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Treatment of 3-chloro-3-(dimethylphosphono)isobenzofuranone (3) with NaI in acetonitrile

caused its monodemethylation to sodium 3-chloro-3-(methylphosphonato)isobenzofuranone (4).

Compound 4 hydrolyzed in aqueous solution slowly to 3-hydroxy-3-

(methylphosphono)isobenzofuranone (5). Upon refluxing in water, 4 demethylated simultaneously

with the hydrolysis of the chloride, to afford 3-hydroxy-3-phosphonoisobenzofuranone (6). NMR

spectra of the 3-hydroxyphosphonoisobenzofuranone derivatives 5 and 6 were found to be pH

dependent. Raising the pH of the aqueous solutions to 10 by adding Na2CO3 caused changes in

their 13C and 31P spectra, indicating opening of the isobenzofuranone ring and the formation of

ortho-phosphonatoformylbenzoate anions (7) and (8). Acidification of solutions of 7 and 8 yielded

5 and 6, via ortho-phosphonoformylbenzoic acids (9) and (10), respectively, as putative

intermediates. The facile formation of the cyclic tautomers 3, 4, 5 and 6, is interpreted in terms of

the strong electron withdrawing effect of the phosphonyl group. High-resolution 1D and 2D

NMR spectra observing nuclei 1H, 13C and 31P established the molecular structures. Macroscopic

dissociation constants were determined for a triprotic acid of type H3L. Using sensor nuclei 1H,
13C and 31P in advanced techniques of NMR controlled titrations confirmed concerted protolytic

and ring–chain tautomeric equilibria. Probabilities of different sequences of protonation are

discussed.

Introduction

Anions of various bisphosphonic1 (BP) and phosphonocar-

boxylic acids2 have been shown to interact with Ca2+ and to

inhibit scale formation. In addition, both phosphonocarbox-

ylates and bisphosphonates have been shown to possess

biological activity in pathological conditions that involve

irregularities in calcium metabolism: such as some bone

related diseases that are characterized by excessive destruction

of the bone by resorption,3 or conditions that involve ectopic

calcification characterized by the pathological deposition

of calcium phosphate in a number of clinically important

diseases.4 The antiviral pyrophosphate analogs, phosphono-

acetic and phosphonoformic acids have also been reported to

accumulate in bone and teeth which detracts from their value

as drugs.5

In another approach, it was reported in previous papers

from our laboratory that bisacylphosphonates6 and to a lesser

extent, other long-chain bisphosphonates7 are also biologically

active in calcium related disorders. X-Ray crystallographic

results indicate that bisacylphosphonates interact with calcium

ions to form polynuclear structures in which each terminus of

the molecule is bound to a separate calcium ion, which is

bound to additional bisacylphosphonates.8 This is in contrast

to geminal BPs which are pictured as binding calcium ions as

bi- or tridentate chelates.1 Since the bisphosphonates, phos-

phonocarboxylates and bisacylphosphonates examined so far

are all conformationally flexible open chain compounds, we

considered it of interest to examine other types of structures

which can be expected to interact with hydroxyapatite (HAP),

and more generally with calcium, and yield new biologically

active compounds. Thus, we were interested to synthesize and

to examine compounds in which an acylphosphonic function

would be in the proximity of a carboxy function in a con-

formationally constrained manner, where the two acidic

groups would be situated favorably for a chelate formation.

For the first target compound fulfilling these structural re-

quirements we had chosen ortho-phosphonoformylbenzoic

acid (10). A search in the literature revealed the existence of

3-chloro-3-(dimethylphosphono)isobenzofuranone (3)9 which
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we considered a suitable starting material for our target com-

pound. This paper reports the results from our studies regarding

the hydrolysis of 3-chloro-3-(dimethylphosphono)isobenzofura-

none (3) to 3-hydroxy-3-phosphonoisobenzofuranone (6),y
which is the cyclic tautomer of ortho-(phosphonoformyl)benzoic

acid (10) and hence the phospha analog of phthalonic acid.

Being aware of the phenomenon of ring–chain tautomerism

shown by 3-hydroxy-3-alkyl or aryl isobenzofuranone deriva-

tives that are in equilibrium with the corresponding 2-acyl-

benzoic acids,10 we anticipated the possibility of such a

tautomeric equilibrium in this case, as well. Indeed, extended

analytical and NMR studies of 6 enabled the observation of

concerted protolytic and ring–chain tautomeric equilibria.

