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Introduction

In the last few years, the design, characterization, and
device implementation of chemosensors has emerged as an
active area of research owing to their wide-ranging applica-
tions in various fields of science and industry.[1] Because of
its high sensitivity and selectivity as well as its noninvasive
character, fluorescence is very often selected as the trans-
duction signal for chemical sensing events.[2] Thus, great
effort has been devoted to developing new materials for the
luminescent detection of chemically and biologically rele-
vant ions[3] and molecules.[4] Among them, fluorescent che-
mosensors that report on acidity changes are becoming in-

creasingly interesting owing to the need for monitoring pH
values in many chemical and biological processes, clinical
analysis, and environmental-protection analyses.[5] In addi-
tion, pH-responsive molecular systems displaying optical ac-
tivity have been proposed as logical operators to perform
molecular computing.[6]

In contrast to glass electrodes, fluorescent chemosensors
are usually not suitable for measurements over wide pH
ranges, but they allow acidity detection in narrow pH-value
windows.[5e–g] In fact, the dynamic range of most common
chemosensors, which present only a single pH-responsive
group leading to one fluorescent and one non-fluorescent
state upon pH variation (i.e. “on–off” or “off–on” probes),
is limited to approximately two pH units.[5f] Several strat-
egies can be followed to broaden the sensing range of fluo-
rescent pH chemosensors. On the one hand, this can be ach-
ieved by mixing different systems that respond to distinct
pH values.[5f,g] More interestingly, pH detection over large
intervals can also be attained with specific chemosensors,
provided that they possess multiple pH-responsive groups
that give rise to several protonation states with distinct opti-
cal properties.[5e,7] Multistate molecular systems displaying
pH-induced “off–on–off”[7e,8] or “on–off–on”[9] fluorescence
profiles are particularly relevant examples of this latter case.
For “off–on–off” fluorescent pH chemosensors, minimal
emission is detected in strongly acid and basic media, where-
as maximal fluorescence is emitted at intermediate pH
values. On the contrary, “on–off–on” systems become in-
creasingly fluorescent at extreme pH values.
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The vast majority of multistate fluorescent pH chemosen-
sors so far reported are complex molecular systems com-
posed of a fluorophore and electronically uncoupled pH-
sensitive units capable of modulating its luminescent proper-
ties. The mechanisms for such modulation are various, in-
cluding photoinduced electron transfer and electronic
energy transfer, among others.[5e,7–9] Alternatively, another
approach has been the development of intrinsic fluorescent
probes[2d] for wide-range pH detection, that is, chemosensors
in which multiple pH-responsive groups are part of the p sy-
stem of the fluorophore, whose inherent emissive properties
therefore vary with pH. This allows a relatively simple syn-
thesis of the chemosensors as well as an easier manipulation
of the resulting structures.
Inspired by the behavior of well-known pH-responsive

fluorescent probes such as fluorescein,[6a,10] our approach has
consisted of the synthesis of new fluorophores that contain
several groups with acid–base activity. Specifically, we have
focused our attention on catechol derivatives because of its
intrinsic acid–base properties (pKa=9.2 and 13.0 for pure
catechol in water)[11] and their other interesting features. For
instance, catechol derivatives have been successfully used in
the design of molecular switches[12] and have significant im-
plications in relevant biological processes such as the activa-
tion of small molecules like O2 and N2.

[13] Herein, we de-
scribe the synthesis and the experimental and theoretical in-
vestigation of the optical properties of the catechol-derived
compounds 1 and 2. Compounds 1 and 2 have been pre-
pared by covalently coupling a catechol unit with phenyl
and pyridine moieties, respectively (see Scheme 1). p-Elec-
tron delocalization along both constituent groups is expect-
ed to lead to fluorescence emission in the visible region of
the spectrum with a significant pH sensitivity thanks to the
hydroxy groups of the catechol unit. More importantly, the
additional acid–base activity of pyridine (pKa=5.2 for the
pyridinium ion in water[14]) should make compound 2 a suit-
able fluorescent probe for acidity detection over a broad pH
interval, as recently assessed.[15]

