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NMR studies of proton transfer in 1 :1 tris(trimethoxyphenyl)-
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The hydrogen transfer process in adducts between tris(trimethoxyphenyl)phosphine oxide (TMPPO) and
eight different substituted phenols has been studied in both the solution and solid states. For this purpose,
1H and 31P NMR solution-state spectra of these complexes have been recorded. The 1H chemical shift of
the hydrogen-bonded proton and the 31P chemical shift of the phosphine oxide are largely influenced by
the substituents attached to the phenol. Thus, the chemical shift of the hydroxylic hydrogen for complexes
in solution varies from lower frequencies (8.2 ppm) for phenol derivatives of high pKa (e.g. 10.2) to higher
frequencies (11.9 ppm) as the pKa of the phenol decreases. However, for highly acid phenols such as picric
acid (pKa 5 0.38), the signal moves to lower frequencies again as a result of the shielding produced by
the oxygen atom of the TMPPO residue. On the other hand, the 31P chemical shift of the complexes in
solution varies with the same trend: as the pKa of the substituted phenol decreases, the phosphorus signal
moves to higher frequencies. The eight complexes have also been studied in the solid state by means of
high-resolution CPMAS 13C and 31P NMR experiments. There is also evidence of the hydrogen transfer
process in the solid state which causes changes in the 31P shielding tensor, and in the 13C chemical shifts of
the phenolic C]O (C1) and para (C4) carbons. In spite of crystallographic packaging effects that might
occur in the solid phase, the results parallel those obtained for complexes in solution, since the two sets
of NMR data follow almost the same pattern.

Introduction
NMR spectroscopy has proved to be a useful tool to study
hydrogen transfer processes for many systems.1–8 Among the
systems that have been examined by this technique are the com-
plexes in which substituted phenols form the acid that donates
the proton, and an amine or phosphine oxide is the base that
accepts it.9–14

It has been found that, for these systems in solution, a corre-
lation exists between the strength of the phenol as proton donor
and the 1H chemical shift of the hydroxylic hydrogen.15–17

In a previous study, we examined complexes between tri-
phenylphosphine oxide (TPPO) and substituted phenols not
only in solution but also in the solid state.14 A correlation
between the pKa of the phenol and the degree of hydrogen
transfer was found for these complexes in solution. However,
the same study performed on these adducts in the solid state
showed only a very weak correlation. This behaviour was
attributed mainly to the fact that TPPO is a weak base, and
crystallographic influences obscure the effect of the acid–base
reaction that occurs for the complexes in solution.14 Taking this
fact into account, it seemed to be of interest to perform an
analogous study in systems where the residue accepting the pro-
ton was a more basic oxide. Therefore, the oxide of a highly
basic phosphine,18 tris(2,4,6-trimethoxyphenyl)phosphine oxide
(TMPPO), was prepared in order to study the hydrogen transfer
process for complexes with substituted phenols, not only in
solution but also in the solid phase.

First, these adducts were examined in solution by means
of 1H and 31P NMR spectroscopy to verify the presence of a
hydrogen-transfer process. Then, the complexes were studied in
the solid state by means of 13C NMR, according to the follow-
ing treatment.

On the basis of a tautomeric equilibrium for a phenol com-
plex such as eqn. (1), X being a nitrogen or phosphorus atom, it

PhO]H 1 OXR3 PhO2 1 H]OXR3
1 (1)

has been proved that carbons at positions 1 and 4 of the phenol
are affected strongly by the strength of the hydrogen bond
involved.12–17 Hence, it has been useful to calculate the double
difference between the C1 and C4 chemical shifts for the substi-
tuted phenol when it takes part in the complex, and when there
is no acid–base reaction (e.g. in the pure phenol) according to
eqn. (2).16 The difference ∆1 2 4 has been used as a measure of

∆1 2 4 = [δC1 2 δC4]phenol–base 2 [δC1 2 δC4]phenol (2)

the state of reaction (1), in terms of the degree of proton trans-
fer to the base residue.14,16,17 The use of eqn. (1), in circum-
stances where NMR cannot distinguish two situations for any
particular case, is justified whether there is a double-well poten-
tial with exchange that is rapid on the NMR timescale or a
single-well potential.

