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NOTE

31p NMR— Structure Correlations for
Phosphonocarboxylic Acids and Esters
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31p chemical shift-structure correlations were established from methyl and ethyl esters of simple phos-
phonocarboxylic acids. The influence of solvent, acidity, function and neighbourhood of phosphorus was studied.
The correlations could be extended and led to the identification of esters obtained when a series of phos-
phonocarboxylic acids were reacted with alcohols—reactions which were designed as models of cellulose cross-

linking by these acids.
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INTRODUCTION

31p NMR has been used for years and many data are
recorded.!=* Sensitive to chemical environment in the
molecule, the chemical shift may provide a good tool
for structural analysis. We used this tool to evaluate
theprogress of the esterification in a series of phos-
phonocarboxylic acids currently studied as cellulose
cross-linking agents.’

It is generally agreed that no general correlation can
be seen between 2!P § values and molecular structure,
as electron density depends on a variety of factors such
as electronegativity of substituents, extent of = bonding,
related to the degree of occupation of d-orbitals of
phosphorus atom, bond angles, and solvent.*¢’

In the work presented here we studied the variation
of 3'P chemical shift in a series of phosphonic and
phosphonocarboxylic acids and derived esters as a func-
tion of the nature of the phosphonic function (acid,
mono- or diphosphonate), the framework of the mol-
ecule, the medium and the presence of esterified or non-
esterified carboxylic functions in the vicinity. First, from
simple acids and alcohols taken as models, correlations
were established between chemical shifts and phos-
phonic functions and their neighbourhood. These corre-
lations were then applied to identify species found in
reaction mixtures of esterification reactions involving
alcohols such as 2-tetrahydropyranylmethanol (2) and
phosphonocarboxylic acids of the general formula 1:

HOOC—(CH,),—CH—Y lan=0Y=H

| Ibn=1,Y=H
PO,H, 1lc n=1Y =COOH
1 1d n=2,Y = COOH
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HO

Thol 2

RESULTS

As a variety of acids and fully esterified species were
available, the study of the influence of the function first
required the preparation of monophosphonates. No 3!P
d values of monophosphonates have been recorded to
our knowledge, while a number of § values are known
for diphosphonates.*7®* We also needed phosphonic
acids and esters containing carboxylic acid or ester
functions in the vicinity at various positions.

First we realized syntheses of esters derived from
simple acids 1a and 1b in order to obtain, besides acids
and diphosphonates, a series of methyl, ethyl (or Thyl,
from Thol, 2) partial esters, some of which had not yet
been described (1a—7a, 1b-7b):

1la HOOC—CH,—PO,H,?
1b HOOC—(CH,),—PO;H,?
3a ROOC—CH,—PO,H,*
3b ROOC—(CH,),—PO,H,*
4a HOOC—CH,—PO(OH)OR*
4b HOOC—(CH,),—PO(OH)OR?
5a ROOC—CH,—PO(OH)OR
5b ROOC—(CH,),—PO(OH)}OR
6a HOOC—CH,—PO(OR),*
6b HOOC—(CH,),—PO(OR), *
7a ROOC—CH,—PO(OR), **
7b ROOC—(CH,),—PO(OR),*®
(R = Me, Et, Th)
2 Already described molecules (R = Me or Et).
b Already recorded 3!P 6 values (R = Me or Et).
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Actually we were unable to prepared all the required
esters as pure samples. Most of them were obtained as
main components of mixtures where they could be
unambiguously characterized by 'H and chiefly '3C
NMR.

To complete the correlation, other types of molecules
(according to function and vicinity) were then evidenced
in reaction mixtures issued from the esterification of 2
by acids 1¢ and 1d for which Y = COOH. As main
components of reaction mixtures, some of them could
be characterized as above, but in a few cases their struc-
tures were extrapolated from 3'P chemical shift—
structure correlations.

Table 1 displays the chemical shifts values and assign-
ments obtained in this work. Assignments made only by
31P correlations are pointed out.

DISCUSSION

Variation of 8(*'P) with phosphonic function: the
functional rule

Ethanephosphonic acid and esters illustrate (Table 2) a
rule which applies to the whole set of acids under study,

whatever the solvent: Jd(phosphonic acid) < d(mono-
phosphonate) < d(diphosphonate); for example 29.4,
31.7 and 34.4 for acid and ethyl esters in DMSO (¢ in
ppm). The 3!'P shielding increases according to the
degree of esterification, with increments of at least 2
ppm. This rule will be referred to as the functional rule.
It may be ascribed to the deshielding attracting effect of
—OR compared to that of —OH.

