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ABSTRACT: The reaction of the o-phthalic aldehyde
with diethyl phosphite leading to the bishydroxy bis-
phosphonate has been studied. It was found that the
reaction is complex and a cyclic acetal formed from the
monohydroxyphosphonate is the first relatively stable
product. It slowly transforms to the bishydroxy bispho-
sphonate. The latter compound undergoes intramolec-
ular nucleophilic substitution of the phosphorus atom
by the hydroxy group which results in a cyclic
structure, a phosphonate-hydroxyphosphate com-
pound. C© 2002 Wiley Periodicals, Inc. Heteroatom Chem
13:157–164, 2002; Published online in Wiley Interscience
(www.interscience.wiley.com). DOI 10.1002/hc.10014

INTRODUCTION

a-Hydroxy phosphoryl compounds (phosphonates
and phosphonic acids) are very important because of
their biological activity [1,2]. In this group there are
some compounds that inhibit enzymes such as renin
[3,4], EPSP synthetase [5,6], and HIV protease [7,8].
Hydroxyphosphonates are also used as intermedi-
ates in the synthesis of other a- and g -substituted
phosphonates and phosphonic acids [9–13].
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The hydroxyphosphonates have valuable proper-
ties as ferrous corrosion inhibitors and scale control
additives for circulating water systems. They are
well-known to retard or block effectively the growth
process [14]. Their usefulness is also known as ex-
tractants in the recovery of some metal ions [15,16].

The above mentioned compounds, in general,
can be easily prepared by thermal noncatalyzed ad-
dition [17–20] or base catalyzed addition [21–30] of
a dialkyl phosphite to aldehydes or ketones or in
the presence of potassium or cesium fluorides [31].
Strong acid conditions were also applied successfully
[32]. By use of a chiral base as catalyst, enantiomer-
ically enriched products were obtained [33].

Synthesis of 1-hydroxyphosphonates in alka-
line solutions suffer some disadvantages due to re-
versibility of the reaction and the possibility of the re-
arrangement of hydroxyphosphonates to phosphates
[17,19,30,34,35]. For the recent work on the hydrox-
yphosphonates synthesis and their applications see
[36–39] and references cited therein.

The reaction becomes even more complicated
if the substrate possesses an additional reactive
functional group. Recently the synthesis of various
substituted 1,2-dihydroxy-1,2-bisphosphonoethanes
was reported [17]. The reaction in this case
proceeds through the intermediate 2-hydroxy-2-
phosphonoethanals. Aromatic bisaldehydes, such as
meta- and para-phenylene bisaldehydes, react with
diethyl phosphite forming the expected bishydroxy
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bisphosphonates [18]. To our best knowledge, no
synthesis of 1,2-bis-a-hydroxyphosphonates from o-
benzenedicarboxaldehyde has been reported so far.
The possible explanation of this fact is that the re-
action is complicated in this case because of the
presence of a reactive neighbouring group in close
proximity. It is known that o-carboxybenzaldehyde
reacts with dimethyl phosphite in the presence of
an amine to yield an oily amido-amino-phosphonic
acid monomethyl ester [19]. The bishydroxy bis-
phosphonates that we decided to obtain are poten-
tially interesting; some for example are complex-
ing agents and others serve as intermediates in the
synthesis of other phosphonic derivatives, for exam-
ple bisamino bisphosphonates. The synthesis of the
latter compounds failed, in spite of numerous at-
tempts [20]. It was therefore decided by us to under-
take systematic studies on the reaction mechanism
in order to rationalise the synthesis of o-phenylene
bishydroxy bisphosphonates from an o-phenylene
biscarboxaldehyde.

RESULTS AND DISCUSSION

We started our investigations by adopting the typical
procedure of monohydroxyphosphonate synthesis,
ie, amine-catalysed addition of a dialkyl phosphite
to a bisaldehyde. o-Benzenedicarboxaldehyde reacts
with diethyl phosphite in the presence of triethy-
lamine yielding, however, a very complex reaction

FIGURE 1 31P NMR spectrum of the reaction mixture.

mixture. The number of the compounds, and their
relative ratio as observed by 31P NMR analysis
strongly depends on the reaction conditions (molar
ratio of the reagents, their concetrations, the nature
of the solvent, time of the reaction, and the tempera-
ture of the reaction). The typical 31P NMR spectrum
of the reaction mixture is shown in Fig. 1.