Practically all previous relevant studies on the ring–chain tauto-

merism of structurally related compounds had used the isobenzo-

furanone-ortho-acylbenzoate nomenclature. For comparison we

will retain this notation even when 3-hydroxy-3-phosphonoiso-

benzofuranone (6) should be named 1,3-dihydro-1-hydroxy-3-

oxoisobenzofurane-1-phosphonic acid, following the standard

IUPAC nomenclature rules.

Results and discussion

Syntheses

Arbuzov reaction of phthaloyl chloride (1) with trimethyl

phosphite (2) (see Scheme 1) gave 3-chloro-3-(dimethylphos-

phono)isobenzofuranone (3) in good yield.11

Compound 3 could be monodemethylated smoothly to 4 by

treatment with sodium iodide in acetonitrile at room tempera-

ture. As expected, the tertiary chloride was not displaced by

this typical SN2 reagent. The sodium phosphonate 4 showed a

quartet in the proton-coupled 31P NMR spectrum at 7.0 ppm,

consistent with one POMe group. Monitoring an aqueous

solution of 4 kept at room temperature showed that it slowly

hydrolyzed to a product having a phosphorus signal at 10 ppm

which was identified as 3-hydroxy-3-(methylphosphono)iso-

benzofuranone (5). In contrast, refluxing an aqueous solution

of 4 caused demethylation of the phosphonic acid ester

simultaneously with the hydrolysis of the chloride, with the

formation of 3-hydroxy-3-phosphonoisobenzofuranone (6)

(see Scheme 2).

In addition, it was shown that refluxing an aqueous solution

of 5 could also lead to 6. The structural assignments of

isobenzofuranones 5 and 6 are based on elemental analysis

as well as 1H, 31P and 13C NMR spectroscopic results. In

addition to the 31P signals of 5 and 6 which are consistent with

those of a-hydroxyphosphonates, also the 13C signals at 106

and 107 ppm (JPC B 200 Hz) obtained for the benzylic

carbons of 5 and 6 confirm these structures. Carbonyl carbons

of acylphosphonates show signals at around 200 ppm also

with JPC coupling constants of B200 Hz.

Ring–chain tautomerism of phosphonisobenzofuranone

derivatives

Subsequently, the pH dependence of the NMR spectra of com-

pounds 5 and 6was studied. Addition of base to D2O solutions of

5 and 6 caused marked changes, especially in the 31P and 13C

NMR spectra. In compound 5, changing the pH from 1 to 10

caused the 31P peak to shift from 10 to 0.89 ppm, while in the 13C

spectrum the signal at 106 ppm (d, JPC= 199 Hz), assigned to the

benzylic carbon, was replaced by a new resonance for the

carbonyl carbon at 216 ppm (d, J = 179 Hz). These changes

are consistent with the opening of the heterocyclic ring in 5,

leading to the ortho-(phosphonatoformyl)benzoate derivative, 7

(see Scheme 2). This assignment is supported by the very low field

position and the large one-bond P–C coupling constant of the

new signal in the 13C spectrum, and the new signal in the 31P

spectrum, both characteristic of the acylphosphonate structure 7.

Similarly, the spectrum of 6 has changed upon raising the pH of

the aqueous solution. The 31P signal was shifted from 8.9 to

0.19 ppm as expected for an acylphosphonate phosphorus atom,

while the 13C signal for the carbonyl carbon appeared at 221 ppm

Scheme 1

Scheme 2

y Following our conference presentation, there were two reports27 on
the formation of compound 6 and its silyl derivatives via silylation of
phthalic anhydride.
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(d, J = 160 Hz), again consistent with the ortho-(phosphonato-

formyl)benzoate structure 8 (see Scheme 2).12

Furthermore, it was found that acidification of ortho-(phos-

phonoformyl)benzoic acid derivatives 9 and 10 caused their

rapid cyclization to 5 and 6, respectively (see Scheme 2).

This ready cyclization is a consequence of the high reactivity

of the carbonyl groups in 9 and 10, caused by the strong

electron withdrawing effect of the phosphonic group.13 There

is a general consensus regarding the stabilizing influence of

electron withdrawing groups on the cyclic tautomers of

oxocarboxylic acid derivatives.14,15

Advanced NMR and analytical studies

Following this stage of our synthetic and structural investiga-

tions carried out in Jerusalem, the Düsseldorf group decided

to look deeper into this interesting combination of ring–chain

tautomerism and protolytic equilibria. This was done using

suitable hard- and software tools for the determination of

macroscopic and microscopic dissociation constants via NMR

controlled titrations,16 as described below.