Table 2. Variation of & 3'P with function F in the eth-
anephosphonic series*®

Solvent:
DMSO Water Thol
Molecule ] DS, s AS, s As,

Et—PQ(OH), 29.7 0 328 0 312 0

Et—PO(OH)(OR) 31.7% +2.0
32147 +24 341™ +1.3 325™ +1.3
Et—PO(OR), 33.2% +35 37.0f +42 3345 +22

2 Values (ppm) of chemical shifts § and functional increments
Ad,.
® Thol and R: see Table 1, note b.

Table 1. § 'P variation with function, solvent, framework Z and carboxylic neighbourhood N for acids Z—PO,H, and their

esters™®
—PO(OH), —PO(OH)OR —PO(OR),
= N, DMSO Water Thol DMSO Water Thot DMSO Water Thol
Me— 26.5 29.8 284 33.2Me 37.8Me 33.2Me
Et— 29.7 328 31.2 31.7% 341 325™ 33.2% 37.0% 33.4Ft
32.1™
COOH o COOH 16.2 16.9 17.4 18.6Thd 19.07h¢ 22.8% 23.89% 22.64¢8
|
CH,— « COOR 15.17" 16.5™ 17.7™ 18.17" 21.56™
COOH B COOH 26.2 284 284 29.0Me 31.4Me 29.9Me 33.4Me 36.4Me 33.7Me
| 29.0™ 29.9™¢ 30.7¢% 3118
CH,
|
CH,— B COOR*® 25.6Me 27.9Me 28.5M¢ 29.4Me 33.0Me 35.9M¢ 33.2Me
2575 27.9™ 28.5™ 29.4™ 30.4F¢ 33.0% 30.6F¢
255™
COOH o8 COOH 171 16.5 195 19.3™ 21.6™
|
CH, o COOR 16.0™ 18.5™" 18.37h¢d 2049
|
CH— £ COOR 16.6™ 19.17" 18.8™h¢ 20.8™nd
I
COOH o8 COOR 15.5™" 18.0™ 17.770¢ 20.0™ 4 23.8Me 26.6M¢ 24.1Me
21.67h¢ 22.37h¢
COOH o,y COOH 18.8 19.9™-21.0™
|
(CH,), aCOOR 17.8™¢
|
CH— y COOR 18.77hd 19.9™-21.0™
l
COOH o,y COOR 17.77hd 19.9™-21.0™
Anhydrides Z—PQ(OR)—0—2'
2=£Et 27.0 26.9
Z' = PO(OEt)(Et)
Z=Et 31.0 30.70
Z'=C(0O)Me

@ Values of chemical shifts § (ppm) from phosphoric acid as external reference.
® Thol: 2-tetrahydropyranylmethanol. R: methyl (Me), ethyl (Et) or 2-tetrahydropyranylmethyl (Th). For esters the nature of R is shown by

the exponent.
¢ In mixtures close signals are clearly distinguishable for various R.
9 Assignments from J 3'P-structure correlations only.
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Interestingly, the nature of the alkyl group is impor-
tant for esters:shifts up to 2.5 ppm can be seen between
ethyl and methyl diphosphontes (Table 1}.

The spectra of related anhydrides (Table 1, bottom),
which may be viewed as substituted disphosphonates,
showed that 3P was much shielded in their case.

Variation of 8(*'P) with framework

This variation, very important as expected, could
prevent the application of the above rule in cases of
mixtures of phosphonic acids (Table 1), which is not the
case in our study. For example, é varies from 16.2 to
29.2 ppm in DMSO for acids 1.

Variation of 5(*'P) with solvent

In the present work, spectra were recorded in DMSO,
water or 2 (Thol).

Table 3 shows that in most cases DMSO is the most
shielding of the three solvents, while water is the most
deshielding, with the exception of phosphonoacetic and
-succinic acids 1a and le. On the other hand, Thol
seems to line up with DMSO for diphosphonates and
with water for acids, with the same exceptions as above.

The difference between DMSO and water may be
ascribed to H-bonding, for which the former is a good
acceptor and the latter a good donor. Both solvents are
expected to behave in the same way neither towards
phosphonates which are not H bond donors nor
towards phosphonic acids, as is indeed the case with
a-carboxylic phosphonic acids 1a and 1b, where a
strong chelation can compete with intermolecular H-
bonding.

The difference between water and Thol towards phos-
phonates might be ascribed to steric bulk which would
impede H-bonding with Thol. Hence DMSO and Thol
behave in the same way toward diphosphonates.

Further experiments, especially with mono-
phosphonates, are necessary to confirm these interpreta-
tions.

Variation of 8(*'P) with acidity

As expected, a number of >!P chemical shift values were
considerably lowered in a basic medium, as observed
for acids and monophosphonates (and not for
diphosphonates), due to the formation of salts. The
phosphorus nucleus is shieided by the oxanion’s
unbonded electrons (the increment can be as high as
—6 to —8 ppm). Intermediate values of 6 were found
when OH functions were only partly neutralized, due to
chemical equilibrium in solutions. As a result, the func-
tions could not be recognized in a basic medium and we
eventually had to acidify before analysing the reaction
mixtures.