The problem of the identification of particular
mixture components is enlarged because of the fact
that most of the products are present in a state of dy-
namic equilibrium. Because of the problem of isola-
tion of the reaction mixture components, the course
of the reaction was followed by NMR methods. At
some chosen reaction stages, the mixture was par-
tially purified by washing it with basic and acidic
water solutions. This procedure allowed us to re-
move some dealkylated products and most of the
substrates (amine and diethyl phosphite). Finally,
we analysed this mixture by 1H, 13C, 31P, HHCosy,
HCCosy, and PPCosy NMR methods. We succeeded
also in the isolation of some reaction products in a
form suitable for crystal structure analysis. In this
manner, we were able to identify the main products
of the reaction and consequently to establish the re-
action path, which is shown in Fig. 2.

We observed that, at the beginning of the
reaction, one molecule of the diethyl phosphite
reacts with o-benzenedicarboxaldehyde forming
compounds 2a and 2b, but they quickly react fur-
ther yielding more stable compounds 3a and 3b.
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FIGURE 2 Products of the reaction between o-phthalic alde-
hyde and diethyl phosphite.

The last reaction is so fast that the compounds 2a
and 2b could not be isolated by any method. 1H
NMR spectroscopy showed that, when the bisalde-
hyde disappeared (δ= 10.52), a new carbonyl com-
pound (δ= 10.15) was formed. At the same time
a new phosphorus signal displayed by 31P NMR
(δ= 20.40) spectroscopy indicated the formation of a
new compound. The 31P NMR chemical shift allows
us to identify it as the expected two enantiomeric
hydroxyphosphonates, compounds 2a and 2b. Their
fast transfomation into two other phosphorus com-
pounds (3a, 3b) was accompanied by the disapper-
ance of the aldehyde proton (δ= 10.15 in the 1H NMR
spectrum and appearance of new signals (δ= 20.37
and 19.38) in the 31P NMR spectrum.

The mixture containing mainly compounds 3a
and 3b was stable enough to be purified by re-
moval of some dealkylated products formed during

an aqueous work up, and could be fully characterized
by NMR spectroscopic techniques (1H, 31P, 13C, H–H
COSY, H–C COSY). The analysis of the 1H NMR spec-
tra indicated that compounds 3a and 3b are diastere-
omers of cyclic hemiacetals present in a ratio of 6:4.
Especially characteristic are the signals of 13C NMR
spectra at δ= 102.79 (d, JPC= 1.5 Hz) and 102.32 (d,
JPC= 6.8 Hz), which are typical of the acetal carbon
nuclei. The full spectral data nicely correspond to the
proposed structures and are given in the experimen-
tal part.

When the reaction mixture was kept at room
temperature for a period of several hours new phos-
phorus signals appeared in the 31P NMR spectrum
(δ= 21.85 and 23.38), which we identified as aris-
ing from compounds 4a and 4b. Both of these com-
pounds posses similar 1H, 13C, and 31P spectra and
the identity of one diastereomer of 4 was confirmed
by a crystal structure analysis (see Fig. 6 and Table 1).
Parallel with formation of these compounds a new
complex NMR pattern was evolved in the 31P NMR
spectrum at δ= 15–19 which indicated further re-
action. During the next few hours the signals at
δ= 21.25 and 23.18 slowly disappeared and com-
pounds forming a complex pattern at δ= 15–19 dom-
inated in the reaction mixture. 31P NMR spectrum of
the component of the mixture, purified analogously
to those described above, showed the interesting pat-
tern of 8 doublets at a: δ= 17.96 (d, JPP= 5.25 Hz); b:
17.48 (d, JPP= 6.00 Hz); c: 16.67 (d, JPP= 6.00 Hz);
d: 16.27 (d, JPP= 6.10 Hz); e: 16.05 (d, JPP= 6.10 Hz);
f: 15.61 (d, JPP= 5.25 Hz); g: 15.28 (d, JPP= 6.00 Hz);
h: 15.18 (d, JPP= 6.00 Hz) and one singlet at δ=
20.67 ppm.

