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The well-known solvent polarity indicators, pyridinium-N-phenolate betaine dyes, appeared to be
promising reactants for comparing the electrophilicity of NMR chemical shift reagents such as lantha-
nide(III) complexes with dipivaloylmethane [tris(2,2,6,6-tetramethylheptan-3,5-dione)]. These dyes are
suitable for the UV–vis spectroscopic study of weak specific Lewis acid/base interactions in solution.

� 2010 Elsevier Ltd. All rights reserved.
1: R1 = Ph, R2 = H; 2: R1 = R2  = Ph; 3: R1 = Ph, R2 = 
CMe3; 4: R1 = Ph, R2 = Cl; 5: R1 = R2 = 4-Me3C-C6H4; Ln 
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In this Letter, we report on a novel application of the well-known
and widely used solvent polarity indicators pyridinium-N-pheno-
late betaine dyes, which seem to be a promising tool for comparing
the electrophilicity of various neutral Lewis-acidic species, in partic-
ular of NMR chemical shift reagents such as lanthanide(III) com-
plexes with dipivaloylmethane [dpm = tris(2,2,6,6-tetramethyl
heptan-3,5-dione)], Ln(dpm)3. The betaine dyes used are shown in
Scheme 1.

Pyridinium-N-phenolates are known as the most powerful sol-
vatochromic dyes.1 Their ground-state dipole moment amounts
to ca. 15 D, which allows these betaine dyes to be considered as
genuine zwitterions. They exhibit one of the largest solvent-in-
duced hypsochromic shifts of the long-wavelength intramolecular
charge transfer (CT) absorption band with increasing solvent polar-
ity (negative solvatochromism). In the case of standard dye 2, used
to establish the empirical solvent polarity scale ET(30), this band
shift is Dk = �357 nm going from diphenyl ether (kmax = 810 nm)
to water (kmax = 453 nm) as solvent.1

The extraordinary susceptibility of the intramolecular CT
absorption of dye 2 and some of its derivatives to the nature of
its microenvironment has led, in addition to their use as polarity
indicators for molecular solvents,1 to a manifold of further applica-
tions: determination of the polarity of ionic liquids,2 study of their
thermo-, halo-, piezo-, and chiro-solvatochromism,1a–c determina-
tion of the water content of organic solvents,3 as tools for examin-
ing interfacial properties,4 as molecular probes for the study of
organized media such as micellar solutions of colloidal surfac-
tants,1c,4c,5 microemulsions,4c,5a,6 suspensions of phospholipid lipo-
somes,4c,5b,7 solutions of dendrimers,8 other supramolecular
systems,1b,9 and surfactant-doped gels.10 Moreover, the phenolate
oxygen of 2 is highly basic and can be readily protonated, resulting
in the (reversible) disappearance of the solvatochromic CT band
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and decolorization of the dye solution. Therefore, these betaine
dyes can also be used as acid/base indicators.4c,5b,6 The acid/base
interaction of protonated 2 with anions of varying basicity has
been recently reported.11 In addition, these betaine dyes are often
used in sensor devices.12

The basic phenolate center of 2 is known to interact in organic
solvents and micellar media with typical Lewis acids such as metal
cations, leading to hypsochromic shifts and intensity decreases of
the CT band.13 Similar effects were registered for the interaction
of the dyes with neutral molecules such as methyl-b-cyclodex-
trin,9b nonionic peptide lipids,14a and other biopolymers.14b How-
ever, such studies are only few in numbers.

Therefore, it is worthwhile to investigate the interaction of such
universal probe dyes with a variety of further neutral species with
electrophilic character. Within the course of such studies, we found
that not only lanthanide(III) cations but also their neutral com-
plexes with dipivaloylmethane (dpm), widely used in NMR spec-
troscopy as lanthanide shift reagents,15 display the essential
modifications of the long-wavelength CT band of pyridinium-N-
phenolate betaine dyes 1–5.