Actually, after careful examination, correlations could
be established and used in acidic medium. Table 4
allows a comparison, for spectra recorded in acidic
medium with and without added HCI, first of the varia-
tion A} of the chemical shift of a specific acid, then of
the variation A,® of the chemical shift difference
between the acid and its esters. The result depends on
the series. For phosphonosuccinic acid 1c, acidification
made no difference; for phosphonoacetic acid 1a the
observed variations were of the same order of magni-
tude: in both series the same correlation pertain. On the

Table 3. Variation of 8 *'P with solvent S for acids Z—PO,H, 1 and their esters®®. A, = §,—8puso solvent increment for a

specific species in solvent S

—PO(OH),
DMSO Water Thol
z— N¢ s Adg Adg
Me— 267 33 19
Et— 29.7 31 15
COOH o« COOH 16.2 0.7 1.2
I
CH,— o« COOR 16.1™ 1.4™"
COOH S COOH 26.2 2.2 2.2
I
CH,
|
CH,— B COOR® 25.7°5 2.3Me
25.6M¢ 247"
25.5™
COOH a8 COOH 171 -0.6 24
}
CH, « COOR 16.0™ 25T
|
CH— B COOR 16.5™" 26™
|
COOH o8 COOR 15.5™" 25T

—PO(OH)OR —PO(OR),

DMSO Water Thol DMSO Water Thol

Ad.© Adg Adg Ja%- Adg Adg
6.7Me 4.6V oMe

2.0% 3.8% 3.8% 0.2%¢

247 20™ 0.4™

2.4™ 0.4™

26™ 0.4 6.6 1,18 0.3f¢
6.4™

2.8Me 2.4Me 0.9Me 7.2Me 2.0Me 0.3Me

2.8™ 0.9™ 4 5%t 0.4%

2.8Me 0.9Me 4 2Ft 2.6% 0.28¢

2.9™ 0.9™ 6.8Me 2.9Me 0.2Me

2.2™ 22™

2‘3TH 21 Th

2.3™ 20™

2.2™ 2.3™ 45™ 0.7
6.7Me 2.8Me 0.3Me

a Values (ppm) of chemcal shifts & and solvent increment Adg (all Ad values are positive).

P ForZ, S and N see Table 1. R and Thol: see Table 1, note b.

¢ For mono- and diphosphonates in DMSO (reference solvent) the functional shifts AS. between esters and the corresponding acid in

DMSO are indicated.
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Table 4. Variation of & >'P with acidity for acids Z—PO;H, 1 and their esters®™° A8y = 8y ,pecies—Onacia functional acidity

increment for a species with HCl added

—PO(OH),
Ad,0 A8,

z— Ne without HCI with HCI ae
COOH o« COOH 0 0 0.5

|

CH,— o« COOR -1.1 ~-1.3 0.2
COOH B COOH 0 0 0.6-1
I

CH, S COOR ~0.657n-Me ~0.8™"Me 0.15
[

CH,—

COOH a8 COOH 0 0 0.1

I

CH, wor fCOOR  -1.15™ -1 <01

|

CH— -0.55™ -0.5™ <0.1

|
COOH a8 COOR -1.6™ -1.7™ <01

—PO(OH)OR) ~PO(OR),
b0 a3, 84,0 As,
without HCI with HCI aM without HCI with HC Al
+2_4Th,Et +2.OEt‘Th 04
1.57h-E 0.97"Et 0.6 6.6
5'3Th
2.75™Me 1.65Tn-Me 11
2.25Th.Me 1.770-Me 0.55 6.8Me 6.4Me 0.4
425 4.0% 0.2
23
1.15™ 1.0™ <01
1.7™ 1.7™ <0.1
057" 0.6™ <01 6.7% 6.7% 0

@ Solvent: DMSO. Values (ppm) of functional acidity increments Ad,, and variations of increments A,. For values of 6 without HCI, see

Table 1.

® For Z, S and N see Table 1. R = Me, Et or Th: see Table 1, note b.

© H°: without HCI added. For acids Ad, =0 and A3° indicates the difference observed when HCI is added. For esters A," indicates the
variation of the functional shift between ester and acid due to addition of HCl: AW = A8, —AS,,,(AS,, = Ad,, see Tables 1 and 2).

contrary, for phosphonopropionic acid 1b two different
although close sets of values had to be used.

On the other hand, é values of mono- and
diphosphonates were not affected by the quantity of
phosphonic acid present in the solutions.

In conclusion, the functional rule could be applied
whatever the acidity, provided pertinent values were
used.

