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SOLVATION AND METAL ION EFFECTS ON STRUCTURE AND 
REACTIVITY OF PHOSPHORYL COMPOUNDS. 1 .  

0-SUBSTlTUTED ALKYLPHOSPHONIC ESTERS 

MARIE-P. BELCIUG, AGNES M. MODRO, TOM A. MODRO* AND PHILIPPUS L. WESSELS 
Department of Chemistry, University of Pretoria, Pretoria 0002, South Africa 

NMR spectroscopic and conformational analyses were performed for three &substituted 8-phenylethylphosphonic 
esters, PhCHXCH2P03Me2 (X = OH, OMe, CI) in five solvents and in acetone containing sodium and magnesium 
salts. Strong attractive interactions between the phosphoryl group and the oxygen-containing substituent X were 
demonstrated, and were shown to involve intramolecular hydrogen bonding, donor-acceptor 0 -+ P effect and the 
chelation of a metal ion. These effects led to marked selectivity in the population of individual conformations of the 
phosphonates. The analogous intramolecular effects were found to be much weaker in the corresponding carboxylic 
ester systems. 

INTRODUCTION 

Electronic effects of the dialkoxyphosphoryl, 
P(O)(OR)2, group are strong and comparable to those 
of the alkoxycarbonyl group (for the PO3Et2 group 
a1=0-06,’ 0.21;’ 0:=0.16,~ 0.17.’ For the COzEt 
group the corresponding constants are 0.30 and 0.18, 
respectively’). It is therefore expected that the 
PO3R2 group can interact strongly with its environment 
via dipole-dipole, dipole-ion or hydrogen-bonding 
mechanisms. The ability of phosphoryl compounds to 
form complexes with metal ions found wide appli- 
cations in catalytic polymerization processes and extrac- 
tions. Interactions of nucleotides with some metal ions 
have major roles in biochemical systems; for example, 
Mg2+ binds to the p- and ?-phosphate in ATP, but does 
not interact with the adenine ring. Recently, Buncel 
and co-workers reported that the nature of the cation 
has a profound effect on the rate of the nucleophilic dis- 
placement at the phosphoryl centre by the ethoxide6 
and the phenoxide’ ions, thus indicating important 
interactions between the metal ion and the phosphoryl 
substrate in the transition state. We have observed that 
alkali metal ions induce significant differential shielding 
of diastereotopic groups in the racemic dimethyl 2- 
chloropentylphosphonate, PrCHClCHzPO3Me2, the 
effect decreasing in the order Li+ > Na’ > Kc.* In this 
study we investigated solvent and metal ion effects 

* Author for correspondence. 

on the solution structure of dimethyl esters of 2- 
substituted 2-phenylethylphosphonic acids, PhCHX- 
CHzP03Met (l), in order to determine conformational 
preferences of these compounds, to provide an insight 
into the nature of their interactions with metal ions and 
to compare system 1 with the analogous carboxylic 
derivatives, PhCHXCHZCOzR (2). As before, * the 
study was mainly achieved by the analysis of the ‘H 
(supported by 31P) NMR parameters. 

RESULTS AND DISCUSSION 

Substrates 

Three phosphonic esters, la-c, and two carboxylic 
esters, 2a and b, were synthesized and used as models 
in the NMR spectroscopic studies. 

lo ,  X = OH 20, X = OH 

2b. X = OMe l b ,  X = OMe 

lc.  x = CI 
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(iii) 
PhC(O)CHzPO3Mez +la ME-PO3Mez ---+ 

(i). (ii) 

3 

(i) BuLi, Cul; (ii) PhC(0)Cl; (iii) NaBH4 

Scheme 1 

Alcohol l a  was prepared from dimethyl 
methylphosphonate and benzoyl chloride,' followed by 
the slightly modified method" for the reduction of the 
ketophosphonate 3 (Scheme 1). 

Substrate l b  was prepared from l a  by treatment with 
sodium hydride, followed by iodomethane, '' and l c  
was obtained in the reaction of l a  with CCl, in the pres- 
ence of triphenylphosphine. l2 Hydroxy ester 2a was 
prepared from ethyl acetate and benzoyl chloride in a 
manner analogous to that for the preparation of la ,  but 
different literature procedures were applied for the 
condensation l3 and reduction l4 steps. Finally, 2b was 
obtained by methylation of 2a with iodomethane in the 
presence of silver oxide. l5 

NMR spectra 
The assignment of the 'H and 31P NMR spectra of all 
substrates was straightforward. Extended ('H, 31P) 
couplings were observed in the 'H NMR spectra of 1. 
The protons HA, HB and Hc, together with the 
phosphorus atom of 1, give rise to ABMX spin systems. 
The 'H chemical shifts and the geminal(zJ) and vicinal 
('4 proton-proton coupling constants were obtained 
from a complete ABM sub-spectral analysis l6 of the 'H 
NMR spectra. Protons HA and Hg in these ABMX spin 
systems normally gave rise to sixteen line patterns, 
except in a few cases where deceptively simple ABMX 
spin systems were observed. The protons HA, He and 
HC in 2 gave rise to an ABM spin system and were 
analysed as such. 