The macroscopic model

In a starting phase a hypothetical macroscopic description of

dissociation equilibria has been used following the conven-

tional notation:

H3LÐ
K1

H2L
� Ð

K2

HL2�Ð
K3

L3� ð1Þ

Acid dissociation constants pK1–pK3 have been determined by

high precision potentiometric titration of the title compound 6

with tetramethylammonium hydroxide (TMAOH) using the

MINI-T setup,17 followed by iterative refinement of the titra-

tion curve (see Fig. S1 in ESIz) by WINSCORE,18 two

program systems developed in our laboratories. The resulting

dissociation constants are listed in Table 1, including also

those from the evaluation of the NMR-controlled titration

(see below).

The molar fraction diagrams wi = f(pH) and wi = f(t)
shown in Fig. 1 and 2 clearly indicate the successive deproto-

nation to a trianion. For clearness sake we use the conven-

tional reduced parameter t to characterize the state of

deprotonation where t is defined as the ratio t = n(moles of

TMAOH)/n(moles of H3L).

The parent benzoylphosphonic acid was characterized by

pK1 = 0.39 and pK2 = 5.6020 while for benzoic acid pK =

4.2021 was found. Early investigations on ortho-formyl-, acetyl-

and benzoyl-substituted benzoic acids in equilibrium with

corresponding ring-forms yielded pK values of 4.56, 4.1422

and 3.53,23 respectively. Hence, it is tempting to assign the

three pK values found for the title compound 6 to three

elementary steps:

(a) PO3H2 - PO3H
�,

(b) COOH - COO�,

(c) PO3H
� - PO3

2�

In order to identify the structures of species involved in

simultaneous ring–chain and protolytic equilibria, multi-

nuclear NMR techniques were applied:

202-MHz 31P{1H} NMR controlled titrations

Results from 202-MHz 31P{1H} NMR controlled titrations

were obtained as the characteristic correlations of chemical

shifts vs. t or pH respectively, e.g. Fig. 3 shows the t–d stacked
plot. (Corresponding pH–d stacked, and the contour plots of

t–d and pH–d correlations are shown in ESIz as Fig. S2 to S4).

Fig. 3 is a pseudo-2D NMR spectrum, where the x-axis

represents (as usual) the chemical shift, while the y-axis shows

Table 1 The macroscopic dissociation constants for 3-hydroxy-3-
phosphonoisobenzofuranone (6) as derived from WINSCORE18 eva-
luation of potentiometric data (method A) and OPIUM19 evaluation
of the NMR-controlled titration (method N) (simultaneous fit on the
potentiometric, one 31P NMR and five 1H NMR datasets; see below)

Method A B A
Titrant 1 M TMAOH 1 M TMAOH 0.1 M TMAOH

pK1 0.65 � 0.14 0.445 � 0.008 1.15 � 0.05
pK2 5.90 � 0.11 5.792 � 0.003 5.88 � 0.01
pK3 6.57 � 0.06 6.486 � 0.002 6.75 � 0.01

Fig. 1 Molar fraction diagram wi = f(pH) for macroscopic protolytic

species derived from 6. Traces: (A) H3L, (B) H2L
�, (C) HL2�, (D) L3�.

Fig. 2 Molar fraction diagram wi = f(t) for macroscopic protolytic

species derived from 6. Traces: (A) H3L, (B) H2L
�, (C) HL2�, (D) L3�.
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an analytical parameter, here the degree of titration t. For
more explanations of NMR-controlled titrations, see ref. 17.

It is evident from Fig. 3, that the first deprotonation step

PO3H2 - PO3H
� (associated with a pK o 1) is terminated at

t = 1. The next two steps are more difficult to understand. A

characteristic upfield shift corresponding to the deprotonation

of PO3H
� - PO3

2� is observed but it is spanning over a

titration range of 2t values instead of one. In addition only

one minimum is found for the first derivative ddP/dpH, near

pH 6 (see Fig. S5 in ESIz).
These findings indicate a simultaneous deprotonation for

PO3H
� - PO3

2� and COOH - COO�. In addition, it is

interesting to note the maximum in spectral half-width HW at

t = 2 (see Fig. S6 in ESIz), which might be indicative for

hydrogen bridges within or between the protolytic species, or

with other slow exchange reactions as will be mentioned

below.