Variation of (3'P) with the carboxylic neighbourhood

As we were involved in the esterification of phos-
phonocarboxylic acids, the evaluation of the effect of
the carboxylic functions esterification on *!'P chemical
shifts was of the utmost importance. Would the varia-
tions of & values make unusable the above functional
rule? Or would they be small but characteristic enough
to become an analytical criteria? The question arose
from a previous study® of polycarboxylic acids, esters
and anhydrides whose !*C chemical shift of C=0 and
adjacent alkyl could not be used as an analytical tool,
due to variations which were of the same order of mag-
nitude for functions and environment.

Table 5. Variation of 5 3'P with carboxylic neighbourhood N
for acids Z—PO,H, and their esters.®® Adyc =

8(a,ﬂ,v)COOR ﬁ(d.ﬁ,Y)COOH

carboxylic neighbourhood increment for a specific species

Ng —PO_H, —PO(OH)(OR)® —PO(OR),®
o COOR -1 -0.9

B COOR -0.6 -0.5 -0.5

y COOR -0.1

a8 COOR -1.6 -1.6

a,y COOR -1.1

2 Average values (ppm) of Ady. in DMSO or Thol. For 8 values
see Table 1.
® R = Me, Et, Th: see Table 1, note b.

The variations due to the esterification of the carb-
oxylic function were deduced from Table 1. For mono-
carboxylic phosphonic acids 1a and 1b, related mono-
phosponates and the only case studied for
diphosphonates, the variations are characteristic of the
relative positions of COOR and phosphorus, respec-
tively —0.5 and —1 ppm (0.1 ppm) for « and § posi-
tions. Although the esters were not all characterized by
other methods, the additivity of the effect appeared
clearly for phosphonosuccinic acid and its mono-
phosphcnates and led to assignments recorded on Table
1. The results can be extended to phosphonoglutaric
acid provided a very small variation (—0.1 ppm) due to
esterification in the y position is taken for granted.
Table 5 displays the average values.

In conclusion, the functional rule always applies and
the carboxylic esterification is clearly observable. Thus
the determination of percentages of esterification, which
was one of the aims of our study, has been possible in
all cases for the phosphonic function and, either pre-
cisely or at least within rather narrow limits, for carb-
oxylic functions.®

These results could be extended to analyse the com-
plicated pattern of esters of diols whose signals were
assigned by means of the above correlations. Thus the
reactivities of two alcohols viewed as simple models of
the cellulose structure could be compared.®

EXPERIMENTAL

Spectra

'H and !3C spectra and 'H-decoupled 3P spectra were
recorded at ambient temperature with a Bruker
AM-300 spectrometer operating respectively at 300 and
75 MHz using TMS as internal standard and at 121.5
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MHz using 85% phosphoric acid as external standard.
For 3!P 30° pulses were used and spectra were acquired
over 0.786 s (64 K). The spectra had a digital resolution
of 0.32 Hz per point. For the precise determination of
31p § values, in each series the specific phosphonic acid
was used as internal reference for its esters in a given
solvent and as external reference for comparison
between solvents. Phosphonopropionic acid in DMSO
(6 = 26.2 ppm) was used as external reference for com-
parison between series. Concentrations of phosphonic
derivatives were about 0.2 mol 17!; no significative
variations were observed when concentrations varied
from 0.1 to 0.4 mol I ™. For spectra recorded with HCI,
4-12 drops of concentrated acid were added in a 2 ml
volume.

Compounds

Ethanephosphonic, methanephosphonic and the corresponding
methyl or ethyl diphosphonates were commercially available. Phos-
phonopropionic acid 1b and its fully esterified ethyl ester were com-
mercially available. Other phosphonocarboxylic acids 1 and fully
esterifiecd methyl or ethyl phosphonocarboxylates were known and
either kindly provided by Société Frangaise Hoechst (1a and ethyl
ester; 1b and ethyl ester; 1c and methyl ester; 1d) or obtained by
standard methods (7b, R = Me).'® Known partial esters were
obtained as described by selective esterification of acids, selective
hydrolysis of full esters or hydrolysis or alcoholysis of anhydrides (3a,
4a, R = Et;!2 6a, R = Et;'® 3b, R = Et;'* 4b, R = Me, Et;'' 6b,
R = Me, Et).!!'!* Ethyl ethanepyrophosphonate and acetoxyphosp-
honate (Table 1, bottom) were obtained as reported.'® As yet unre-
corded NMR data of the above known acids and esters are reported
at the end of the Experimental (see ‘Miscellaneous’).
31P § values, established as discussed, are displayed in Table 1.