Results and Discussion

Synthesis : The sequence of reactions leading to target com-
pounds began with commercially available 5-bromovanillin.
Thus, cleavage of the methyl ether group of 5-bromovanillin
by using anhydrous AlCl3 in the presence of pyridine fur-
nished catechol 3[16] in 77% yield. Next, protection of the
hydroxy groups of 3 as their tert-butyldiphenylsilyl (TBDPS)

derivatives was accomplished by using TBDPSCl and anhy-
drous 1,8-diazabicycloACHTUNGTRENNUNG[5.4.0]undec-7-ene (DBU) in a mix-
ture of THF and N,N-dimethylformamide (DMF), affording
compound 4 in 58% yield along with the monoprotected
product 5 in 7% yield. This reaction failed when bases other
than anhydrous DBU were used. A Wittig reaction of alde-
hyde 4 with benzyl-triphenylphosphonium chloride by using
tBuOK as the base yielded an inseparable 1:2 mixture of the
E and Z isomers of olefin 6 in 75% yield. This mixture was
treated with triethylamine trihydrofluoride, affording a 1:2
mixture of the neutral form of the E and Z isomers of 1 in
78% yield (n1; Scheme 2). These isomers were separated by
means of successive column chromatography. The isolated
E isomer proved to be stable enough to be used for further
experiments. On the contrary, the Z isomer isomerized back
in a few days to the original (Z)- and (E)-1 mixture even
upon storage in the dark and at 4 8C.

Wittig reaction of intermediate 4 and triphenyl-(2-pyridyl-
methyl)phosphonium chloride hydrochloride by using
tBuOK as the base afforded (E)-olefin 7 in 83% yield. Final
removal of the protecting silyl groups of 7 was achieved by
using triethylamine trihydrofluoride, affording, after addi-
tion of 35% HCl, the hydrochloride salt of 2 in 65% yield
(c2 ; Scheme 3). This yield decreased when tetrabutylammo-
nium fluoride (TBAF) was used as a fluoride source for this
reaction.

X-ray structure : All the attempts to obtain single crystals of
1 were unsuccessful in spite of the recurrent use of different
crystallization techniques and solvents. More successful
were the attempts to crystallize compound 2. Yellow needles
suitable for X-ray diffraction were obtained by slow evapo-
ration of a solution of 2 in dichloromethane. Compound 2
crystallizes as the hydrochloride salt with one molecule in
the asymmetric unit. Figure 1 shows the atom labeling and

Scheme 1. Chemical structures of compounds 1 and 2.

Scheme 2. Synthesis of compound n1: a) AlCl3, pyridine, CH2Cl2, 24 h,
reflux, 77%; b) TBDPSCl, DBU, THF/DMF, RT, 3 h, 58%; c) (Ph)3P

+

CH2-Ph Cl�, tBuOK, THF, RT, 2 h, 75%; d) TEA/3HF, THF, RT, 2 h
78%.
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the anisotropic displacement ellipsoids of 2. The resolved
structure is planar (C5-C6-C7-C8 dihedral angle 1738), and
the intramolecular bond lengths and angles agree with those
expected. Hydrochloric acid is connected to the molecule
through a very strong hydrogen bond (N····Cl: 2.218 U
NHCl: 178.3 8). Although the molecular packing shows that
the different molecules are organized in parallel rows, no
p–p interactions are expected between them owing to the
long intermolecular separation distance observed (5.583 U).
We ascribe this result to the presence of the voluminous
halogenated atoms.

Acid–base equilibria : The acid–base activity of the catechol
and phenyl/pyridine moieties in compounds 1 and 2 was in-
vestigated by UV/Vis absorption spectroscopy. Figure 2 dis-
plays the changes measured in the absorption spectrum of
an acetonitrile solution of n1 (c1=1V10�5m) upon base ad-
dition (tetrabutylammonium hydroxide; TBAH). Clearly, a
new band at labs=388 nm appears with increasing pH,
whereas the intensity of the initial peak at labs=319 nm de-
creases. Similar results are obtained in other solvents
(Table 1). The absorption red-shift encountered upon base
addition is consistent with the deprotonation of a hydroxy
group in the neutral form n1 to yield an anionic species

(a1), as previously reported for monohydroxystilbenes.,[17, 18]

Importantly, this process can be fully reverted back upon
acid addition (hydrochloric acid), thus recovering the ab-
sorption spectrum of n1.
The acid–base equilibrium between n1 and a1 is depicted

in Scheme 4. Deprotonation to yield a1 has been tentatively
assigned to take place on the OH moiety at the para posi-
tion of the catechol group according to inductive and conju-
gation considerations. This fact was confirmed by quantum-
chemical calculations (see below). From the variations of
the absorption spectra with pH,[19] an acidity constant value
of pKa=22.6 has been determined for this process in aceto-
nitrile, which is in good agreement with that reported for 2-
bromophenol in the same solvent (pKa=23.9).[14] As the au-
toprotolysis constant of acetonitrile is pKACN�33,[20] n1 be-
haves as a weak acid in this solvent. Further basification of
a1 to yield the double phenolate form of 1 (pH>25 in ace-
tonitrile) was unsuccessful and resulted in irreversible degra-

Scheme 3. Synthesis of compounds c2 and a2 : a) (Ph)3P
+CH2-Py-HCl

Cl�, tBuOK, THF, RT, 2 h, 83%; b) i) TEA-3HF, THF, RT, 2 h; ii) HCl
35%, 65%; c) 1m NaOH, CH2Cl2, 94%.