Neglecting the inherent problems of microscopic dissocia-

tion at this stage, the macroscopic ion specific 31P chemical

shifts of species HiL and corresponding deprotonation gradi-

ents DP = dP(Hi�1L) � dP(HiL) are listed in Table 2.

The fully deprotonated species exhibits a chemical shift dP
of �0.127 ppm which is consistent with data for the parent

benzoylphosphonate anion moiety dP (C6H5COPO3
2�) =

�0.024 ppm.20 Henceforth the notation ‘‘6–8’’ will symbolize

the genuine equilibrium mixture of protolytic species 6 and 8

(see Schemes 2 or 3 and the discussion below).

500-MHz 1H NMR-controlled titrations

In order to prepare for the 1H NMR-controlled titrations,

high-resolution 500 MHz 1H NMR spectra of 6 were recorded

in D2O and KOD–D2O solutions, followed by spectral analy-

sis and iteration of the resulting ABCDX spin systems.

Individual protons were assigned by means of 1D NMR

(1H, 1H{31P}, 13C{1H}) and 2D NMR (H,H-COSY,

H,C-COSY, HMBC) methods.24 A problem-specific spin

enumeration was used in Scheme 3 and in Table 3: four

aromatic protons H1–H4 and eight carbon atoms CI–CVIII

ordered monotonously with decreasing frequencies as

observed for a solution of 3-hydroxy-3-phosphonoisobenzo-

furanone, 6–8, in D2O.

The occurrence of significant changes of chemical

shifts—shown in Table 3—indicate ring-opening and a total

deprotonation to the ortho-phosphonatoformylbenzoate tri-

anion. Characteristic deprotonation gradients D= d(in KOD)

� d(in D2O), which indicate those structural changes, are

listed in Table S1 (ESIz).
After having assigned unequivocally the four aromatic

protons H1–H4, the HR 500 MHz 1H NMR spectra shown

in Fig. 4, were analyzed and iterated using WINDAISY.25

(For corresponding numerical results from iterations see Table

S2 in ESIz).
More detailed information about the ring–chain and pro-

tolytic equilibria have been derived from a 500 MHz 1H

NMR-controlled titration, as shown in the characteristic

stacked t–d-plot of Fig. 5. (For t–d- and pH–d-plots in

contour and stacked representations see Fig. S7–S9 in ESIz).

Macroscopic constants from simultaneous iteration of
1
H and

31
P{

1
H} NMR titration data

The OPIUM program19 enabled the simultaneous evaluation

of the potentiometric and five NMR (4 H and 1 P) titration

datasets of 6 at I = 1 M (TMACl), yielding the ion-specific

chemical shifts listed in Table 4 along with the pK values

shown in Table 1.

The excellent fit of data can be visualized by dP–pH and

dH–pH plots (see Fig. S10 and S11; the fitted potentiometric

titration curve is shown in Fig. S12, see ESIz).
From Table 4 and Fig. 5, S10, S11 it follows that peak

positions of all the four protons H1–H4 are sensitive to pK2

and pK3. In addition, H3 and H4 are weak indicators for pK1.

Fig. 3 202-MHz 31P{1H} NMR controlled titration of 6 with 1 M

TMAOH. Stacked t–d plot: chemical shift dP (ppm) correlated with

degree of titration t.

Table 2 Macroscopic ion specific parameters for dP (ppm) and
deprotonation gradients DP (ppm) of 6–8

Species, HiL Chemical shift, dP Gradient, DP

H3L 10.277 � 0.007
�1.906 � 0.008

H2L
� 8.371 � 0.003

�4.079 � 0.006
HL2� 4.292 � 0.005

�4.419 � 0.005
L3� �0.127 � 0.001

Scheme 3

This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008 New J. Chem., 2008, 32, 1608–1616 | 1611
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H1 and H3 are located closer than H2 and H4 to the furanone

ring and the protolytic centers, and consequently show the

strongest, but opposite effects, in chemical shifts. The first

deprotonation takes place accordingly at PO3H2 - PO3H
�,

leaving the isobenzofuranone ring intact. The following two

deprotonation steps are accompanied by ring–chain-opening.

Further analysis of the 31P and 1H NMR titration curves

suggests that the numerical values of the site-specific dissocia-

tion constants of the phosphonic and carboxylic groups must

be very close to each other, giving rise to a simultaneous

microscopic dissociation of both functions.