Conformational analysis 

Three stable staggered conformations (XI, XZ, X3, or 
their enantiomeric forms) are obtained when the 
C(l)-C(2) bond in 1 or 2 is rotated. 

Z 
I 

The observed vicinal proton-proton coupling con- 
stants are related to the populations (XI, XZ, x3) and the 
vicinal coupling constants of the individual rotamers in 
the following way: 

where 3Jg and ' J t  refer to the vicinal coupling constants 
between gauche protons (dihedral angle = 60") and 
trans protons (dihedral angle = 180°), respectively. 
According to the Karplus equation, 3Jg should be 
'small' and 3Jt 'large'. Calculating the individual 
vicinal coupling constants according to the approach of 
Haasnoot et ~ 1 . ' ~  and using the reported group elec- 
tronegativities '' allowed the estimation of the popula- 
tion of the conformations of compounds 1 and 2 in 
different solvents and with different metal ions. 

Solvent effects 

Selected NMR data for substrates 1 and 2 obtained in 
five solvents covering wide range of polarity 
(Er = 32.5-45.0i9) are given in Tables 1 and 2. Con- 
sidering that environmental effects on "P chemical 
shifts are generally small, 2o the observed variations in 
bP values for la-c are relatively large, with the chemical 
shift difference Abp(Abp = 6 p  [(CD3)zSO] - b p  [CChI 1 
increasing from 2.1 to 4 -8  and 5 . 3  for la ,  l b  and l c ,  
respectively. The last value is comparable to 
Ahp = 6.3 ppm reported for triphenylphosphine oxide 
in the same solvents, and used to develop an empirical 
solvent polarity parameter." As the population of the 
different roamers in l c  (see below), which showed the 
biggest A b p ,  does not change much with solvents, the 
observed increase in Abp within the series la-c prob- 
ably arises from varying degree of intramolecular inter- 
actions between substituent X and the phosphoryl 
group, diminishing the involvement of the latter in the 
solute-solvent interactions. 'H NMR chemical shifts of 
hydrogens HA,HB and Hc (substrates 1 and 2), and 
also of the P(OMe)(OMe') groups (substrates l ) ,  are 
also subject to solvent effects, the average variation 
in 8~ being 0-21 ppm for the hydrogen of the 
ethylphosphonic skeleton and 0-33 ppm for the ester 
groups. 

Z Z 

- - - 
"C Ph . x  

x, x2 x3 

Z = PO~MEZ (1); COzEt (2) X = OH (la, 2a). OMe (Ib, 2b); CI (Ic) 
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Table 1. Solvent effects on chemical shifts of selected nuclei in compounds 1 and 2a 

l a  
l b  
l c  
l a  

l b  

l c  

28 

2b 

l a  
l b  
l c  
2a 
2b 
l a  

l b  

l c  

3'P 34.13 32.58 32.26 
31.88 30.57 31.07 
28.54 27.25 27.60 

HA,HB 2.03 2.03 2.19 
2.12 2-16 2.29 
1.96 2.03 2-12 
2.20 2.34 2.36 
2.55 2.44 2-65 
2.64 2.59 2-75 
2-55 2.46 2.68 
2.61 2.61 2.26 
2-41 2.49 2-58 
2.68 2.85 2.81 

Hc 5.01 5.26 5-13 
4.46 4.63 4.56 
5.17 5-32 5.25 
5 . 0 0  5 . 0 6  5.12 
4-53 4.70 4.64 

Me,Me' 3-61 3-28 3-72 
3.64 3.35 3.75 
3.50 3.29 3.62 
3-66 3.49 3.73 
3.59 3.30 3.51 
3.69 3.46 3.66 

32.58 
31.23 
28-05 
2.17 
2-24 
2.09 
2.32 
2.77 
2.77 
2-62 
2.69 
2.55 
2.72 
5.03 
4.51 
5.32 
5.11 
4.61 
3.62 
3.67 
3.55 
3-67 
3.63 
3.72 

~ 

32-03 
35-37 
32.52 
2.13 
2.22 
2.14 
2-35 
2.84 
2.84 
2.60 
2.60 
2.60 
2.72 
4.87 
4-45 
5-33 
4.95 
4.51 
3.51 
3.60 
3.49 
3.60 
3-58 
3-67 

'Substrate concentration = 0.20 M. Chemical shifts and coupling constants were unaffected by 
concentration changes in the range 0.05-0.50 M. 