Methyl 3-phosphonopropanoate 3b (R = Me). 3-Phosphonopropanoic
acid {23 mmol, 3.5 g) and methanol (20 ml) were stirred for 20 min
with acetyl chloride (1.6 ml) at room temperature. After evaporation
of solvents, white crystals were obtaind (pF 99-101°C, quantitative
yield). IR (cm~'): 3000-2200, 1734, 1257, 1200-1000. NMR (ppm,
DMSO) 'H: 1.76-1.87 (m, 2H); 2.43-2.52 (m, 2H); 3.60 (s, 3H); 10.58
(s, OH). '3C: 22.75 (CH,, Jcp = 139.2 Hz); 2745 (CH,, Jp = 3.2 Hz);
51.50 (CH,); 172.46 (C=0, J = 17.9 Hz). 3'P: 25.6.

The ethyl homologous carboxylatc'* was obtained as 60% of a
mixture containing 40% of the remaining acid and spectra were
recorded without isolation (6 3*P: 25.7 ppm).

3-Diethoxyphosphorylpropancic acid 6b (R = Et!!'!%). Ethyl 3-
diethoxyphosphorylpropanoate (4.2 mmol, 1 g), THF (5 ml) and
aqueous potassium hydroxide (4.2 mmol of a 8.4 M solution) were
stirred 15 h at room temperature. After evaporation, dissolution in a
KHSO, saturated solution, extraction with ethyl acetate, drying and
evaporation, the expected diester was obtained mixed with 30% of the
remaining known triester (total yield 0.9 g). IR (cm™!): 3410, 1730,
1250, 1050. NMR (ppm, DMSO) 'H: 1.23 (t, J;y, = 7.1 Hz, 6H) 1.90—
204 (m, 2H); 2.35-2.49 (m, 2H); 398 (q, Juy = 7.1 Hz, 4H). '3C:
16.18 (CH,, d, Jcp = 5.7 Hz); 20.17 (CH,, d, Jo = 141.9 Hz); 27.06
(CH,, d, ) = 39 Hz); 61.09 (CH,, d, J, = 6.2 Hz); 17298 (C=0,
d, ] = 16 Hz). *'P: 30.7.

Under the same conditions the methyl homologous
diphosphonate!! was obtained in only 11% yield (6 3'P: 33.0 ppm,
DMSQ).

3-Hydroxymethoxyphosphorylpropanoic acid 4b (R = Me).!' When
water was added to 2,5-dioxo-2-methoxy-1,2-oxaphospholane
(prepared  and  distilled  with 10%  of  methyl 3-
dimethoxyphosphorylpropanoate as described,'”” NMR data vide
infra) and spectra recorded, the monophosphonate was, as expected,
the only species observed (90%) apart from the initially present tri-
ester (10%). NMR (ppm, D,0O) 'H: 1.68-1.85 (m, 2H); 2.23-2.41 (m,
2H); 3.36 (d, Jyp = 10.9 Hz, 3H). '3C: 20.62 (CH,, d, J, = 140.1 Hz);
27.24 (CH,, d, Jp = 4.2 Hz); 52.69 (CH;, d, Jp = 6.1 Hz); 1769
(C=0,d,J = 16.4 Hz). *'P: 314.

Methyl 3-hydroxymethoxyphosphorylpropanoate 5b (R = Me). 2,5-
Dioxo-2-methoxy-1,2-oxaphospholane (11.1 mmol) and water (0.2 ml)
were stirred for 2 h at room temperature. Methanol (10 ml) and acetyl
chloride (0.9 ml) were added. After stirring for 20 h at room tem-
perature and evaporating, the spectra showed the presence of the
expected diester (50%) along with the known remaining carboxylate
and triester. IR {cm™'): 3400-2300, 1735-1710, 1180. NMR (ppm,
DMSO) '3C: 20.55 (CH,, d, Jp = 140.3 Hz); 27.07 (CH,, d, ] = 3.6
Hz); 51.14 (CH,, d, Jp = 6 Hz); 514 (CH,, s); 171.9 or 171.2 (C=0,
d,Jp = 162 or 16.99 Hz. 3'P: 28.5.

2'-Tetrahydropyranyl 3-phosphononopropanoate 3b (R =Th). 3-
Phosphonopropanoic acid (4.2 mmol, 0.65 g), 2-tetrahydropyranyl-
methanol (10 ml) and acetyl chloride (0.3 ml) were stirred for 22 h at
room temperature. Reactants in excess were distillated (0.7 mmHg)
and the residue was analysed. The expected carboxylate (yield 83%
from NMR) was obtained mixed with initial alcohol and the corre-
sponding acetate. IR (cm™'): 3400-2300, 1735, 1250. NMR (ppm,
DMSO) 'H: 1.08-1.24 (m, 1H); 1.37-1.54 (m, 4H); 1.74-1.89 (m, 2H);
2.42-2.51 (m, 2H}); 3.19-3.49 (m, 2H); 3.82-3.86 (m, 1H); 3.90-3.95 (m,
2H); 9.1 (s, OH). '3C: 22.52 (CH,, s); 22.80 (CH,, s): 22.82 (CH,, d,
Jep = 1394 Hz); 2547 (CH,, s); 27.60 (CH,, d, Jp = 3 Hz); 668
(SHZ, s); 67.3 (CH,, s); 74.7 (CH, s); 171.9 (C=0, d, J = 18.6 Hz).
P:255.