The 31P–31P COSY spectrum showed that these
doublets are coupled pairwise, (a-f, g-h, b-c, d-e)
(see Fig. 3) indicating that they come from the four
molecules, each containing two symmetry nonequiv-
alent phosphorus atoms situated closely enough so
that they can couple to each other.

Two of the compounds displaying doublets at
δ= 17.48, 16.67, and 15.28, 15.18 formed crystals
suitable for X-ray analysis and they were iden-
tified as two diastereomeric cyclic phosphonate-
hydroxyphosphonates (5b, 5d), see Figs. 4 and 5 and
Table 1.

Their 1H NMR, 13C NMR, and 31P NMR spec-
tra are similar and are given in the experimental
part. In each diastereomer of compound 5, there
are three stereogenic centers (two on CH carbon
atoms and one on the phosphorus atoms) so there
are possible four enantiomeric pairs of diastereoiso-
mers, each containing two nonequivalent phospho-
rus atoms coupled together. This gives two doublets
in their 31P NMR spectra for each diastereomeric
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TABLE 1 Summary of Crystal Data for Compounds 4a, 5b, and 5d

4a 5b 5d

Formula C16H28O8P2 C14H22O7P2 C14H22O7P2
Molecular weight 410.32 364.26 364.26
T (K) 100(5) 293(2) 100(5)
Crystal system Monoclinic Monoclinic Monoclinic
Space group P 21 P 21/c P 21
a (Å) 9.045(2) 8.8562) 8.672(2)
b (Å) 11.505(2) 12.896(3) 14.319(3)
c (Å) 10.136(2) 15.416(3) 26.666(5)
β (◦) 106.16(3) 92.03(3) 90.36(3)
V (Å3) 1013.1(3) 1759.3(7) 3323.6(7)
Z 2 4 8
Dc (mg/m3) 1.345 1.456 1.456
F(000) 436 768 1356
Radiation (λ) (Å) 0.71073 1.5418 0.71073
Crystal dimensions (mm) 0.10× 0.20× 0.22 0.29× 0.25× 0.24 0.20× 0.20× 0.25
Reflections measured 7112 3578 21347
θ range (◦) 3.54–28.5 4.5–80.0 3.56–27.6
Independent reflection 4643 [Rint= 0.029] 3578[Rint= 0.023] 9656 [Rint= 0.032]
µ (mm−1) 0.253 0.328 0.294
Extinction correction 0.0092(5) 0.003(6) 0.003(6)
No. of parameters varied 348 225 845
Weights (a, b)a 0.0196, 0.026 0.1136, 1.93 0.0249, 0.020
Goodness of fit 0.999 1.095 0.856
R 1b 0.0272 0.0582 0.0412
wR 2c 0.052 0.160 0.0709
R 1b (all data) 0.0368 0.0865 0.0643
wR 2c (all data) 0.0543 0.2277 0.0753
Flack parameter −0.10(5) – 0.15(8)
1ρ(e/Å3) 0.329, −0.250 0.36, −0.26 0.46, −0.27

aw= 1/[σ 2(Fo
2)+ (aP )+bP ], where P=max (0, Fo

2)+ (2Fo
2)/3.

b R1=6(|Fo| − |Fc|)/|Fo|).
cwR2={(6[w(Fo

2− Fc
2)2]/6[w(Fo

2)2]}1/2.

pair of enantiomers, exactly as seen in the 31P–31P
COSY spectra.

Isomer 5b has the same configuration on both
stereogenic carbon atoms. Such stereochemistry
makes it possible to form an intramolecular hydro-
gen bond between the hydroxy group residing on one
stereogenic carbon atom and the phosphoryl oxy-
gen atom from the phosphonic group attached to
the second stereogenic carbon atom. There are two
such diastereomeric pairs of enantiomers, 5a and 5b,
depending on the configuration of the stereogenic
phosphorus atom. The one, which crystallized eas-
ily (compound 5b), has the relatively large ethoxy
group away from the more crowded side of the plane
defined by an aromatic ring (see Fig. 4).