The solid complexes have also been studied by means of 31P
NMR spectroscopy, taking advantage of the modifications that
the shielding tensor experiences with regard to minor changes
in the electronic environment of the phosphorus nucleus. In this
type of compound, the 31P tensor is expected to be highly sensi-
tive to even slight changes in chemical bonding, since the
hydrogen bond involved in the transfer is separated by only one
oxygen atom from the observed nucleus.

Experimental
Tris(2,4,6-trimethoxyphenyl)phosphine (TMPP) was purchased
from Aldrich. Five grams of TMPP were dissolved in dichloro-
methane in a one-neck round-bottomed flask; 5 ml of hydrogen
peroxide (100 volumes) was added and stirred for 6 h. The
organic fraction was then obtained by means of a separating
funnel and the aqueous layer was extracted twice with 15 ml of
dichloromethane. The organic fractions were combined and
washed three times with water, to be finally dried over sodium
sulfate. Crystals of TMPPO were obtained by slow evaporation
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of the solvent. The product was recrystallised from a mixture of
dichloromethane–hexane, also by slow evaporation. White crys-
tals were exposed to high vacuum for several hours to fully
dehydrate the material. Elemental analysis and 1H, 13C and 31P
NMR spectra of the product in solution showed TMPPO was
free from impurities.

All phenols were of the highest analytical grade com-
mercially available. 1 :1 stoichiometric amounts of each substi-
tuted phenol and TMPPO were dissolved in chloroform.
Crystals of the corresponding complexes were obtained by slow
evaporation of the solvent, and the recovered adducts were
dried under high vacuum for 12 h.

Solutions of the complexes were prepared for 1H NMR
spectra with [2H]chloroform, which was dried over a 3 Å
molecular sieve. The 1H NMR spectra were recorded at room
temperature (ca. 20 8C) on a Bruker AC 200 NMR spec-
trometer operating at 200.1 MHz nominal frequency, and using
tetramethylsilane (TMS) as internal standard for the chemical
shifts. The typical operating conditions were: number of transi-
ents 128; recycle delay 1 s; pulse duration 2 µs (7.2 µs ≡ 908);
acquisition time 1.5 s.

Phosphorus-31 NMR spectra were obtained from [2H]chloro-
form solutions at room temperature (ca. 20 8C) on a Varian
VXR 400S spectrometer operating at 161.9 MHz nominal fre-
quency, and with 1H high-power decoupling during acquisition.
Signals were referenced against an 85% aqueous solution of
phosphoric acid. The spectrometer parameters were as follows:
number of transients 64; recycle delay 1 s; pulse duration 6 µs;
acquisition time 3.0 s.

A Chemagnetics CMX200H NMR spectrometer was used to
record the solid-state 13C and 31P NMR spectra. The respective
operating frequencies were 50.3 and 80.0 MHz. Both sets of
spectra were acquired using the CPMAS technique with high-
power proton decoupling. Carbon-13 NMR spectra were
recorded under the following operating conditions: number of
transients 1200–8000; recycle delay 2–10 s; pulse duration 4 µs
(908); contact time 3.0–5.0 ms; acquisition time: 51–102 ms;
spectral width 20 kHz. The adamantane signal (δCH2 = 38.4
ppm with respect to TMS) was used as a secondary reference
for the 13C chemical shifts. The 31P NMR operating conditions
were: number of transients 16–80; pulse duration 5 µs (908);
contact time 2.5–5.0 ms; acquisition time 20–61 ms; spectral
width 30–50 kHz. The brushite signal (δiso = 1.2 ppm with
respect to 85% aqueous phosphoric acid) was used as a second-
ary reference for the solid-state phosphorus-31 spectra. The
sample spinning speeds ranged from 0.8 to 2.8 kHz to obtain an
appropriate number of spinning sidebands. The method of
Fenzke et al.19 was used to retrieve the principal components of
the 31P shielding tensor components, using a computer program
which also calculates errors in the values.20