Figure 1. ORTEP view of the asymmetric unit of 2. Hydrogen atoms,
with the exception of the hydrogen atom that is implicated in the hydro-
gen bond with Cl1, are omitted for clarity.

Figure 2. Variation of the absorption spectrum of 1 upon pH increase in
acetonitrile (c1=1V10�5m). The spectra shown were measured at pH
values of 17.0, 17.7, 19.0, 20.5, 21.9, 22.4, 22.6, 23.1, 23.2, 23.5, and 24.0.

Table 1. Experimental and TD-DFT energies and intensities of the UV/
Vis absorption bands of the different protonation states of 1 and 2.

State Solvent Experimental[a] TD-DFT[b,c]

labs [nm] eabs [Lmol�1 cm�1] labs [nm]

n1 THF 325 21259
acetonitrile 319 25098 346
DMSO 329 20711

a1 THF 398 24621
acetonitrile 388 30385 406
DMSO 399 21274

c2 THF 379 22248
acetonitrile 371 24558 408
DMSO 382 22164

n2 THF 334 25095
acetonitrile 327 26773 350
DMSO 338 24178

a2 THF 424 32169
acetonitrile 406 32362 422
DMSO 421 28564

[a] Measured at the absorption maxima. [b] B3LYP/6–311+G ACHTUNGTRENNUNG(d,p) level
and accounting for acetonitrile solvent. [c] The ratios of the computed os-
cillator strengths (f) are: fa1/fn1=1.0, fc2/fn2=0.8, and fa2/fn2=1.0.
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dation of the compound, which we ascribe to either (photo-
induced) addition of water to the ethylenic double bond[21]

or a polymerization process.
A more complex acid–base activity was encountered for

compound 2 (see Scheme 4). The absorption spectrum of a
1V10�5m solution of c2 in acetonitrile displays two different
bands at labs=327 and 371 nm. The relative intensities of
these bands varies with the addition of HCl and TBA with
the peaks at 327 and 371 nm becoming predominant at
pH 14.1 and 8.5, respectively (Figure 3). This indicates that
even though complex 2 was originally in its cationic form,
an equilibrium between the cationic form c2 (labs=371) and
its neutral state in which the pyridinium group is deproton-
ated (n2, labs=327) occurs in solution in acetonitrile. Inter-
estingly, this process can be controlled and reversibly dis-
placed forward or backwards by acid–base titration, as al-

ready reported for related styrylpyridine compounds.[22–23]

Moreover, from the variations of the absorption spectra
with pH, an acidity constant value of pKa=12.5 has been
determined for the deprotonation of the pyridinium group
in acetonitrile. This result nearly matches the acidity con-
stant reported for the pyridinium ion in acetonitrile (pKa=

12.3–12.6) and it demonstrates the behavior of c2 as a weak
acid in this solvent.[14]

Subsequent deprotonation of n2 to yield the anionic
monophenolate state a2 leads to additional variations in the
absorption bands, as depicted in Figure 3. Such variations
are indeed in agreement with those previously found for
compound 1, that is, red-shifted absorption upon base addi-
tion. This confirms deprotonation of the hydroxy group at
the para position of the catechol moiety of 2 at larger pH
values (pKa=21.8 in acetonitrile). Remarkably, this second
acid–base equilibrium is also fully reversible, that is, the a2
species can be reverted back to the n2 species, making feasi-
ble the three-state device shown in Scheme 4. However, as
already described for compound 1, further basification to
deprotonate the second -OH group of 2 leads to a degrada-
tion process (at pH>25 in acetonitrile), thereby preventing
reversible conversion of a2 into the double anionic dipheno-
late form of this compound. Similar results are obtained in
other solvents different from acetonitrile as summarized in
Table 1 in which the experimental energies and intensities of
the UV/Vis absorption bands of the different protonation
states of 2 are shown.