The second isolated isomer of compound 5d,
the structure of which had been determined by X-
ray studies, has opposite configurations on both
carbon atoms attached to the phosphorus atom.
Such a stereochemistry prevents the formation of
intramolecular hydrogen bonds as in the compound

previously studied (see Fig. 5). This difference of two
diastereomeric esters is manifested by their differ-
ent behaviour in solution. Depending on their con-
centration in CDCl3, we have observed substantial
changes in the 31P and 1H NMR spectra only for the
diastereomer having the same configuration at both
stereogenic carbon atoms, and almost no changes for
the second one. This can be explained by the shift in
the equilibrium between inter- and intramolecular
hydrogen bonding only in diastereomers 5a and 5b
having the same configuration on stereogenic carbon
atoms.

When the mixture containing all four diastere-
omeric pairs of enantiomers of 5 was studied by
NMR spectroscopy at different concentrations, only
two compounds giving doublets at 16.27, 16.05 and
15.28, 15.18 showed changes with concentration.
The first is the one studied above and the second
should have the same configuration at the CH
carbon atoms, since only this allows equilibrium be-
tween intra- and intermolecular hydrogen bonding.
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FIGURE 3 31P–31P COSY NMR spectrum of the main reaction products.

Consequently, the remaining doublets at 17.96,
15.61 and 17.48, 16.67 we assign to diastereomers
5c and 5d.

Performing the addition of diethyl phosphite to
o-phthalic aldehyde in the presence of quinine as

FIGURE 4 Structure of compound 5b showing the atom la-
beling scheme and 20% probability displacement ellipsoids.

a basic catalyst, we succeeded in the isolation of
pure compound 4a. This was the only compound
that crystallized from the complex reaction mix-
ture. We succeeded also in obtaining useful crys-
tals of it which showed a singlet at δ= 20.67 in the

FIGURE 5 Structure of compound 5d (molecule A) showing
the atom labeling scheme and 40% probability displacement
ellipsoids.
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FIGURE 6 Stereoview of compound 4 showing the atom la-
beling scheme and 50% probability displacement ellipsoids.

31P NMR spectrum. By X-ray analysis, it was found,
indeed, that it is a noncyclic bishydroxy bisphospho-
nate with the configuration RR at both carbon atoms
(see Fig. 6).

EXPERIMENTAL

NMR spectra were recorded on an AMX 300 MHz
Bruker instrument operating at 300.13 MHz (1H)
and 121.499 (31P). Measurements were made in
CDCl3 (chloroform-d, isotopic purity 99.8 atom %,
Dr. Glaser AG Basel).

Reaction of o-Phthalic Aldehyde
with Diethyl Phosphite and Isolation
of the Reaction Products

A mixture of o-phtalic aldehyde, 5.36 g (0.04 mol),
diethyl phosphite, 12.4 g (11.6 ml; 0.088 mol) and
4 ml of triethylamine was kept at room temperature
for 2 h. Then a 1 ml sample of the mixture was dis-
solved in 2 ml of diethyl ether, washed with 2 ml
of a 5% solution of sodium bicarbonate, then 2 ml
of water, and finally the diethyl ether solution was
evaporated to dryness yielding an oily residue. NMR
analysis revealed that this is a 2:1 mixture of di-
astereomeric hemiacetals of compound 3. Their 1H
NMR showed 7.49–7.25 (m, 4H, ArH), 6.42 (d, 1H,
CH, JHP= 5.40 Hz), 5.32 (d, 1H, CH, JHP= 4.20 Hz),
4.30–4.10 (m, 4H, CH2O), 1.32 (t, 3H, CH3, JHH=
7.12 Hz) for major isomer and 7.49–7.25 (m, 4H,
ArH), 6.59 (t, 1H, CH, JHH= 1.86 Hz, JHP= 1.86 Hz),