Results and discussion

Solution studies
A summary of the NMR results obtained from chloroform
solution at room temperature (ca. 20 8C) for 1H chemical shifts
of the hydroxylic hydrogen for TMPPO complexes, together
with phosphorus-31 chemical shift values of adducts, is pre-
sented in Table 1. It should be noticed that the whole set of
solutions to record 1H NMR spectra was prepared in a dry
atmosphere. This was necessary to eliminate the presence of
water, which would exchange hydrogen atoms rapidly, leading
to average chemical shift values. The relevant results of 1H
NMR measurements for substituted phenol–TMPPO adducts
as a function of the pKa of the phenols are presented in Fig. 1.
The changes in proton chemical shifts in hydrogen-bonded sys-
tems are a consequence of the low electron density arising from
the interaction between the observed hydrogen and both oxygen
atoms near to it. For complexes in which weak acid phenols are
the hydrogen donors, the 1H signal gives a relatively low chem-

ical shift. As the pKa of the phenol decreases, the hydrogen
signal involved first shifts to higher frequencies, presenting a
maximum for the 2,5-dinitrophenol–TMPPO system. This
change is the expected one, taking into account that, for weak
acids, the hydrogen nucleus is near the oxygen atom of the
phenol and, consequently, the signal appears at relatively low
frequencies. As the acid strength of the substituted phenol
increases, the hydrogen nucleus involved moves away from the
phenolic oxygen, enlarging its deshielding. This phenomenon
proceeds until the hydrogen nucleus is substantially transferred
to the base moiety, when it again begins to exhibit a relatively
lower chemical shift due to the vicinity of the TMPPO oxygen
atom. In the case of the picric acid complex, the hydroxylic
1H chemical shift is displaced to significantly lower frequencies.
It should be noticed that no signal for the hydroxylic proton
could be found in the 2,6-dichloro-4-nitrophenol derivative,
presumably due to the presence of traces of water dramatically
broadening the relevant 1H signal. However, this complex was
studied by means of 31P NMR experiments.

Table 1 also displays solution δ31P values determined for the
adducts studied. It can be seen that the hydrogen transfer pro-
cess can be monitored by the 31P chemical shift as a function of
pKa of the substituted phenol. For these compounds, as long as
the phenol is not a strong hydrogen donor, the phosphorus-31
nucleus has a chemical shift similar to that observed for
pure TMPPO (13.90 ppm). However, as proton transfer from
the phenol to the base takes place, structures in which
phosphorus has an increased positive charge arise. This fact
leads to an increasing deshielding of phosphorus nucleus for
lower pKa values of the substituted phenol. The highest
observed chemical shift is 39.50 ppm for the picric acid–
TMPPO adduct, where the pKa of the phenol involved is 0.38.
However, for phenols that are weaker acids than picric acid and

Fig. 1 Hydroxylic 1H chemical shifts for phenol–TMPPO complexes
in solution as a function of pKa for the phenol

Table 1 Solution-state phenolic 1H and 31P chemical shifts of
TMPPO–phenol complexes, together with the pKa values of the pure
phenols

Compound

Picric acid a

2,6-Dichloro-4-nitrophenol
2,6-Dinitrophenol
2,4-Dinitrophenol
2,5-Dinitrophenol
4-Nitrophenol
4-Chlorophenol
Phenol
4-Methoxyphenol

pKa

0.38
3.70
3.71
3.96
5.22
7.15
9.37
9.89

10.21

Adducts
δ1H(HO) (ppm)

7.4
—
11.3
11.5
11.9
11.4
9.1
8.4
8.2

Adducts
δ31P (ppm)

39.5
13.9
11.1
16.1
14.8
14.8
12.4
11.9
13.5

a Picric acid is 2,4,6-trinitrophenol.
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Table 2 Relevant high-resolution solid-state 13C NMR data for pure phenols and TMPPO–phenol complexes