Table 2. Solvent effects on selected values of proton-proton coupling constants 
(Hz) in compounds 1 and 2 

Coupling 
Substrate constant CCL C6D6 CDCI3 (CD3)zCO (CD3)zSO 

l a  
l b  
l c  
2a 
2b 
la  

l b  

l c  

2s 

2b 

*J(AB) 15.4 15.3 15.3 15.3 
15.3 15.6 15.4 15.3 
15.4 15.4 15.5 - 
16-2 16.0 16.2 15.2 
15.4 15.4 15.3 15.3 

'J(AC), 3.3 2.8 2.9 4.2 
'J(BC) 9.8 9.9 10.1 9.2 

4-6 4.7 4.6 5.0 
8.8 8.9 9.0 8-8 
6.8 7.0 7.1 7-6b 
9.1 7.8 7.6 
5.1 3.7 4.3 5 . 5  
7.8 9.1 8-3 8.1 
5.0 4.7 4.8 5.0 
8-8 9.0 9-1 8-9 

a 

15.3 
15.5 

a - 
a - 

15.2 
4.5 
8-6 
5.2 
8.6 
7.4b 

6*gb 

5.2 
8.8 

'Not measurable; AA = 6s. 
bAverage value for JAC, JBC. 
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The diastereotopic protons (or groups of protons), 
i.e. the geminal protons ( H A , H ~ ) ,  and the methyl 
groups Me, Me‘, are highly non-equivalent in all struc- 
tures and solvents studied. Only in exceptional cases ( l c  
in acetone and DMSO, and 2a in DMSO) did we find 
&(A) = BH(B), hence we were unable to measure the 
individual vicinal coupling constants. As far as the 
coupling constants are concerned (Table 2), the geminal 
(HA, HB) [2J(AB)] constants are, in agreement with the 
general observation on solvent effects on ’ J  
approximately unchanged. The vicinal (HA, Hc) 
[3J(AC)] and (HB, Hc) [3J(BC)] coupling constants, 
on the other hand, vary significantly, the change of J 
with solvent varying from substrate to substrate. This 
solvent-induced differential effect indicate restrictions 
of the conformational freedom of a solute’s molecules 
and offers a probe for the conformational analysis of 
systems 1 and 2. The variations in the J values within 
a given series of solvents are greatest for the hydroxy 
substrates (la and 2aj, suggesting that for these com- 
pounds the nature of the solvent has strongest effect on 
the distribution of the individual conformations. The 
populations of the individual rotamers in the different 
solvents calculated from the observed vicinal coupling 
constants as outlined above are given in Table 3 .  The 
data in Table 3 enabled us to draw the following 
conclusions. 

For all compounds, except l c  (X = Cl), conformation 
Xi represents the most favourable orientation of substi- 
tuents around the C( 1)-C(2) bond. This preference 
reflects two structural features present in XI: the release 
of the unfavourable steric Z-Ph interactions, and the 
attractive interactions between groups Z and X 
(X = OH, OMe). In lc ,  XI = X2, indicating the absence 
of any stabilizing Z-X(PO3Me2-CIj interactions, and 
the approximately equal magnitude of the repulsion 
between Z-X and Z-Ph groups. The Z-X attraction in 
alcohols la and 2a results, of course, from the intra- 
molecular hydrogen bonding involving the 2-OH group 
and the phosphoryl or carbonyl function (Figure 1). 
This specific interaction is strong enough to introduce 
some relative stability to the conformation X3 (ca 12% 

o 9JHA 

H 
\ 
0 

‘HA 

Figure 1. Intramolecular hydrogen bonding in conformation 
XI: (a) la; (b) 2a 

for la and 2a, vs I-6% for the remaining substrates), 
despite the unfavourable location of groups Z and Ph. 
The observed greatest stability of XI remains in excel- 
lent agreement with earlier reports on the intramolec- 
ular hydrogen bonding in 2-hydroxy-2,3- disubstituted 
carboxylic acids and estersz3 and substituted 
P-hydroxysulphoxides. 24 

It is interesting that for la, on moving from non- 
hydrogen-bonding solvents (cC14, e&, CDCI3) to 
hydrogen-bonding acceptors (acetone-d6, DMSO-da), 
the population of the rotamer XI does not decrease too 
much (from CQ 82% to 64-70%). The observed 
decrease in the population of XI results from the com- 
petitive involvement of the solvent in the intermolecular 
hydrogen bonding with the phosphoryl group. How- 
ever, earlier spectroscopic studies of hydrogen bonding 
carried out by Gramstad and Becker” and by Russian 
workers26 demonstrated stronger hydrogen-bonding 
acceptor properties of the phosphoryl group relative to 
the carbonyl or sulphoxide acceptors. As a consequence 
of this, intramolecular P=O ... H-0 bonding in la 
prevails also in the acetone or DMSO solutions. For the 
carboxylic hydroxy ester 2a, in agreement with the 
weaker donor ability of carbonyl substrates, the contri- 
bution of the rotamer XI is lower than that for la and 
in a strongly hydrogen-bonding solvent (DMSO) it is X2 