A series of esters were obtained by esterification of acids 1 by alcohol
2.

Typical procedure. Thol (32 mmol), acid (3.2 mmol) and eventually
sodium hydride (3.2 mmol) were stirred for 5, 30 or 60 min at 180°C.
After vacuum distillation of excess Thol {eb, ; = 65 °C), solvent was
added and spectra of esters were recorded (NMR: ppm solvent
DMSO).

*3a, R =Th. 3'P: 15.1. 'H: 1.02-1.30 (m, 1H); 1.36-1.58 (m, 4H);
1.66-1.79 (m, 1H); 2.80 (d, J,p = 21.3 Hz, 2H); 3.16-3.52 (m, 2H);
3.81-4.02 (m, 3H); 7.65 (s, OH). 13C: 22.42 (CH,, s); 25.39 (s, CH,);
2749 (CH,, s); 36.24 (CH,, d, Jep = 125.5 Hz); 67.09 and 67.21 (CH,,
25); 74.58 (CH, s); 166.70 (C=0, d, Jop = 6.4 Hz).

*53, R = Th. 3'P: 17.7. 'H: 1.25 (m); 1.43-1.59 (m, 8H); 1.76 (m, 2H);
295 (d, J,p = 21.2 Hz, 2H); 3.32-3.45 (m, 4H); 3.72-3.93 (m, SH), 5.5
(s, OH). 13C: 22.42 2CH,, 5); 25.39 (2CH,, s); 27.19 (CH,, s); 27.42
(CH,, s); 3460 (CH,, d, J. , = 1262 Hz); 67.21 (CH,, s); 67.94
(CHj, s); 74.55 (CH, 5); 75.69 (CH, s); 166.31 (C=0, s).

*4b. R = Th. *'P: 29.0. '3C: 173.28 (C=0, d, J, = 18.1 Hz).

*8h, R = Th. 3'P: 28.5. 'H: 1.05-1.28 (m, 2H); 1.44-1.69 (m, 8H);
1.76~1.95 (m, 4H); 2.40-2.50 (m, 2H); 3.20-3.52 (m, 4H); 3.74-3.97 (m,
5H); 8.03 (s, OH). '3C: 21.13 (CH, , d, Jo» = 140.2 Hz); 22.40 2CH,,
s); 25.36 (CH,, s); 2541 (CH,, s); 27.13 (CH,, s); 27.25 (CH,, d,
Jep = 3 Hz); 27.39 (CH,, s); 6694 (CH,, d, Jo = 2.4 Hz); 67.17
(2CH,, s); 67.25 (2CH,, 5); 74.60 (CH, s); 75.78 (CH, d, ], = 6.4 Hz);
171.75 (C=0, d, I, = 17.8 Hz).

*Esters of 1c, R = Th

a-Carboxylate. 3'P: 16.0. 13C: 169.0 (C=0, d, J = 5.8 Hz); 172.5
(C=0,d, Jp = 192 Hz).

B-Carboxylate. 3'P: 16.5. '3C: 22.46 (CH,, s); 25.40 (CH,, s); 27.41
(CH,, s); 31.70 (CH,, 5); 42.59 (CH, d, Jop = 123.8 Hz); 67.06 (CH,,
s); 67.27 (CH,, s); 74.64 (CH, s); 17028 (C=0, d, Jo = 5.3 Hz);
171.23(C=0, d, Iy = 19.4 Hz).

a, B-Dicarboxylate. 3'P: 15.5. 13C: 22.40 (2CH,, s); 25.35 (2CH,, s);
27.04 (CH,, 5); 27.60 (2CH,,, s); 3170 (CH,, s); 4261 (CH, d, Jop =
122.8 Hz); 67.16-68.33 (4CH,); 74.54 (CH, s); 74.51 (CH, s); 169.0
(C=0, d. Jep = 5.6 Hz); 170.8 (C=0, d, Jop = 18.8 Hz).

Monophosphonate a,B-dicarboxylate. 3'P: 17.7. 13C: 22.44 (3CH,, s);
25.38 (3CH,, s); 27.04-27.60 (3CH,, s + 2d). 31.74 (CH,, s); 41.31
(CH, d, Jop = 1253 Hz); 41.23 (CH, d, Jop = 1250 Hz); 67.07-68.30
(6CH,); 75.78 and 74.55 (3CH, 2s); 168.6 {C=0, d, J, = 5.5 Hz};
170.6 (C=0, d, Jp = 15.5 Hz).