The complex situation of concerted ring–chain tautomerism and

protolytic equilibria

Evidence given above has established that the isobenzofura-

none skeleton is stable below and up to pH 4 (t= 1), while the

ortho-phosphonatoformylbenzoate skeleton is dominant at

and above pH 10 (t = 3). In order to facilitate the under-

standing of the complex nature of the concerted equilibria, the

apparent macroscopic protolytic processes and the micro-

scopic and submicroscopic steps have been combined in

Scheme 4. For clarity the microscopic species were enumerated

systematically as shown in Scheme 4.

Equilibria indicated by vertical arrows (mk k14, k25, k36,

k109) involve ring–chain tautomerism, while the other equili-

bria refer to protonation/deprotonation of POH (’ - k12,

k23; k45, k56, k78, k89), COOH ( , k47, k58, k69) and

COH (’ - k310) functions. In fact, a total of 14 elementary

constants form a redundant set, since they are connected by

Hessian constraints26 characteristic to thermodynamic cycles.

Since each cycle decreases the number of degrees of freedom

by one26 and there are seven such cycles in the system, 9

independent equilibrium constants are sufficient for the full

description of the interconversion of ten distinct chemical

entities. At the current stage of analysis, only the three

macroscopic constants are known, thus the system is highly

underdetermined and cannot be fully resolved without a priori

simplifying assumptions. The 1H NMR chemical shift changes

presented in the previous section suggest that species P4 and P6

Fig. 4 500-MHz 1H NMR spectrum of 3-hydroxy-3-phosphonoiso-

benzofuranone (6–8), (a) in KOD; (b) in D2O.

Fig. 5 500 MHz 1H NMR-controlled titration of 6 with 1 M

TMAOH. Stacked t–d-plot. Chemical shift dP (ppm) correlated with

degree of titration t.

Table 4 Macroscopic ion specific chemical shifts dH (ppm) and dP
(ppm) for protolytic species derived from 6. Error estimates: 0.002
ppm for dH and 0.02 ppm for dP

Specific chemical shift, d

Species, HiL H1 H2 H3 H4 P

L 7.353 7.486 8.499 7.578 �0.13
HL 7.744 7.712 7.893 7.658 4.35
H2L 7.926 7.882 7.810 7.740 8.38
H3L 7.951 7.902 7.777 7.769 10.80

Table 3 Correlations from H,C-COSY, 1H and 13C{1H} NMR studies of 6–8. For enumeration of spins see Scheme 3. Chemical shifts dH (ppm)
and dC (ppm)

D2O (0.2510 M) 1 M KOD (0.1919 M)

dH dC dH dC

H1 7.9262 CVI 128.229 H1 7.3534 CVI 129.123
H2 7.8693 CIII 138.289 H2 7.4826 CIII 130.376
H3 7.7980 CVII 126.622 H3 8.4427 CVII 134.171
H4 7.7258 CIV 133.998 H4 7.5729 CIV 135.013

CI 174.044 CI 181.811
CII 148.941 CII 142.240
CV 128.397 CV 137.456
CVIII 107.439 CVIII 219.432

1612 | New J. Chem., 2008, 32, 1608–1616 This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008
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in Scheme 4 are less favored and the main routes of deproto-

nation might follow three alternative routes:

(a) P1 - P2 - P3 - P6 - P9

(b) P1 - P2 - P5 - P8 - P9

(c) P1 - P2 - P5 - (P6,P8) - P9

Some arguments in favor of route (c) were derived from
13C{1H} NMR studies as described in the next section.

13C{1H} NMR studies

Further evidence for this set of concerted equilibria of 6 were

derived from 125 MHz 13C{1H} NMR spectra, shown in

Fig. 6, obtained at six selected titration states (0 r t r 3).

(Explicit data for chemical shifts dC are listed in Table S3

in ESIz). Table 5 lists the characteristic t-step gradients Dij =

d(t = i) � d(t = j) indicating the chemical shift changes

induced by addition of one equivalent base.

Arguments in favor of deprotonation route (c). The resonance

lines of CI and CVIII are very sensitive to t. CI in COO lactone is

visible only for t from 0 to 1. The CI in the COO� anion at t=3

and CVIII in the keto group at t = 3 exhibit characteristic

chemical shifts. CVIII in the COH group in the ring is visible only

for t from 0 to 1. CII and CV are strongly dependent on t
supporting the existence of the ring form for t from 0 to 1. CIII

and CVII are less sensitive than CI and CVIII but also support the

ring structure for t from 0 to 1. CVI and CIV are less sensitive

than CIII and CVII to changes in t but still follow the tendencies

shown above. The deduced structural features of the dominant

protolytic species of 6 are summarized in Table 6. Finally, 1H

and 13C{1H} NMR spectra of (a) phthalaldehydic acid, (b)

Scheme 4

Fig. 6
13C{1H} NMR spectra monitored for six selected titration

states of species 6–8, from bottom to top ((a)–(f)): t = 0; 0.5; 1; 1.5; 2;

3 for two regions (left) COOH/COO� CI; (right) CII–CVII.