Table 3. Solvent effects on the conformational behaviour of phosphonates 1 and carboxylates 
2 (population of rotamers, 070) 

l a  Ib Ic 2a 2b 

Solventa XI XZ X3 XI XZ X3 XI XZ X3 XI Xz X3 XI Xz X3 

A 80 9 11 66 25 9 42 46 12 56 34 10 68 30 2 
B 82 3 15 67 26 7 51 47 2 75 13 12 71 26 3 
C 83 5 12 69 25 6 49 48 3 65 19 16 72 28 0 
D 70 20 10 65 30 5 49 51 0 58 34 8 68 30 2 
E 64 22 14 63 32 5 46 52 2 41 49 10 67 33 0 
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which represents the major conformation of the 
compound. 

When l a  was converted into its methyl ether lb ,  the 
population of XI decreased, but it still remained the 
highest, and was approximately constant (66 -+ 2%) 
over the whole range of solvents. Similar behaviour was 
observed for cyclic2' and a c y c l i ~ ~ ~ ~ , ~ '  2-hydroxy- and 2- 
alkoxysulphoxides in which a strong preference exists 
for the gauche orientation of the 2-oxy group with 
respect to the sulphinyl substituent. This behaviour was 
interpreted in terms of the stabilizing n(p) --t d donation 
of the oxygen non-bonding electrons to one of the 
vacant 3d orbitals of sulphur, the one which is not 
involved in the sulphinyl group bonding, and has a 
proper spatial orientation for such interactions. We 
propose to extend that model to phosphonic systems by 
postulating similar n(p) -+ d donor-acceptor inter- 
actions involving the 2-OR group and the phosphoryl 
centre [Figure 2(a)]. The four-membered PCCO 
oxaphosphetane ring represents a common four-centre 
cyclic intermediate in the Wittig and Wittig-related 
reactions, 28 the reaction's driving force being the for- 
mation of a strong phosphorus-oxygen bond. In spe- 
cific cases, such as in the addition of ylide 
Ph3P=C=PPh3 to hexafluor~acetone,~~ the 
oxaphosphetane product could be isolated and its 
crystal structure determined. The four-membered ring 
was found to be planar with the P-C, S-0 and P-0 
bond distances of 1.76, 1 a39 and 2.01 A ,  respectively. 

In a recent structural study of the 2-hydroxy- 
alkylphosphonates formed in the addition of allylic 
phosphonates to aldehydes,30 we found that both in 
solution and in the solid state the molecules adopt a 
conformation identical with that shown in Figure 2(a). 
In the solid state, although the P=O and the OH 
groups are involved in the intermolecular hydrogen 
bonding, the hydroxyl oxygen is clearly in a 'short con- 
tact' with phosphorus atom, the respective P-C, C-0  
and P ' . .O bondPistances being 1.82-1-84, 1.38-1.40 
and 2.95-3.00 A respectively. For the 2-chloro deriva- 
tive, l c ,  the situation is different; XI does not represent 
a major conformation, indicating that the donation of 

--. , 
M P  /O- 1 

( 0 )  ( b )  

Figure 2. Oxygen-phosphoryl and oxygen-carbonyl 
interactions in conformation XI: (a) lb;  (b) 2b 

the non-bonding electrons from chlorine to the 
phosphoryl centre is much weaker. Interestingly for the 
carboxylic system 2, the rotamer XI is more populated 
by the ether (2b) than by the free alcohol (2a). This 
change in the conformational preferences can be 
explained by weaker intramolecular hydrogen bonding 
in 2a relative to the donor-acceptor interactions 
between the 2-oxygen atom and the carbonyl carbon 
[Figure 2(b)]. 

