of Me,Si), 0.71 (9H, 3X Me of 'BuSi), 1.30 
(3H, t, JHH = 7.00 Hz, Mea of OEt), 1.31 (3H, t, JHH 
= 6.91 Hz, Meb of OEt), 2.82 (lH, d of d of d, J,, = 

9.1 1 Hz, a-CH), 4.13 
(2H, quint, JHH = JHp = 7.04 Hz, C& of OEt), 4.14 
(2H, quint, JHH = JHp = 7.1 1 Hz, CH: of OEt), 4.67 
(lH, S,  OH), 5.26 ( lH,  d of t, J,, = 9.49 Hz, J,, = 

= 4.12 Hz, CH of benzyl), 6.06 ( lH,  d of d of d, 
JHH(trans) = 18.65 Hz, JHH(v,c) = 9.53 Hz, J,, = 5.60 Hz, 

17.40 Hz, JHH(allyljc) - - JHH(vjc) 

2.30 Hz, y-CH), 5.51 (lH, d of d, JHH = 9.32 Hz, JHp 



584 Probst and Modro 

P-CH), 7.22 (SH, m, Ph); 13C-NMR, 6,: - 6.44 (q, JCH 
= 119.54Hz,MeaofMe,Si), -6.19(q,JC, = 119.24 
Hz, Meb of Me,Si), 16.32 (dq, Jcp = 5.50 Hz, JCH = 
127.39 Hz, 2X Me of OEt), 26.11 (q, J C H  = 123.58 
Hz, 3 X Me of 'BuSi), 29.92 (s, C of 'BuSi), 54.14 (dt, 

Jcp = 6.84 Hz, JCH = 147.63 Hz, C* of OEt), 62.90 
(dt, Jcp = 7.1 1 Hz, JCH = 146.92 Hz, CHB of OEt), 

benzyl), 126.00 (d, o-CH), 127.18 (d, p-CH), 127.91 
(d, m-CH), 136.16 (dd, Jcp = 7.62 Hz, JCH = 124.30 
Hz, y-CH), 136.64 (dd, Jcp = 11.32 Hz, JCH = 145.13 

Jcp = 131.55 Hz, JCH = 128.90 Hz, U-CH,), 61.87 (dt, 

71.88 (dd, J,-p = 4.53 Hz, J C H  = 146.94 Hz, CH of 

Hz, P-CH), 141.13 (s, Cl of Ph); 31P-NMR, 6,: 28.65. 

Threo-3-(tert-Butyldimethylsilanyl)- 1 - 
hydrox lphenylmethyl-allyl-phosphonic Acid 

'H-NMR,6,: - 0.20 (3H, s, Mea of Me,Si), - 0.14 (3H, 
s, Meb of Me,Si), 0.65 (9H, Me of 'BuSi), 1.22 (3H, t, 
JHH = 7.03 Hz, Mea of OEt), 1.23 (3H, t, JHH = 7.05 
Hz, Meb of OEt), 2.91 ( lH,  d of d of d, JHp = 21.80 

(2H, quint, J,, = JHp = 7.00 Hz, C E  of OEt), 4.04 
(2H, quint, J,, = J,, = 7.01 Hz, CH: of OEt), 4.66 
(lH, s, OH), 4.92 ( lH,  d of d of d, JHH = 11.39 Hz, 
JHH = 9.13 Hz,J,, = 2.17 Hz, y-CH), 5.44 (lH, d o f  
d, JHH = 9.25 Hz, J,, = 3.82 Hz, CH of benzyl), 5.58 

Hz,J,, = 4.76 Hz, P-CH), 7.23 (SH, m, Ph); I3C-NMR, 
6,: - 6.61 (9, JCH = 119.47 Hz, Mea of Me,Si), - 6.49 
(9, JCH = 119.54 Hz, Meb of Me,Si), 16.24 (dt, J,,  = 
6.12 Hz, JCH = 127.39 Hz, 2 x  Me of OEt), 26.03 (q, 
JCH = 125.13 Hz, 3 X  Me of 'BuSi), 31.59 (s, C of 
'BuSi), 54.68 (dt, Jcp = 129.96 Hz, JCH = 135.54 Hz, 
a-CH,), 62.33 (dt, Jcp = 7.81 Hz, JCH = 143.88 Hz, 