Contrary to the interaction with ‘bare’ cations, neutral lantha-
nide complexes 6a–c do not decolorize the betaine dye solutions,
= La (6a), Eu (6b), Yb (6c). 

Scheme 1. Molecular structure of betaine dyes 1–5 and the NMR shift reagents
Ln(dpm)3 6a–c.
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Figure 1. (a) Visible absorption spectra of pyridinium-N-phenolate 2 (c = 1.0 � 10�4 M, 1.00 cm cell), measured in acetone at 25 �C with increasing amounts of added
Yb(dpm)3: c(Yb(dpm)3) = 0 (1); 2.0 � 10�4 (2); 5.0 � 10�4 (3); 8.0 � 10�4 (4); 12.0 � 10�4 (5); 18.0 � 10�4 (6); 26.0 � 10�4 (7); 36.0 � 10�4 (8); and 48.0 � 10�4 M (9); the
calculated visible spectrum of the 2/Yb(dpm)3 associate (10). (b) Visible absorption spectra of pyridinium-N-phenolate 5 (c = 1.00 � 10�3 M, 0.10 cm cell), measured in
benzene at 25 �C with increasing amounts of added Eu(dpm)3: c(Eu(dpm)3) = 0 (1); 0.30 � 10�3 (2); 0.40 � 10�3 (3); 0.60 � 10�3 (4); 0.80 � 10�3 (5); 1.00 � 10�3 (6);
1.20 � 10�3 (7); 10.0 � 10�3 M (8).

Table 2
Calculated Kass values for the formation of the +D�/Ln(dpm)3 associates

Betaine dye (solvent) Kass � 10�3/M�1

6a 6b 6c

1 (Acetone) — 21.0 ± 1.6 —
2 (Acetone) 4.3 ± 0.1 1.57 ± 0.05 0.361 ± 0.008
3 (Acetone) 61.0 ± 1.5 4.5 ± 0.2 0.381 ± 0.006
4 (Acetone) 5.06 ± 0.03 1.47 ± 0.04 0.634 ± 0.003
5 (Acetone) 3.79 ± 0.01 1.81 ± 0.01 0.202 ± 0.004
5 (Benzene) 39 ± 3 16.6 ± 0.7 1.44 ± 0.04
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but produce hypsochromic band shifts of up to Dm = (2.6–
4.8) � 103 cm�1. In this case, the spectra of dyes 1–5 change, with
increasing concentration of Ln(dpm)3, in a similar manner, as
shown in Figure 1, with a distinct isosbestic point. The correspond-
ing Ln(dpm)3-induced hypsochromic band shifts of dyes 1–5 are
collected in Table 1.

On processing the experimental visible spectral data by stan-
dard methods, it was found that interaction of the basic betaine
oxygen center with the electrophilically neutral Ln(dpm)3 com-
plexes can be satisfactorily described in terms of the formation
of 1:1 associate. The association constants, Kass, for the formation
of the +D�/Ln(dpm)3 associates, were determined in acetone for
dyes 1–5 and are collected in Table 2. Similar Ln(dpm)3-induced
band shifts could be registered for the more lipophilic dye 5 in
CCl4 and benzene as solvents because of its better solubility in
these nonpolar solvents (Fig. 1b), as well as in acetonitrile and
DMSO, in which, however, the lanthanide complexes 6a–c are less
soluble, and eventually in CHCl3, in which the +D�/Ln(dpm)3 for-
mation is somewhat weaker. As a result of the sufficient solubility
of both components in acetone, this solvent seems to be the best
for this type of investigation.