Metal ion effects 

Table 4 shows the effects of NaI and Mg(C104)z on the 
selected NMR data of substrates 1 and 2 in acetone-d6 
solutions. The choice of a counterion resulted from 
solubility considerations; the nature of the anion had 
no measurable effect on the NMR spectra. The general 
effect of metal ions is a low-field shift of the signals of 
hydrogen atoms in the substrates (including those not 
shown in Table 4). This effect is not due to the change 
in the bulk properties of the medium; we have shown 
before for the pentylphosphonic derivative* that the 
change in the 'H chemical shifts on addition of metal 
ions decreases with increase in the distance between a 
given hydrogen and the phosphoryl group. It is there- 
fore the donor-acceptor interaction between the latter 
group and the metal ion that is responsible for the 
observed deshielding effects. These effects are, how- 
ever, substrate dependent; the deshielding is generally 
much greater for compounds 1 than for 2, indicating 
stronger complexation of Na' and Mg2+ by the 
phosphoryl group than by the carbonyl group. We were 
more interested in specific effects of metal ions on the 
diastereomeric methylene group CHAHB, as they should 
provide information on how these ions modify the dis- 
tribution of the conformers relative to the ion-free 
acetone medium. It can be seen from Table4 that 
whereas these effects on the CHAHB group in the 
hydroxy- and methoxyalkylphosphonates are fairly 
strong, they are negligible for substrates l c  and 2. The 
population of rotamers in acetone-d6, and in aCetOne-ds 
containing sodium and magnesium salts, are given in 
Table 5. It is obvious that for the hydroxyphosphonate 
l a  and, to a lesser extent, for its methoxy analogue lb ,  
metal ions increase the population of the rotamer XI,  
mostly at the expense of XZ, that is, favour even more 
the gauche orientation of the PO3Me2 and OH (OMe) 
groups. For l c ,  2a and 2b, the conformational pref- 
erences are virtually insensitive to the addition of salts. 
The observed effect can be taken as evidence for the 
chelation of a metal ion by the two oxygen atoms in the 
1,5-position of the (OPCCO) moiety of l a  and l b  
(Figure 3). 

In a recent study on the stereochemistry of 
phosphate-Lewis acid interactions, Alexander et al. 3 1  

demonstrated that the RzP02- ions form unidentate 
structures, with the preferred syn, but out-of-plane, 
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Table 4. Effects of metal ions on selected NMR data for 1 and 2 (acetone-&, 30 "C) 

Salt a 

Nucleus 
Substrate (parameter) None Nal (1) Nal (2) Nal (3) Mg(C104)Z 

la 
l b  
l c  
la 

Ib 

lc 

2a 

2b 

la  

l b  

l e  
2a 
2b 

l a  

l b  

Ic 

l a  

Ib 

Ic 

2a 

2b 

32.58 
31.23 
28.05 
2.17 
2.24 
2.09 
2.32 
2,77 
2.77 
2.62 
2.69 
2.55 
2.72 
5.03 

4.51 
3.17 
5.32 
5 . 1 1  
4.61 
3.15 
3.62 
3.67 
3.55 
3.67 
3.63 
3.72 
4.2 
9.2 
5.0 
8.8 
7.6 
7.6 
5.5 
8.1 
5.0 
8.9 

33.23 
32-03 
28.89 
2.27 
2.50 
2.19 
2.43 
2.84 
2.89 
2.67 
2.77 
2.57 
2,73 
5.20 

4.63 
3.20 
5.45 
5.15 
4-62 
3.17 
3.71 
3.76 
3.66 
3.73 
3.70 
3.79 
3.7 
9 .8  
4.5 
9.1 
7.4 
7.4 
5.1 
8.4 
5.0 
8.8 

33.47 
32.32 
29.14 
2-31 
2.60 
2-22 
2.49 
2.88 
2-93 
2.70 
2.83 

5.24 

4.68 
3.22 
5.50 
5.19 

3.73 
3.80 
3.70 
3.75 
3.72 
3.81 
3.6 
9.9 
4.4 
9.3 
7.3 
7.4 
5.2 
8.3 

33.63 32.43 
32.48 30.94 
29,27 28.12 
2.33 2.47 
2.66 2.65 
2.23 2.33 
2.53 2.55 
2.88 2.88 
2.97 2.95 
2.73 2-66 
2.87 2.73 
2-60 2.58 
2.75 2.74 
5-29 5.27 

4.71 4.62 
3.23 3.19 
5.33 5.41 
5.21 5.14 
4.65 4.62 
3.18 3.17 
3.74 3.86 
3-83 3.94 
3.73 3.79 
3.76 3.79 
3.74 3.63 
3.82 3.79 
3.5 3.2 
9.9 10.6 
4.3 4.1 
9.4 9.5 
7.1 7.3 
7.5 7.3 
5.1 5.3 
8.3 8 .2  
5.0  5.0 
8.7 8.9 

a Saltlsubstrate molar ratio is given in parentheses. 