Pure phenols Complexes

Compound

Picric acid
2,6-Dichloro-4-nitrophenol
2,6-Dinitrophenol
2,4-Dinitrophenol
2,5-Dinitrophenol
4-Nitrophenol
4-Chlorophenol b

Phenol
4-Methoxyphenol

δC1 (ppm)

155.0
155.9
152.3
159.1
154.9
163.3
152.9
154.6
150.0

δC4 (ppm)

137.3
140.6
120.8
140.2
114.7
141.3
125.4
121.3
154.6

δC1 (ppm)

162.0
157.5
149.0
168.1
157.8
168.0
158.2
158.8
151.4

δC4 (ppm)

128.2
138.6
118.1
137.2
115.4
139.3
123.0
119.4
153.7

∆1 2 4
a (ppm)

21.2
3.6
4.5

17.1
7.3
6.7
7.7
6.1
2.3

a These values were calculated using the experimental solid-state 13C NMR data of the substituted phenols and of the complexes. Corrections were
made for the 2- and 6-nitro-substituted phenols according to the procedure described in refs. 9 and 17 (see text). b para-Carbon-13 for the pure phenol
gave two signals (splitting 8.4 ppm) as a consequence of residual dipolar coupling to quadrupolar 35/37Cl nuclei.33,34 δC4 has been calculated as the
weighted average of this doublet.

have two bulky substituents in positions 2 and 6 simultaneously,
it seems there is no hydrogen transfer. Examination of the
31P chemical shift for the 2,6-dichloro-4-nitrophenol–TMPPO
system (13.92 ppm) shows the effect mentioned since this value
is nearly the same as that recorded for pure TMPPO. A possible
explanation for this fact is that steric hindrance prevents the
hydroxylic proton from being close enough to TMPPO to allow
the acid–base reaction to take place. This seems to be also the
case for the 2,6-dinitrophenol–TMPPO system, which has a 31P
chemical shift of the same order as for pure TMPPO. The same
phenomenon has already been described for complexes between
the latter phenol and triphenylphosphine oxide (TPPO) in the
solid state.14 In this case, TMPPO has substituents that are
more bulky than TPPO, and it seems possible that the effect
described could be displayed even in the solution state.

Eqn. (3) describes the theoretical sigmoidal curve for which

δ31P =
13.9 1 39.5 K

1 1 K
(3)

the turning point should correspond to 50% hydrogen transfer,
that is at the pKa of the acid HTMPPO1. In eqn. (3), 13.9 is the
phosphorus-31 chemical shift when no phenol hydrogen donor
is linked to the TMPPO residue, 39.5 is the maximum chemical
shift obtained for the most acidic phenol, picric acid, and K is
given by eqn. (4). However, to the best of our knowledge, no

K =
Kaphenol

KaHTMPPO1
(4)

Fig. 2 Phosphorus-31 chemical shift for the complexes in solution
as a function of pKa of the phenol. The dotted line represents the
sigmoidal theoretically calculated according to eqn. (3). The filled
circles are the δ31P experimentally observed.

pKa has been previously assigned to HTMPPO1. From the
results obtained by solution-state studies this pKa value should
lie between 2 and 4. Hence, a pKa = 3 is estimated in order
to perform calculations according to eqn. (3). Fig. 2 displays
solution-state 31P chemical shifts obtained as a function of the
pKa of the phenol. The dotted curve represents the theoretical
sigmoidal according to eqn. (3) and the solid circles are the
experimental data. No points are displayed in Fig. 2 for 2,6-
dinitrophenol–TMPPO and dichloro-4-nitrophenyl–TMPPO
since in these cases there is no hydrogen transfer (see below).
When analysing the experimental 31P chemical shifts for the
complexes in solution, good agreement is obtained with respect
to the theoretical line.