The dyes 1–5 were synthesized as reported earlier,1,5d and the
Ln(dpm)3 reagents were prepared as described.16 The dyes, except
3, are actually crystal hydrates.5d Therefore, they were dried in va-
cuo at 120 �C for 6 h before the measurements. All lanthanide che-
lates are very hygroscopic and should be handled with care. On
absorption of water, their shifting power is reduced drastically.
Therefore, in insufficiently dried solvents, the calculated Kass values
would be underestimated. It should be mentioned that storing the
Table 1
Hypsochromic shifts of the visible absorption maxima of betaine dyes 1–5, caused by
addition of Ln(dpm)3 6a–c, measured in acetone, benzene, and tetrachloromethane
CCl4 at room temperature

Betaine dye (solvent) Dmmax � 10�3/cm�1 (Dk/nm)

6a 6b 6c

1 (Acetone) — 2.62 (73) —
2 (Acetone) 4.00 (142) 3.76 (135) 4.25 (149)
3 (Acetone) 4.82 (201) 4.47 (184) 4.34 (183)
4 (Acetone) 4.13 (108) 3.40 (88) 3.22 (85)
5 (Acetone) 3.73 (143) 3.51 (137) 2.98 (114)
5 (Benzene) 3.06 (170) 2.90 (163) 2.76 (157)
5 (CCl4) 2.72 (170) 2.58 (163) 2.43 (155)
betaine dyes in CHCl3 and CCl4 solutions for long times can lead to
irreversible decoloration.

The largest Ln(dpm)3-induced band shift was exhibited by dye 3
(Table 1); the Kass values for this dye are also rather high (Table 2).
It should be noted that the interaction of 3 with H+ is the strongest
of the compared betaine dyes.17 On going from acetone to benzene
as solvent, an increase in Kass by one order of magnitude was reg-
istered for dye 5 (Table 2), which reflects the strengthening of the
+D�/Ln(dpm)3 interaction in nonpolar solvents. It should be noted
that both the kmax of the free dye 5 and of its associates are sub-
stantially higher in nonpolar solvents as compared with that in
acetone.

The formation of the +D�/Ln(dpm)3 associate can be described
in terms of a weak Lewis acid/base interaction. The formation of
the associate between Ln(dpm)3 and pyridinium-N-phenolates de-
pends on electronic and steric factors. According to the McConnell–
Robertson relationship, the 1H NMR pseudocontact shift is inver-
sely proportional to a geometric factor in the following manner:15a

Dmi/mi = [K�(3�cos 2Hi � 1)]/ri
3. Here ri is the distance between the

lanthanide-ion and the i-th H-atom, Hi is the angle between this
distance vector and the principal magnetic dipolar axis of the com-
plex, K is a constant characteristic of the magnetic susceptibility of
the metal-ion. Therefore, the principal factor influencing the shift
of a particular 1H NMR signal is the distance between the metal-
ion and the signal-producing H-atom.

The rather small lanthanide-induced 1H NMR chemical shifts
(Dd <1 ppm), observed for the signals produced by the H-atoms of
the phenolate moiety in the presence of Eu(dpm)3 in CDCl3 or
CD3COCD3, are probably the result of steric hindrance in the
associate formed between the phenolate oxygen and the
lanthanide-ion, as well as by the efficient delocalization of the
negative charge of the phenolate oxygen into the phenolate ring.
Even for compound 1, without bulky substituents (R2 = H), the tight
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interaction appeared to be less probable. Thus, this associate should
also be considered as a solvent-shared one. Moreover, CDCl3 is capa-
ble of forming weak hydrogen bonds with the phenolate oxygen and
the p-system of both partners, thus inhibiting further the approach
of both associate-forming components. The decrease in stability of
the +D�/Ln(dpm)3 associates in the sequence 6a?6b?6c is in line
with the ‘lanthanide contraction’.

Our results clearly demonstrate that pyridinium-N-phenolate
betaine dyes are not only suitable for the solvent polarity determi-
nations, but can also be used for the UV–vis spectroscopic study of
weak specific Lewis acid/base interactions, as shown by their asso-
ciation with lanthanide complexes in solution. We anticipate that
the results obtained will be useful in studying the electrophilicity
of further neutral species by means of such weak Lewis-basic sol-
vatochromic betaine dyes.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.tetlet.2010.06.057.
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