Table 5. Effects of metal ions on the conformational behaviour of phosphonates 1 and 
carboxylates 2 (population of rotamers, '70) 

A 
BI  
Bz 
B3 
C 

70 20 10 65 30 5 49 51 0 58 34 8 68 30 2 
78 15 7 70 24 6 46 52 2 63 30 7 68 30 2 
19 14 7 71 24 5 47 50 3 62 31 7 68 30 2 
73 23 4 48 48 4 62 30 8 68 30 2 68 30 2 
88 10 2 74 19 7 46 50 4 61 32 7 68 30 2 

"A = acetone-d6; B I ,  B2, B, = acetone-& + Nal with [Nal]/[substrare] = 1,  2 and 3, respectively; 
C = acetone-& + Mg(CIO4)I with [Mg(C104)21/ [substrate] = 2. 
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1 

+M // R HC 
JAC 

JBC 

co 3 Hz 

co 1 1  Hz 

in acetone + MgC104 population % 

R = H  88 

R = Me 74 

Figure 3 .  Chelation of metal ions by la (R = H) and l b  
(R = Me) 

orientation of a metal ion with respect to the PO2 
group. This geometry is, in fact, present in the structure 
shown in Figure 3, with respect to the metal ion, and 
the P = O  and the P-OMe (axial) groups. Since the car- 
boxylate group typically prefers a syn, but in-plane, 
interaction with a metal ion, 32 this may be a reason for 
the much weaker chelating ability of the carboxylic 
derivatives 2, and hence the lack of increase in the 
population of XI on the addition of a salt. Energetically 
favourable chelation of a metal ion by a 1,s-system of 
two oxygen atoms (OPOCO) was proposed as an 
explanation for the catalytic effect of Mgz+ in the 
phosphoryl transfer from pyridine to the acetate ion. 33 

In conclusion, we have demonstrated that in the 
P-hydroxy- or P-methoxyphosphonic systems, the 
P(O)(OMe)2 and the OH (or OMe) groups attract each 
other, resulting in their gauche orientation in the most 
populated conformer, in both non-polar and polar 
aprotic solvents. The attraction is achieved via the 
intramolecular hydrogen bonding, or via the donor-ac- 
ceptor electronic interactions between the P-oxygen 
atom and the phosphoryl centre. In the presence of ions 
such as Na+ or MgZ+, the attraction is increased by the 
involvement of the phosphoryl group, and the P-OR 
group (R = H, Me) in chelation of the metal ion, thus 
limiting even more the conformational freedom of the 
molecule. It is perhaps relevant to note that the 
1,5-chelation of Na+ by two phosphoryl groups in 
bis(diphenylphosphiny1)methane is responsible for the 
formation of one of the few crystalline sodium 
complexes of phosphoryl compounds. 34 

EXPERIMENTAL 

General. Solvents and commercially available 
substrates were purified by conventional methods. 

Melting points were determined on a Gallenkamp 
apparatus and are uncorrected. The salts were dried in 
an oven at 120 "C and stored in a desiccator over P ~ O I O  
immediately before use. Preparation of the solutions 
containing the salts was carried out in a dry atmosphere 
in a glove-box. NMR spectra were recorded on a Bruker 
AC 300 MHz spectrometer at a probe temperature 
30 "C. Chemical shifts are given in 6 (ppm) relative to 
tetramethylsilane as an internal standard ('H) or 85% 
&Po4 as an external standard (31P). The following 
solvents were used for NMR spectra analysis: 
tetrachloromethane (BDH, AnalaR) containing 10% 
(v/v) cyclohexane-dl2 (Aldrich, 99.5 atomolo D), dried 
over molecular sieves; benzene-d6, (Uvasol, Merck); 
chloroform-dl (Uvasol, Merck), dried over molecular 
sieves; acetone-d6 (Aldrich, 99.5 atom% D), dried over 
molecular sieves; and dimethyl-& sulphoxide (Uvasol, 
Merck). The concentration of substrates was 0.20 M 

Dimethyl 2-hydroxy-2-phenylethylphosphonate (la). 
The P-ketophosphonate precursor 3 was synthesized 
according to the previously described procedure; no 
further purification was necessary (80%). 'H NMR, 6 
3.65 (d,2H,J=22*6Hz),  3.78 (d,6H,J= 1 1 . 2 H ~ ) ,  
7.30-7.70 (m, 5H); "P NMR, 6 23-40. Compound 3 
was reduced following a modified version of the litera- 
ture procedure." The reaction was carried out in 
ethanol (not methanol, as described) and for the extrac- 
tion of the product chloroform was used instead of 
diethyl ether. Compound l a  was obtained as a white 
solid which was recrystallized from THF-hezane (1 : 1) 
to give colourless crystals, m.p. 56-1-56.5 C (6lVo). 
'H NMR, 6 2.19 (ddd, lH,  J =  18*4,15*3,10.1 Hz), 
2.29 (ddd, lH,  J =  15.4,15-3,2*9 Hz), 3.72 (d,3H, 
J =  11.0 Hz), 3.75 (d,3H, J =  10.9 Hz), 3.74 (broad 

(m, 5H); 31P NMR, 6 32.26; MS, m/z  230 (M', 17%), 
124 (loo), 106 (39, 110 (34), 120 (35). 