Solid-state studies
To determine if phenol–TMPPO systems exhibit the same
behaviour in the solid state as in solution, we first focus on
changes produced by the hydrogen transfer on the chemical
shifts of the phenol carbons at positions 1 and 4. This effect is
a consequence of the increased contribution of structures in
which the phenol ring has a negative charge while the hydroxylic
proton moves apart from the oxygen atom. Therefore, C1 is
influenced by a higher C]O double-bond order and, in some of
the contributing structures, C4 carries a formal negative charge.
The result of this situation is that the C1 and C4 chemical shifts
change in an opposite manner, C1 becoming more deshielded
and C4 more shielded, as compared with the values in the free
phenols. Table 2 displays the solid-state 13C chemical shifts of
the relevant nuclei for pure phenol and for the phenol–TMPPO
complexes, as well as ∆1 2 4 calculated values. As has already
been described, some phenols possess an intramolecular hydro-
gen bond between the substituent in position 2 or 6 and the
hydroxylic proton of the phenol.9 In these cases, an experi-
mental correction factor (5.1 ppm) has to be added to the
experimental ∆1 2 4 values in order to compensate for the shift
in the C1 and C4 signals for those phenols in solution.17 The
same correction has also been suggested for complexes in the
solid phase, on the basis of the reported crystal structure of
some pure substituted phenols, where it is known that intra-
molecular hydrogen bonding is present.14 From Table 2 it can
be seen that ∆1 2 4 decreases as long as the pKa of the substituted
phenol increases, indicating a relative reduction in the extent of
the acid–base reaction. There is an exception for this behaviour,
exhibited by the 2,6-dichloro-4-nitrophenol complex, which
displays a corresponding ∆1 2 4 of 3.6 ppm. This value suggests
that there is negligible hydrogen transfer. In spite of the low pKa

of this phenol, in the solid state there is no possibility for the
hydroxylic proton to be transferred from the phenol to the
TMPPO residue, for steric reasons, as has been observed in the
solution state.

The behaviour of the set of crystalline adducts was also
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Table 3 Relevant solid-state 31P NMR data for TMPPO–phenol complexes and for tris(2,4,6-trimethoxy)phenylphosphine oxide (TMPPO)

δiso (ppm) (aσ⊥ 2 σiso) b (ppm) (σ|| 2 σiso) b (ppm) ∆σ c,d (ppm)

Compound

Picric acid–TMPPO
2,4-Dinitrophenol–TMPPO
2,5-Dinitrophenol–TMPPO
4-Nitrophenol–TMPPO
4-Chlorophenol–TMPPO
Phenol–TMPPO
4-Methoxyphenol–TMPPO
TMPPO (pure)

Unhydrated

—
16
15
—
11
9
9
6

Hydrated

41
—
23
21
19
18
—
11

Unhydrated

—
255
257

—
262
262
263
274

Hydrated

235
—

250
255
259
260

—
269

Unhydrated

—
112
114
—
124
124
126
148

Hydrated

70
—
100
110
118
120
—
138

Unhydrated

—
167(2)
171(2)
—
186(1)
186(4)
189(1)
222(1)

Hydrated

105(2)
—
150(1)
165(2)
177(1)
180(1)
—
207(3)

a σ⊥ = σ11 = σ22. 
b Shielding data are presented using the sign convention opposite to that used for δiso. c ∆σ = σ|| 2 σ⊥. d The errors are those given

by the computer program 20 for the sideband analysis. They probably underestimate the real errors which arise from experimental matters.

studied by means of high-resolution solid-state 31P NMR
experiments. The results are presented both in Fig. 3, which
compares the performance between solution- and solid-state
complexes, and in Table 3, which displays the relevant data for
the crystalline adducts. Fig. 3 shows the variation of the
phosphorus-31 isotropic chemical shift, δiso, in the solid state as
a function of the pKa of the phenol, as compared with phos-
phorus chemical shifts observed in solution for the same set
of complexes. It is apparent that the pattern followed by the
TMPPO–phenol adducts in the solid state is essentially the
same as that in solution.