*Esters of 1d, R = Th
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a-Carboxylate. 3'P: 17.8. '3C: 169.44 (C=0, d, J, = 5.0 Hz); 173.65
(C=0, s).

y-Carboxylate. *'P: 18.7. 13C: 22.46 (CH,, s); 22.58 (CH,, s); 25.40
(CH,, s); 27.51 (CH,, s); 31.74 (CH,, d, J» = 139 Hz); 45.55 (CH, d,
Jo = 1249 Hz); 66,68 (CH,, s); 67.23 (CH,, s); 74.68 (CH, s); 170.8
(C=0,d, J = 5.1 Hz); 172.1 (C=0, s).

a,y-Carboxylate. 3'P: 17.7. 13C: 22.46 (2CH,, s); 22.62 (CH,, s); 25.39
(2CH,, s); 2742 (2CH,, s); 31.75 (CH,, d, J = 13.9 Hz); 45.58 (CH,
d, Jop = 1249 Hz); 66.93-67.29 (4CH,); 74.68 (CH, s); 169.43 (C=0,
d, ] = 5.0 Hz); 172,05 (C=0, s).

Miscellaneous NMR data (ppm, solvent DMSO except otherwise
indicated)

*Ethanephosphonic acid. 3'P: 29.7. 'H: 1.02 (1 x d, J = 19.1 Hz,
Ty = 7.6 Hz, 3H); 1.52 (q x d, Jyp = 25.5 Hz, J,5; = 7.6 Hz, 2H); 104
(s, OH). 13C: 692 (CH,, d, Jop = 6.2 Hz); 2021 (CH,, d, Jp = 1389
Hz).

*Phosphonoacetic acid 1a. *'P: 16.2. "H: 2.88 (d, J,p = 21.3 Hz, 1H);
2.89 (d, Jyp = 21.2 Hz, 1H). 3C: 37.5(CH,, d, Jep = 1250 Hz); 173.2
(C=0, d, J, = 6.0 H2).

*Phosphonopropionic acid 1. 3'P: 26.2. 'H: 1.69-1.81 (m, 2H); 2.33-
242 (m, 2H); 992 (s, OH), 1*C: 22.6 (CH,, d, Joe = 138 Hz); 27.5
(CH,, d, I = 3 Hz); 173.2 (C=0, d, I » = 18 Hz).

*Phosphonosuccinic acid Ic. **P: 17.1. '"H: 2.55(d x d x d, J,;p = 8.8
Hz, Jyy =174 Hz and 3.1 Hz, 1H); 2.75 (d xd x d, J;p = 6 Hz,
Jyy = 11.6 Hz and 174 Hz, 1H); 3.0(d x d x d,J;p = 23.5 Hz, J}y; =
11.6 Hz and 3.1 Hz, 1H); 8.8 (s, OH). '*C: 31.8 (CH,, s); 42.7 (CH, d,
Jep = 123.4 Hz); 170.2 (C=0, d, Jp = 5.3 Hz); 172.6 (C=0, d, Jp =
18.9 Hz).

*Phosphonoglutaric acid 1d. >'P: 18.8. 'H: 1.94 (m, 2H); 2.22 (d x d,
Juw = 164 Hz and 7.5 Hz, 1H); 2.32 (d x d, Jy, — 164 Hz and 7.4
Hz, 1H); 272 (d x t, Jyp = 23.0 Hz, J,;,, = 7.4 Hz, 1H); 10.69 (s, OH).
13C: 225 (CH,,d, ] = 3.6 Hz); 32.06 (CH,, d, I, = 14.1 Hz); 45.62
(CH, d, Jop = 1249 Hz); 170.8 (C=0, d, J = 5.1 Hz); 173.7 (C=0,
s).

*Ester 7. R = Me: *'P: 33.0. 'H = 203 (t x d, Jyy = 7.5 Hz, Jyp =
20 Hz, 2H); 2.50 (t x d, Jyy = 7.5 Hz, J,p = 13.6 Hz, 2H); 3.6 (d,
Jue =1 Hz, 3H); 3.62 (s, 3H); 3.65 (d, Jop = 1 Hz, 3H). 13C: 19.11
(CH,, d, Jo, = 141.6 Hz); 26.84 (CH,, d, J&, = 3.8 Hz); 51.73 (CH,,
5); 52.19 (2CH,, d, Jp = 63 Hz); 172.11 (C=0, d, Jo = 164 Hz).

Mass spectrum (m/e, %): 196 (M™*: 100), 161 (1); 164 (32): 137 (38);
110 (68); 109 (59); 105 (10); 93 (28); 87 (17); 80 (21); 79 (53); 59 (11); 55
(84); 47 (20); 31 (10); 28 (20); 27 (19).