S, lH), 5.13 (dd, lH,  J =  10-1,2.9 Hz), 7'25-7.41 

Dimethyl 2-methoxy-2-phenylethylphosphonate (Ib). 
Compound la was methylated by treatment with 
sodium hydride, followed by iodomethane; l 1  a virtually 
pure compound was obtained (450/0). 'H NMR, 
6 2.12 (ddd, lH, J =  18*1,15.4,4*6 Hz), 2.36 
(ddd, lH,  J =  16*8,15*4,9*0Hz), 3-23 (s,3H), 3.62 
(d, 3H. J =  10.8 Hz), 3.73 (d, 3H, J =  10.8 Hz), 4.56 
gddd, lH,  J =  9*0,8-9,4.6 Hz), 7.30-7-39 (m, 5H); 
'P NMR, 4 31-70; MS, m/z 244 (M+, <1%), 121 

(IOO), 167 (19), 109 (33, 91 (64), 77 (60), 65 (20). 

Dimethyl 2-chloro-2-phenylethy lphosphonate 
(Ic). Substrate l a  was treated with CCb in the presence 
of Ph3P as described." A prolonged reaction time 
(20 h vs 8 h recommended") was necessary to obtain 
complete conversion to the desired product which was 
further purified by column chromatography 
[benzene-ethyl acetate (1 :1)] (46%). 'H NMR, 6 2.65 
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(ddd, lH, J =  18.2,15*5,7.6 Hz), 2.75 (ddd, lH,  
J =  18*1,15.5,7.1 Hz), 3.51 ( d , 3 H , J =  ll.OHz), 
3.66 (d,3H, J =  11.1 Hz), 7.32-7.51 (m,5H), "P R. A. B. Bannard, Can. J.  Chem. 68, 1837 (1990). 
NMR; 6 27.60; MS, 248 (M+, < 121 (171, 77 
(24), 66 (100). 

6. E.  J. Dunn and E. Buncel, Can. J.  Chem. 67, 1440 (1989). 
7. E. J .  Dunn, R. Y. Moir, E. Buncel, J .  G. Purdon and 

8. A. M. Modro, P.  L. Wessels and T. A. Modro, J. Chem. 

9. F. Mathev and Ph. Savinnac, Tetrahedron 34. 649 (1978). 
Res. (S) 224 (1991). 

Ethyl 3-hydroxy-3-phenylpropionate (2a). The inter- 
mediate ethyl 3-0x0-3-phenylpropionate (3) was 
prepared as reported previously. l3  It was purified by 
column chromatography [benzene-ethyl acetate (9 : l)] 

(s,2H), 4.15 (q,2H, J =  7-1  Hz), 7,10-7-91 (m, 5H). 
Compound 3 was reduced according to the literature 
procedure, l4 but with the reaction time shortened from 
18 to 2 h. Purified by column chromatography 
[benzene-ethyl acetate (9 :1) containing 5% of 
ethylamine] or by bulb-to-bulb distillation (oven 
temperature 180 ClO.1 Torr) (70%). 'H NMR, 6 1.21 
( t ,3H,J=7*2Hz) ,  2.67 (m,2H), 4.13 (q,2H, 
J =  7.2 Hz), 5.08 (dd, lH,  J =  8*3,4-3  Hz), 
7.21-7.36 (m,5H); MS, m/z  194 (M+, l8%), 107 
(100). 

(73%). 'H NMR, 6 1.22 ( t , 3 H , J = 7 * 1  Hz), 3.96 

Ethyl 3-methoxy-3-phenylpropionate (2b). Substrate 
2a was methylated with iodomethane in the presence of 
dry silver oxide. The literature procedure, l5 applied to 
the ethylation of ethyl 2-hydroxy-2-phenylpropionate, 
recommended refluxing the reaction mixture for 4 h. 
We found by following the reaction progress by TLC 
that a minimum time of 35 h of reflux was necessary to 
achieve complete conversion and to obtain virtually 
pure product (85%). 'H NMR (acetone-&), 6 1-17 
(t, 3H, J =  7.1 Hz), (dd, lH, J =  15.3,S.O Hz), 
2.72 (dd, lH, J =  15*3,8*9Hz), 3-15 (s,3H), 4.06 
(q,2H, J =  7-1  Hz), 4.61 (dd, lH,  J =  8.9,5.0 Hz), 
7.27-7-39 (m, SH). 

2.55 

ACKNOWLEDGEMENTS 

Financial assistance from the University of Pretoria 
and the Foundation for Research Development is 
gratefully acknowledged. 