Table 5 t-Step gradients (ppm) Dij = dC(t = i) � dC(t = j),
differences of ion-specific dC chemical shifts of 6

D10 D21 D32 D31

CI +0.71 +3.63 +3.57 +7.20
CII +0.82 �4.77 �2.59 �7.36
CIII �0.41 �3.62 �3.90 +7.52
CIV �0.40 +0.38 +0.99 +1.37
CV +0.41 +6.23 +2.39 +8.62
CVI �0.16 +0.43 +0.64 +1.07
CVII +0.14 +3.43 +3.99 +7.42
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phthalide, and (c) compound 5 were compared with those of 6,

also supporting the ring nature of dissociation species P1 and P2
bearing substituents –PO3H2 and –PO3H

�, respectively.

At the present stage of our knowledge and information

accessible in the open literature, it is impossible to determine

the full set of microscopic dissociation constants. But with

respect to the Hessian nature, apparent macroscopic and

microscopic constants are connected for routes (a) and (b)

by eqn (2) and for route (c) by eqn (3), where k25 and k36
represent the ring-to-chain tautomerism constants.

K2K3 = k23k36k69 = k25k58k89 (2)

K2K3 = k25k57k79 = k25k58k89 (3)

It is interesting to note the significant line broadening effects

within the range 1 o t o 2 indicating slow exchange pro-

cesses. Dynamic NMR was used previously to elucidate the

ring–chain kinetics in the pair of 3-hydroxy-3-(methyl-d3)iso-

benzofuranone and 3-(acetyl-d3)benzoic acid,10n respectively.

Conclusion

Our multinuclear NMR titration results reveal that the state of

ionization of the phosphonic group governs the position of the

ring–chain tautomeric equilibrium between species 6 and 8. The

ring opening does not take place until the first ionization of 6 is

completed, or conversely, the fully ionized ortho-phosphonato-

formylbenzoate (8) does not undergo cyclization (see Scheme 5).

It is reasonable to assume this reduced tendency of 8 to cyclize is

the consequence of the reduced electrophilicity of the keto

group, caused by the diminished electron withdrawing effect of

the doubly ionized phosphonate group.

The ring–chain tautomerism constants involved in Scheme 4

are not accessible via the NMR methods presented here.

Complementary IR or UV spectroscopic approaches might

help in the future to resolve the full equilibrium system. The

problem presented in this paper is considerably more complex

than those of the parent 3-hydroxyisobenzofuranones studied

previously.10

Experimental

(a) Syntheses

3-Chloro-3-(dimethylphosphono)isobenzofuranone (3) was

prepared according to a known procedure.11

Sodium 3-chloro-3-(methylphosphonato)isobenzofuranone

(4). Compound 3 (8.87 g, 0.032 mol) and NaI (5.06 g, 0.033

mol) were dissolved in dry MeCN (100 mL) and left to stand at

room temperature for 2 days. The white precipitate was

filtered off and washed with dry MeCN (4 � 15 mL) and

dried in vacuo. An additional amount of product was obtained

by evaporating the mother-liquor. Yield: 8.7 g (95%), mp

180–185 1C (decomp.). NMR (D2O): 31P: 7.0 (q, J= 10.4 Hz);
1H: 7.65 (m, 3 H, arom), 7.45 (m, 1 H, arom), 3.49 (d, 3 H, J=

10.2 Hz, CH3OP); 13C: 171, 149, 137, 133, 126, 125, 124, 95 (d,

JPC = 177 Hz, CClP), 56 (d, JPOC = 6.8 Hz, POCH3). Anal.

Calc. for C9H7ClO5PNa, C, 37.99, H, 2.48, Cl, 12.46. Found:

C, 37.68, H, 2.63, Cl, 12.11%.