The crystal structure of pure TMPPO has already been
determined by X-ray diffraction, and it has been shown that
this oxide exists as at least three solid forms.21 The one crystal-
lised by slow evaporation from a dichloromethane–hexane
solvent mixture is the first triclinic form, which has two differ-
ent TMPPO molecules per crystallographic asymmetric unit.
One of the oxide moieties has a water molecule hydrogen-
bonded, and the other oxide molecule has no such linkage. It
has been suggested that the origin of the crystallisation water
may be the use of aqueous hydrogen peroxide to carry out the
oxidation of the phosphine.22 Even though TMPPO is exposed
to a high vacuum, the hydration water is not totally removed.
As a consequence, the solid-state 31P NMR spectrum of this
compound gives two different signals, one corresponding to the
water-linked molecule with δiso = 11 ppm, and the other corre-
sponding to the unhydrated molecule with δiso = 6 ppm. In turn,
the number of 31P signals obtained for the solid-state complexes
varies depending on the particular adducts. Fig. 4 illustrates the
31P spinning sideband manifold for pure TMPPO together with
that obtained for the picric acid–TMPPO complex. Some of the
adducts show two different phosphorus signals (the phenol, 2,5-

Fig. 3 Comparison between solution- and solid-state 31P NMR results
for the complexes, as a function of pKa for the phenols; d = δ31P values
for complexes in chloroform solution; , and n = phosphorus-31 δiso

values for solid-state complexes (hydrated and unhydrated, respectively)
obtained by CPMAS experiments

dinitrophenol and 4-chlorophenol derivatives), and the same
holds true for pure TMPPO. The other complexes studied have
only one signal (picric acid, 2,4-dinitrophenol, 4-nitrophenol
and 4-methoxyphenol derivatives). A clearer understanding of
this phenomenon arises when the previously described structure
of pure TMPPO is taken into account. Thus, it may be reason-
ably expected that water molecules hydrogen-bonded into
complexes would cause similar effects on the oxide moiety to
those observed for pure TMPPO hydrate crystals. Following the
idea pointed out by Harrison,21 it might be assumed that the
different phosphorus signals arise from different extents of
hydrogen bonding due to distinct amounts of water hydrating
the oxide. Table 3 displays the relevant 31P NMR parameters for
the complexes studied and for pure TMPPO. All the isotropic
31P NMR shifts of the complexes are deshielded as compared
with pure TMPPO. In addition, a displacement towards the
free TMPPO δiso value as the pKa of the phenol increases is
observed. This behaviour is easily understood, since the iso-
tropic chemical shift varies with the electron density around
a nucleus, which is indeed expected to change with the degree
of hydrogen transfer. A detailed analysis of the shifts of the
phosphorus signals leads to a differentiation between two
groups of signals, one with δiso values that correlate with hydrated
TMPPO residues and the other group related to unhydrated
TMPPO moieties. The difference between 31P δiso values for the
hydrated TMPPO residue in the pure oxide and its counter-
part, i.e. the unhydrated molecule, is 5 ppm. Surprisingly, the
difference found for the adducts which present two different
phosphorus signals turns out to be almost the same for all of
them (8 ppm, see Table 3). Hence, it could be assumed that this

Fig. 4 Phosphorus-31 spinning sideband manifolds obtained at 81.015
MHz for: (a) pure TMPPO with 5.0 ms contact time, 6.0 s pulse delay,
32 transients and spinning speed 2500 Hz; (b) the picric acid–TMPPO
complex with 5.0 ms contact time, 8.0 s pulse delay, 32 transients and
spinning speed 1800 Hz
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difference in δiso is the result of the same effect on every com-
plex, this being the influence exerted by the hydration water
linked to the TMPPO residue in the adduct. To help assess the
validity of this hypothesis, we tried to find supporting evidence
by studying other parameters obtained by measuring the com-
ponents of the phosphorus-31 shielding tensor.