Hz, CH: of OEt), 73.27 (dt, Jcp = 4.53 Hz, JCH = 
146.64 Hz, CH, of benzyl), 126.00 (d, o-CH), 126.89 
(d, p-CH), 128.14 (d, m-CH), 134.36 (dd,J,, = 10.19 

Diethy Y Estev, 8b 

Hz,J,,(,~~,,~~,) = 9.53 HZ,J,,("~~) = 2.32 Hz, a-CH), 4.03 

(IH, d of d of d, JHH(trans) = 18-50 Hz, JHH("ic) = 9.03 

CH; of OEt), 62.43 (dt, Jcp = 7.63 Hz, J C H  = 143.88 

Hz, JCH = 121.73 Hz, y-CH), 138.20 (dd, Jcp = 10.04 
Hz, JCH = 148.07 Hz, P-CH), 141.34 ( s ,  C, of Ph); 3'P- 
NMR, 6,: 28.25; MS of both stereoisomers: 383 (M+- 
Me, 2%), 341 (M+-Bu, 4%), 323 (M+-Bu-H,O, 5%), 

(Me,SiC,H,PO,Et+, 1 I%), 178 (C,H,PO,Et;, loo%), 
121 (PO,Et:, 21%), 106 (PhCHO, 45%), 77 (Ph+, 
58%). 

235 (MeSiC,H,PO,Et: , 32%), 220 

3- (tert-Butyldimethylsilanyl)-4-hydroxy-4- 
phenyl-but-1-enyl-phosphonic Acid Diethyl 
Estev, 9 
'H-NMR, 6,: 0.03 (3H, s, Mea of Me,Si), 0.07 (3H, s, 
Meb of Me,Si), 0.89 (9H, s, 3 X Me of 'BuSi), 1.04 
(6H, t, JHH = 7.13 Hz, 2X Me of OEt), 1.77 (lH, m, 

y-CH), 3.75 (4H, m, 2 X CH, of OEt), 4.44 (lH, d, JHH 

m, Ph); I3C-NMR, 6,: 0.98 (q, JCH = 117.89 Hz, 2 x 
Me of Me,Si), 16.35 (dq, Jcp = Hz, JCH = 126.60 Hz, 
2 x Me of OEt), 17.90 (dt, Jcp = 16.91 Hz, JCH = Hz, 
y-CH,), 26.27 (q, JCH = 125.06 Hz, 3 X Me of 'BuSi), 
31.13 (s, C of 'BuSi), 61.92 (dt, Jcp = 5.05 Hz, JCH = 
Hz, 2 X CH, of OEt), 69.93 (dd, Jcp = 9.58 Hz, JCH = 
145.36 Hz, CH of benzyl), 117.31 (dt, Jcp = 137.97 

127.02 (d, p-CH of Ph), 128.10 (d, m-CH), 139.70 (s, 
C, of Ph), 145.30 (dt, Jcp = 8.75 Hz, JCH = 156.00 

397 (M+-H, 3%), 383 (M+-Me, 3%), 382 (M+-H-Me, 

= 9.81 Hz, d-CH), 5.70 (IH, d of d, JHH = 18.55 Hz, 
JHp = 25.90 Hz, U-CH), 6.66 ( lH,  m, P-CH), 7.28 (SH, 

Hz, J C H  = 129.66 Hz, U-CH,), 125.78 (d, 0-C of Ph), 

Hz, P-CH,); ,'P-NMR, 6,: 22.29; MS: 398 (M+, 2%), 

3%), 341 (M+-Bu, 1 I%), 323 (M+-Bu-H,O, 20%), 295 
(M+-Bu-OEt-H, 13%), 267 (M+-Et-OEt, IS%), 249 
(19%), 129 (PhC,H:, loo%), 77 (Ph+, 23%). 
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