3-Hydroxy-3-(methylphosphono)isobenzofuranone (5). A

solution of compound 4 (2 g, 0.07 mol) in distilled water

(20 mL) was kept at room temperature for 4 days. The

solution was evaporated in vacuo, and then co-evaporated

with MeCN (2 � 30 mL) to a syrup, which was taken up in

MeCN (50 mL), to separate NaCl which was filtered off, and

the organic filtrate evaporated in vacuo to a white solid

residue. An analytical sample was obtained by recrystalliza-

tion from MeCN–diethyl ether. Yield: 1.6 g (94%). mp

208–209 1C. NMR (D2O): 31P, 10.2 ppm (q, JPOCH = 9.7 Hz);
1H: 7.5 (m, 4 H, arom), 3.40 (d, 3 H, JPOCH = 10.2 Hz, POCH3);
13C: 173, 148, 137, 133, 127, 126, 125, 106 (d, JPC= 199 Hz, CP),

55 (d, JPOC= 7.1 Hz, POCH3).MS: 226 (M�H2O). Anal. Calc.

for C9H9O6P: C, 44.28; H, 3.72. Found, C, 43.99, H, 3.65%.

3-Hydroxy-3-phosphonoisobenzofuranone (6)

(a) From 4. A solution of compound 4 (2 g, 0.007 mol) in

distilled water (50 mL) was refluxed for 2.5 h. The solution was

evaporated then co-evaporated with MeCN (2 � 30 mL) to a

syrup, which was taken up in MeCN (50 mL) to remove the

NaCl by filtration. Evaporation of the organic phase in vacuo

gave a white foam which was recrystallized from

water–MeCN. Yield: 1.35 g (90%), mp 196–198 1C. NMR

(D2O): 31P 8.96 (s); 1H: 7.4 (m); 13C: 172 (d, J = 4.5 Hz), 147

(d, J = 5.3 Hz), 137, 132, 127, 126, 125, 107 (d, JPC = 198

Hz). MS: 148 (M � H3PO3). Anal. Calc. for C8H7O6P�
0.25H2O: C, 40.98; H, 3.20. Found: C, 40.78; H, 3.11%.

(b) From 5. A solution of compound 5 (0.02 g) in D2O (0.4

mL) was refluxed for 2.5 h. 5 was converted to the extent of

95% to 6 and MeOH as shown by NMR (31P and 1H). NMR
31P (D2O): 8.96 (s). 1H: 7.4 (m, 4H, arom); and 3.17 (s, 3H,

MeOH).

Table 6 Arguments in favor of deprotonation route (c) in compound
6. For structures of species involved in exchange reactions (P1, P2, P6,
P8, P9) see Scheme 4

t Species Proposed structure

0.0 Mixture of P1 and P2 Ring, stationary
0.5 Mixture of P1 and P2 Ring
1.0 P2 Ring
1.5 Mixture of P2, P6, P8, P9

� Ring, and chain in exchange
2.0 Mixture of P2, P6, P8, P9 Ring, and chain in exchange

No evidence for P3 ring
3.0 P9 Chain, stationary

Scheme 5
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Disodium ortho-(methylphosphonato)formylbenzoate (7). To

a solution of compound 5 (60 mg) dissolved in D2O (0.4 mL)

solid Na2CO3 was added until pH 10. Examination of the

solution by NMR spectroscopy gave the following results: 31P:

0.89 (q, J=9.3 Hz). 1H: 7.6 (m, 4H, arom), 3.45 (d, J=10.2 Hz,

3H, POCH3).
13C: 216 (d, JPC = 179 Hz), 181, 166, 142, 141

(d, J=50Hz), 137, 135, 133, 132, 57 (d, J=6Hz). The solution

was evaporated to a syrup which was dried in vacuo.

Trisodium ortho-phosphonatoformylbenzoate (8). Compound

6 (63 mg) was dissolved in D2O (0.4 mL). Na2CO3 was added

until pH 10. Examination of the solution by NMR spectro-

scopy gave the following results: 31P: �0.19 (s). 1H: 7.6 (m,

arom); 13C: 221 (d, J= 160 Hz), 183, 168, 144 (d, J= 1.4 Hz),

139 (d, J = 47 Hz), 137, 136, 133, 131. The solution was

evaporated in vacuo to a syrup which was dried in vacuo over

P4O10.