*Ester 4b. R = Et, sodium sait (D,0): *'P: 29.20. *H: 1.21 (t, Jy, =
6.4 Hz, 3H); 1.83-194 (m, 2H); 2.34-2.42 (m, 2H); 3.60 (d, J,5p = 103
Hz, 3H). 13C: 25.15 (CH,, d, Jo = 135.0 Hz); 34.04 (CH,, d, Jop =
4.0 Hz); 54.19 (CH,, d, Jop = 5.6 Hz); 184.84 (C=0, d, J, = 190
Hz).

*Ester 4b. R = Me, sodium salt (D,0): 3'P: 27.7. 'H: 121 (t, Jy, =
6.4 Hz, 3H); 1.72-1.83 (m, 2H); 2.06-2.43 (m, 2H); 3.84-3.99 (m, 2H).
13C: 16.01 (CHy, s); 23.28 (CH,, d, J, = 1352 Hz); 31.38 (CH,, s);
60.73 (CH,, s); 1822 (C=0, d, I = 19.5 Hz).

*Ethyl ethanemonophosphonate. *'P: 31.7. *H: 1.02 (t x d, Jyp = 19.3
Hz, Jyy = 7.6 Hz, 3H); 1.21 (t, Jy,, = 7.0 Hz, 3H); 1.60 (q x d, J;p =
17.5 Hz, Juy = 7.6 Hz, 2H); 393 (d x q, Jp = 146 Hz, Jy, = 70,
2H); 6.36 (s, OH). '*C: 6.70 (CH;, d, Jo = 6.4 Hz); 16.37 (CH,, d,
Jep = 6.0 Hz); 18.83 (CH,, d, Jop = 139.4 Hz); 60.0 (CH,, d, Jop = 5.9
Hz).

*2-Tetrahydropyranyl ethanemonophosphonate. 3'P: 32.1. 'H: 1.01
(t x d, Jyp = 189 Hz, J,yy = 7.7 Hz, 3H); 1.13-1.78 (m, 8H); 3.33 (m,
2H); 375 (d x d, Jyp = 7.1 Hz, Jyy = 5.2 Hz, 1H); 3.81-3.88 (m, 2H).
7.98 (s, OH), 1°C: 6.68 (CH,, d, Jop = 6.5 H2); 18.67 (CH,, d, Iop =
139.6 Hz); 22.44 (CH,, s); 2548 (CH,, s); 27.31 (CH,, s); 66.91 (CH,,
d,Jep = 5.9 Hz); 67.18 (CH,, 5); 75.88 (CH, d, Jop = 6.6 Ha2).

*Diethyl ethanepyrophosphonate. IR: 1270, 1050, 950. 3!P: 27.0 (d).
'H: 101 (t x d, Jyp = 104 Hz, Jyy = 7.6 Hz, 6H); 1.27 (t, Jyyy = 7.0
Hz, 6H); 191 (q x d, J,yy = Jyp = 18.0 Hz, 4H); 4.13 (m, 4H). 13C:
6.05 (2CH;, s + d, Jep = 7.0 Hz); 15.88 (2CH,, s + d, J, = 6.0 Hz);
19.2 2CH,, d, J;, = 1484 Hz and d x d, Jo, = 1484 Hz, J, = 6.1
Hz); 61.92 (2CH,,d x d,Je = 51 Hz, J, = 3.3).

*Diethyl acetoxyphosphonate. IR: 1760, 1270, 1050. 3'P: 31.0. 'H: 1.08
(t x d, Jyp = 159 Hz, Jyy = 7.7 Hz, 3H); 1.26 (t, Jyy = 7.1 Hz, 3H):
192 (q x d, Jyp = 89, Jyyy = 7.7 Hz, 2H), 2.20 (d, Jp = 1.0 Hz, 3H):
4.06-4.21 (m, 2H). '3C: 5.85 (CH,, d, Jop = 7.0 Hz); 15.88 (CH,, d,
Jep = 60 Hz); 1893 (CH,, d, Jop = 1364 Hz); 21.77 (CHs, d, Jop =
4.3 Hz); 62.01 (CH,, d, Jp = 7.2 Hz); 166.26 {C=0, d, J, = 8.9 Hz).

*2.5-Dioxo-2-methoxy-1,2-oxaphospholane. IR : 1810, 1735, 1260, 1050.
31p: 422, 'H: 2.35-2.55 (m, 2H); 3.04-3.15 (m, 2H); 3.80 (d, Jup =
11.6 Hz, 3H). '3C: 1945 (CH,, d, J = 110.2 Hz); 30.94 (CH,, d,
Jep = 7.5 Hz); 53.58 (CH,, d, Jop = 6.8 Hz); 167.38 (C=0, d, J =
26.6 Hz).
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