5.61 (t, 1H, CH, JHH= 6.9 Hz, JHP= 6.9 Hz), 4.30–
4.10 (m, 4H, CH2O), 1.32 (t, 3H, CH3, JHH= 7.10 Hz)
for minor isomer; whereas on 31P{1H} NMR 20.26
(s) for major and 19.14 (s) for minor isomers, and
on 13C.NMR 140.33 (d, JCP= 5.29 Hz), 135.30 (d,
JCP= 2.27 Hz), 129.11 (d, JCP= 3.02 Hz), 128.87 (d,
JCP= 3.02 Hz), 123.11 (d, JCP= 3.02 Hz), 122.39 (d,
JCP= 3.02 Hz), for six aromatic carbon atoms, 102.79
(d, JCP= 1.51 Hz), for hemiacetal carbon atom, 78.06
(d, JCP= 168.02 Hz), for CHP, 64.36 (d, JCP= 6.61
Hz), 63.51 (d, JCP= 7.60 Hz), for CH2O, 16.36 (d,
JCP= 5.51 Hz), 16.32 (d, JCP= 5.74 Hz) for CH3 for
major isomer and, 139.59 (d, JCP= 6.04 Hz), 135.60
(d, JCP= 3.76 Hz), 129.16 (d, JCP= 4.53 Hz), 128.54
(d, JCP= 3.02 Hz), 123.66 (d, JCP= 4.53 Hz), 122.18 (d,
JCP= 3.02 Hz), for six aromatic carbon atoms, 102.32
(d, JCP= 6.70 Hz), for hemiacetal carbon atom, 77.69
(d, JCP= 170.78 Hz), for CHP, 63.35 (d, JCP= 6.80 Hz),
62.84 (d, JCP= 7.56 Hz), for CH2O, 16.20 (d, JCP= 6.49
Hz), 16.17 (JCP= 5.51 Hz, JCP= 7.60 Hz), for CH2O,
16.36 (d, JCP= 5.51 Hz), 16.32 (d, JCP= 5.74 Hz), for
minor isomer.

After 48 h, 10 ml of ethyl alcohol was added
and the mixture was to stand in a freezer. After
24 h the, white crystals which had precipated were
filtered off yielding 6.38 g (44%) of compound 5d. Re-
peated crystallisation of 5d from ethyl alcohol gave
the pure compound in a crystal form suitable for
X-ray analysis.

mp.= 152–153◦C. 1H NMR [CDCl3] 7.49–7.38
(m, 3H, ArH), 7.19 (d, 1H, ArH, JHH= 5.01 Hz),
5.86 (d, 1H, OH, JHH= 10.78 Hz), 5.64 (dd, 1H, CH,
JHP= 13.45, 8.39 Hz), 4.83 (dd, 1H, CH, JHH= 10.80
Hz, JHP= 9.93 Hz), 4.45–4.33 (m, 4H, CH2O), 4.00–
4.05 (m, 1H, CH2O), 3.89–3.83 (m, 1H, CH2O), 1.45
(t, CH3, JHH= 7.23 Hz), 1.42 (t, CH3, JHH= 7.17 Hz),
1.21 (d, JHH= 7.08 Hz). 31P{1H} NMR [CDCl3] 19.41
(d, JPP= 10.33 Hz), 18.67 (d, JPP= 10.37 Hz). 13C{1H}
NMR 135.27 (d, Ar, JPC= 10.33 Hz), 132.96 (dd, Ar,
JPC= 3.02 Hz, 12.84 Hz), 129.87 (dd, Ar, JPC= 3.78
Hz, 3.78 Hz), 129.30 (d, Ar, JPC= 3.02 Hz), 128.19 (dd,
Ar, JPC= 3.78 Hz, 14.35 Hz), 127.69 (d, Ar, JPC= 4.53
Hz), 77.47 (dd, CHP, JPC= 165.27 Hz, 3.25 Hz), 64.60
(d, CHP, JPC= 140.51 Hz), 65.14 (d, CH2O, JPC= 6.87
Hz), 64.64 (d, CH2O, JPC= 6.64 Hz), 64.21 (d, CH2O,
JPC= 7.47 Hz), 16.60 (d, CH3, JPC= 5.29 Hz), 16.44
(d, CH3, JPC= 5.29Hz), 16.16 (d, CH3, JPC= 6.04 Hz).