REFERENCES 

1 .  T. A. Modro, Can. J.  Chem. 55, 3681 (1977). 
2. H. Schindlbauer and W. Prikoszovich, Chem. Ber. 102, 

2914 (1969). 
3. R. A. Y. Jones, Physical and Mechanistic Organic 

Chemistry, 2nd ed., p. 66. Cambridge University Press, 
Cambridge (1984). 

4. M. W. G. De Bolster, in Topics in Phosphorus Chemistry, 
edited by M. Grayson and E. J. Griffith, Vol. 11, p. 80. 
Wiley, New York (1983). 

5 .  (a) M. Cohn and T. R. Hughes, J. Biol. Chem. 237, 176 
(1962); (b) J.  A. Happe and M. Morales, J.  Am.  Chem. 
SOC. 88, 2077 (1966). 

. ,  
10. E. J .  Coiey and G. T. Kwiatkowski, J .  Am. Chem. SOC. 

90, 6816 (1968). 
1 1 .  S. C. Welch, J .  A. Levine, I. Bernal and J. Cetrullo, J. 

Org. Chem. 55, 5991 (1990). 
12. T. Gajda, Synthesis 717 (1990). 
13 .  M. W. Rathke and J.  Deitch, Tetrahedron Lett. 31, 2953 

(1971). 
14. L. F. Fieser and R. Ettorre, J.  Am. Chem. SOC. 75, 1700 

(1953). 
15. J .  Kenton, H .  Phillips and G. R. Shutt, J.  Chem. SOC. 

1663 (1935). 
16. R. K .  Harris, Nuclear Magnetic Resonance Spectroscopy, 

Chapt. 2-9. Longman Scientific, Burnt Mill (1986). 
17. C. A. Haasnoot, F. A. A. M. de Leeuw and C. Altona, 

Tetrahedron 36, 2783 (1 980). 
18. N. Inamoto and S .  Masuda, Chem. Lett. 1003 (1982). 
19. C. Reichardt, Solvent Effects in Organic Chemistry, 

Chapt. 7. Verlag Chemie, Weinheim (1979). 
20. D. G. Gorenstein, Phosphorus-31 NMR, p. 27. Academic 

Press, Orlando (1984). 
21. U. Mayer, V. Gutmann and W. Gerger, Monatsh. Chem. 

106, 1235 (1975). 
22. E. D. Becker, High Resolution NMR, p. 231. Academic 

Press, New York (1969). 
23. R. A. Auerbach and C. A. Kingsbury, Tetrahedron 27, 

2069 (1971). 
24. (a) C. A. Kingsbury and R. A. Auerbach, J .  Org. Chem. 

36, 1737 (1971); (b) E. Brunet, 3. L. Garcia Ruano, M. C. 
Martinez, J. H. Rodriguez and F. Alcudia, Tetrahedron 
40, 2023 (1984); (c) E. Brunet, J .  L. Garcia Ruano, M. A. 
Hoyos, J .  H. Rodriguez, P. Prados and F. Alcudia, Org. 
Magn. Reson. 21, 643 (1983). 

25. (a) T. Gramstad, Spectrochim. Acta 19, 829 (1963); 
(b) T. Gramstad and E. D. Becker, J .  Mol. Struct. 5, 253 
(1970). 

26. (a) V. E. Bel'skii, R. F. Bakeeva, L. A. Kudryavtseva, 
A. M. Kurguzova and B. E. Ivanov, J.  Gen. Chem. USSR 
43, 2568 (1975); (b) S. M. Petrov and V. S. Pilyugin, Zh. 
Prikl. Spektrosk. 17, 541 (1972); Chem. Abstr. 78, 8522c 
(1973). 

27. F. Alcudia, I .  Fernandez, J .  M. Llera, M. Trujillo and F. 
Zorrilla, J.  Mol. Struct. (Theochem). 186, 211 (1989). 

28. J .  I .  G. Cadogan, Organophosphorus Reagents in Organic 
Synthesis, Chapt. 2 and 3. Academic Press, London 
( 1979). 

29. G. Chioccola and J. J .  Dalry, J. Chem. SOC. A 568 (1968). 
30. E. L. Muller, M. H. Roos, and T. A. Modro, J. Phys. 

31. R. S. Alexander, Z .  F. Kanyo, L. E. Chirlian and D. W. 

32. C. J .  Carrell, H. Carrell, J. Erlebacher and J .  P. Glusker, 

33. D. Herschlag and W. P. Jencks, J. Am. Chern. SOC. 112, 

34. A. E. Kalinin, V. G. Adrianov and Yu. T. Struchkov, 

Org. Chem., in press (1993). 

Christianson, J. Am. Chem. Soc. 112, 933 (1990). 

J.  Am. Chem. Soc. 110, 8651 (1988). 

1942 (1990). 

J.  Struct. Chem USSR 17, 127 (1976). 