As discussed in earlier work, the 31P shielding tensor com-
ponents (σii), anisotropy (∆σ) and the asymmetry (η) 14,23–27 are
highly sensitive parameters that reflect changes in the surround-
ings of the phosphorus nucleus. It should be noticed that
changes in phosphorus-31 δiso values occupy a smaller range
than ∆σ for the same complexes, showing the enhanced sensitiv-
ity of the latter parameter (see Table 3). In all these compounds,
the asymmetry is zero, indicating that all oxide residues are
axially symmetric within experimental error not only in pure
TMPPO but also in the adducts. Spinning sideband manifolds
are, however, insensitive 20,28,29 to values of η less than ca. 0.2.
The anisotropies of each type of phosphorus nucleus for pure
TMPPO are 207 and 212 ppm, the former corresponding to the
hydrated moiety and the latter for the residue that is not linked
to water.22 Fig. 5 illustrates ∆σ values of the complexes as a
function of the pKa of the phenol. For complexes giving rise to
two phosphorus signals, both anisotropy values increase as the
pKa of the substituted phenol increases, following the tendency
discussed previously for the isotropic chemical shift. In line
with previous reports,7,30–32 this is the predicted outcome of a
relatively more asymmetric environment of the phosphorus
nucleus. The change in the anisotropy values is controlled by
relative differences among individual π P]O bond orders.32

Hence, the described increase of ∆σ accompanies the increase
of π electron density along the involved bond produced by
a smaller contribution of the (TMPPO–H)1 structure with
weaker proton donors. Thus, this effect should be the result
of a smaller degree of hydrogen transfer when the substituted
phenol increases its pKa value. Therefore, the principal com-
ponents of the 31P shielding tensor assume values correspond-
ing to a more tetrahedral phosphorus environment as the pKa

of the phenol increases.
Taking into account the crystal structure of TMPPO, in

which the hydrated molecule of the oxide gives a smaller value
of ∆σ, it is reasonable to infer that, in complexes presenting
two different values of anisotropy, the smaller one would
correspond to a hydrated oxide moiety. Of course, ∆σ values
for both hydrated and unhydrated complexes should vary as a
function of pKa of the phenol. This change has to be as dis-
cussed previously, i.e. ∆σ values for the adducts should increase
as the extent of the hydrogen transfer reaction diminishes.
However, anisotropies of hydrated TMPPO residues in the
complexes should tend to a higher value than those of un-
hydrated TMPPO moieties since pure water-linked oxide has

Fig. 5 Phosphorus ∆σ values for the solid-state complexes as a
function of the pKa of the phenols

∆σ = 212 ppm, whereas the anisotropy for the unhydrated oxide
has 207 ppm, i.e. to the values for the uncomplexed TMPPO
(Fig. 5). The difference between ∆σ (unhydrated minus
hydrated) in the pure oxide is 5 ppm. Complexes with two dis-
tinct phosphorus signals have shown an increasing difference
between the anisotropy values as the pKa of the phenol
decreases (6 ppm for phenol–TMPPO to 21 ppm for 2,5-
dinitrophenol–TMPPO, see Table 3). Comparing the
anisotropy differences for the solid complexes which have two
phosphorus signals with the differences between δiso 31P values,
the higher sensitivity displayed by the former parameters as
compared with their isotropic counterparts becomes more
apparent.

Conclusions
The hydrogen transfer process has been studied in a number of
complexes between substituted phenols and TMPPO. Proton
and phosphorus-31 NMR spectroscopies have been the chosen
methodologies to monitor the behaviour of the adducts in the
solution state, while high-resolution CPMAS 13C and 31P NMR
have been used to study them in the solid phase. The complexes
show the same variation pattern in the two phases. The acid–
base reaction seems to have a larger extent as the pKa of the
substituted phenol decreases. The evidence supporting this
hypothesis is that the phenolic 1H NMR signal moves to higher
frequencies. The shifting continues until the proton is sub-
stantially transferred from the phenol to the oxide residue
(picric acid complex). On the other hand, δ31P for the complexes
in solution showed the same trend, its value increasing as the
acidity of the phenolic hydrogen increases. The adducts studied
in the solid state showed a reduction of the 31P shielding
anisotropy with the acid strength of the associated phenol,
while 13C NMR results displayed higher shift differences
between phenolic C1 and C4 signals with decreasing pKa values.
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