When, to the solution obtained after filtration of
5d 10 ml of diethyl ether was added and the mixture
was allowed to stand in a freezer over night, 0.79 g
of pure crystals of 5b had precipitated in a form suit-
able for X-ray analysis.

mp.= 183–184◦C. 1H NMR [CDCl3] 7.84 (d, 1H,
ArH, JHH= 7.71 Hz), 7.44 (dd, 1H, ArH, JHH= 7.71
Hz, 7.65 Hz), 7.31 (dd, 1H, ArH, JHH= 7.63 Hz,
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7.65 Hz), 7.34 (d, 1H, ArH, JHH= 7.53 Hz), 5.68 (d,
1H, OH, JHP= 10.35 Hz), 5.55 (t, 1H, CH, JHP= 12.93
Hz, 12.93 Hz), 5.10 (b.s., 1H, OH). 31P{1H} NMR
[CDCl3] 16.36 (d, JPP= 9.20 Hz), 15.95 (d, JPP= 9.20
Hz). 13C{1H}NMR 136.29 (d, Ar, JPC= 1.5 Hz), 129.13
(d, Ar, JPC= 2.27 Hz), 126.98 (s), 126.78 (d, Ar,
JPC= 2.27 Hz), 126.39 (d, Ar, JPC= 7.55 Hz), 124.20
(d, Ar, JPC= 4.53 Hz), 78.58 (dd, CHP, JPC= 161.00
Hz, 8.38 Hz), 63.80 (dd, CHP, JPC= 149.00 Hz,1.51
Hz), 64.56 (d, CH2O, JPC= 6.72 Hz), 64.34 (d, CH2O,
JPC= 6.72 Hz), 63.75 (d, CH2O, JPC= 7.02 Hz), 16.41
(d, CH3, JPC= 6.64 Hz), 16.39 (d, CH3, JPC= 6.64 Hz),
16.29 (d, CH3, JPC= 7.93 Hz).

In another experiment, a mixture of o-phtalic
aldehyde, 1.00 g (0.05 mol), diethyl phosphite, 2.00
ml (0.016 mol) and 0.25 g (0.8 mmol) of quinine,
added as a basic catalyst, was kept for 48 h. After that
time crystals suitable for X-ray analysis had precip-
itated (40%). They were found to be identical with
compound 4b.

mp.= 125◦C. 1H NMR [CDCl3] 7.67 (b.s., 2H,
ArH), 7.31 (t, 2H, ArH, JHH= 4.56 Hz), 5.43 (d, 2H,
CH, JHP= 12.99 Hz), 5.00 (b.s, 2H, OH), 4.18–3.82
(m, 8H, CH2O), 1.45 (t, CH3, JHH= 7.23 Hz), 1.26 (t,
6H, CH3, JHH= 7.05 Hz), 1.19 (t, 6H, CH3 JHH= 7.05
Hz). 31P{1H} NMR [CDCl3] 22.61 (s). 13C{1H} NMR
135.09 (dd, JPC= 3.02 Hz for two tertiary aromatic
carbons), 128.13 (b.s. for other four aromatic car-
bons), 67.13 (d, CH, JPC= 163.84 Hz), 63.68 (dd,
CH2O, JPC= 3.40 Hz, JPC= 3.40 Hz), 63.13 (dd, CH2O,
JPC= 3.32 Hz, JPC= 3.32 Hz), 16.32 (s, CH3).

X-ray Diffraction Analysis of 4a, 5b, and 5d

Preliminary examination and intensities data collec-
tions were carried out on a KUMA KM4 four-circle
diffractometer for 5b, and KUMA KM4 CCD four-
circle diffractometer [40] with an Oxford Cryosys-
tem Cooler for 4a and 5d. Details of the data col-
lection, refinement and crystal data are summarized
in Table 1. All data were corrected for Lorentz and
polarization effects.

The structures were solved by direct meth-
ods SHELXS-86 [41] and refined by full matrix
least-squares on F2 using SHELXL-97 [42] with
anisotropic thermal parameters for non-hydrogen
atoms. During the refinement, an extinction cor-
rection was applied. For compound 4a all hydro-
gen atoms were found from a Fourier-difference
synthesis and refined isotropically. For 5b and 5d,
carbon-bound hydrogen atoms were initially placed
in calculated positions (with the thermal parameters
being 1.2 times Ueq of the parent carbon atom) and
the remainder were found from the difference syn-
thesis. In the case of compound 5d, the absolute

structure cannot be determined reliably since the
value of the Flack parameter was 0.15(8) and the re-
fined data on the inverted structure gave R = 0.0415
and wR = 0.0716. Scattering factors and real, as well
as imaginary, components of anomalous dispersion
were those incorporated with SHELXL-97.
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