(b) Analytical and NMR studies

In order to determine the dissociation constants, three poten-

tiometric titrations with 0.1 M and 1.0 M TMAOH were

performed under nitrogen atmosphere. Apparatus and soft-

ware: MINI_T.17 Titration data were iterated with WIN-

SCORE.18

Titration with 0.1 M TMAOH: 25 ml of a solution contain-

ing 0.18 mmol of 3-hydroxy-3-phosphonoisobenzofuranone

(6), 0.36 mmol of HCl and 2.5 mmol of TMACl was titrated

with 0.1010 M TMAOH at 25 � 0.1 1C.

Titration with 1.0 M TMAOH: 25 ml of a solution contain-

ing 1.75 mmol of 3-hydroxy-3-phosphonoisobenzofuranone

(6), 2.50 mmol of HCl and 25 mmol of TMACl was titrated

with 1.0220 M TMAOH at 25 � 0.1 1C.

NMR spectrometer: Bruker AVANCE DRX 500 equipped

with a 5 mm QNP 1H/13C/31P/19F Z-grad probe or 5 mm TBI

probe. Pulse programs: 1H NMR zg30; 13C{1H} and 31P{1H}

NMR zgpg30.

Spectral parameters for Fig. 4: Trace (a): 43.3 mg of 6 in

0.75 ml D2O. Int. ref.: (CH3)3SiCH2CH2CH2SO3Na. Trace

(b): 33.1. mg of 6 in 0.75 ml of 1 m KOH in D2O. Int. ref.:

(CH3)3SiCH2CH2CH2SO3Na. 1H NMR (Bruker notation in

parentheses): Size of FID (TD): 65 536. Number of scans (NS):

128. Spectral width (SWH): 5482 Hz. Acquisition time (AQ):

5.98 s. Pre-scan delay (DE): 6 ms. Transmitter frequency

(SFO1): 500.1322506 MHz. Size of real spectrum (SI):

32768 Hz. Spectral resolution (HzpPT): 0.1673 Hz. Window

function (WDW): EM. Line broadening (LB): 0.30.

Spectral parameters for Fig. 6, Table 3 and Table S3:

Standard solution: 57.85 mg of 6 in 0.50 ml D2O. Int. ref.:

(CH3)3SiCH2CH2CH2SO3Na. Addition of 1 m NaOH in D2O

to adjust degree of titration t: (a) 0 ml, t=0; (b) 0.125 ml, t=
0.5; (c) 0.25 ml, t = 1; (d) 0.375 ml, t = 1.5; (e) 0.5 ml, t = 2;

(f) 0.625 ml, t = 2.5; (f) 0.75 ml, t = 3. 13C{1H} NMR. TD:

65 536. NS: 1024. SWH: 32 680 Hz. AQ: 1 s. DE: 6 ms. SFO1:

125.772201 MHz. SFO2: 500.1320006 MHz. SI: 131072 Hz.

HzpPT: 0.2493 Hz. WDW: EM. LB: 5.

Software packages used for spectral evaluation: Bruker

Win-NMR 6.2 and Bruker XWIN-NMR 2.6 (Comments to

Fig. 3, 5, S2–S4, S7–S9: We pioneered the technology of

(almost fully) automated NMR titration and described details

of NMR, analytics, hardware, software, corresponding math-

ematical background in papers and reviews listed under

ref. 16).

The setup for NMR-controlled titration of 6: 445.7 mg

(1.918 mmol) of 6, 3.847 mmol of HCl, and 2.5 mmol of

TMACl were dissolved in H2O to make up a total volume of

25 ml. This sample solution was titrated with a 0.9840 M

TMAOH solution in H2O to adjust the degree of titration t in
64 steps within the range from t = �2 to t = 6. Spectral

parameters: 1H NMR: TD: 32 768. NS: 128. SWH: 5296 Hz.

AQ: 5.98 s. DE: 6 ms. SFO1: 500.1322506 MHz. SI: 32 768 Hz.

HzpPT: 0.1616 Hz. WDW: EM. LB: 0.30. 31P{1H} NMR: TD:

16 384. NS: 16. SWH: 10163 Hz. AQ: 5.98 s. DE: 6 ms. SFO1:

202.4550727 MHz. SFO2: 500.1320005 MHz. SI: 16 384 Hz.

HzpPT: 0.6202 Hz. WDW: EM. LB: 0.30.

All NMR spectra were recorded on a Bruker AVANCE

DRX 500 spectrometer using a TXO-HPLC probe. The

magnet field was not locked during the NMR-controlled

titration, but remained sufficiently stablez throughout the

24 h of the NMR titration.16 Chemical shifts were referenced

using external (CH3)3CH2CH2CH2SO3Na and 85% H3PO4.
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