Quantum-chemical calculations : Theoretical calculations
were performed to further investigate the correspondence
between the different absorption bands found in our spec-
trophotometric acid–base titration experiments and the dis-
tinct states of compounds 1 and 2. Density functional theory
(DFT) calculations employing the B3LYP hybrid functional
and the 6–311+GACHTUNGTRENNUNG(d,p) basis set and accounting for acetoni-
trile solvent were carried out to obtain the ground electronic
state energies and optimal geometries of the different proto-
nation states of 1 and 2. Initially, computations of the mono-
phenolate forms a1 and a2 in which the deprotonated hy-
droxy group was systematically modified to lay at either the
para or meta position of the catechol moiety were per-
formed. Noticeably, the ground electronic state energy of
the former molecules (phenolate at the para position) was
found to be approximately 10 kcalmol�1 lower in energy
than that of the meta position. These results confirm the as-
signment of a1 and a2 to the structures shown in Scheme 4,
thus demonstrating the larger acidity of the OH substituent
at the para position of the catechol ring.
As is well-known for stilbene derivatives,[24] each one of

the protonation states of 1 and 2 can present several differ-
ent conformations associated with the rotation of the cate-
chol and pyridine rings around the C1�C2 and C3�C4
bonds, respectively. This fact is illustrated in Scheme 5, in
which the optimal geometries computed for the four possi-
ble rotamers of c2 are shown (a, b, c, and d) as a representa-
tive example.

Scheme 4. Molecular structures of the neutral (n1) and anionic (a1)
states of 1 as well as of the cationic (c2), neutral (n2), and anionic (a2)
states of 2. The acidity constants determined spectrophotometrically for
the reversible acid–base equilibria between these states in acetonitrile
are indicated.

Figure 3. Variation of the absorption spectrum of 2 upon pH increase in
acetonitrile (c2=1V10�5m). Left: The changes arising from the acid–base
equilibrium between c2 and n2, which were measured at pH values of
8.5, 9.9, 10.7, 11.4, 11.8, 12.4, 12.5, 12.6, 12.9, 13.0, 13.7, and 14.1. Right:
The acid–base equilibrium between n2 and a2, which were registered at
pH 14.1, 15.0, 16.9, 18.5, 19.8, 20.4, 20.9, 21.5, 22.2, 22.8, 23.1, 23.9, 24.2,
and 24.8.
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Similar planar structures were calculated for n2 and a2.
For n1 and a1, only two different conformers are possible,
which also present planar geometries. In all cases, our calcu-
lations yield very similar ground-electronic-state energies
for all possible rotamers of a given protonation state of 1
and 2 (less than 2.5 kcalmol�1 of difference). Thus, very
small energy differences were computed for the four differ-
ent rotamers of c2 shown in Scheme 5, which fall below the
accuracy of the calculation method employed. In spite of
this, the occurrence of an equilibrium mixture of different
rotamers in acetonitrile solution is anticipated, as previously
observed for other stilbene derivatives.[24] This has been con-
firmed by means of NMR spectroscopy measurements.
ROESY spectroscopy experiments of c2 in deuterated di-
methyl sulfoxide (DMSO) show a nuclear Overhauser effect
(NOE) between both ethylenic protons and all the hydrogen
atoms at the ortho positions of the pyridine and catechol
rings. Together with the presence of only one series of
proton signals in the 1H NMR spectrum, this indicates the
occurrence of a dynamic equilibrium between different rota-
tional conformers in solution and at room temperature. An
average behavior is therefore measured in our spectroscopic
experiments.
Finally, time-dependent functional theory (TD-DFT) cal-

culations at the B3LYP/6–311+GACHTUNGTRENNUNG(d,p) level and accounting
for acetonitrile solvent were carried out to compute the ex-
citation energies and oscillator strengths of the absorption
bands of the different protonation states of 1 and 2. To ac-
count for conformational equilibria, TD-DFT calculations
on the ground-electronic-state optimal geometries of all pos-
sible rotamers were performed. Although minor differences
of their spectroscopic parameters were observed for a given
protonation state, the final values of absorption energies
and oscillator strengths were averaged over all possible ro-
tamers by taking into account the Boltzmann distribution of
conformer populations at room temperature. The resulting
values are compared with the experimental ones in Table 1.
As can be seen, a good agreement between quantum-chemi-
cal calculations and spectrophotometric measurements is ob-
served. Thus, our computations reproduce, to a good extent,
the spectral shifts obtained experimentally upon pH varia-
tion as the deviations between the calculated excitation en-
ergies and the experimental absorption maxima (in energy

units) fall below 10% in all cases. We partly ascribe these
differences to the polarizable continuum model employed to
account for acetonitrile solvent. Although this method
allows accurate description of the electrostatic solvent ef-
fects, it does not consider the microscopic interactions be-
tween the solute and solvent molecules, such as hydrogen-
bond formation.[25] Proper evaluation of all these solvent ef-
fects would require computationally demanding calculations
in which both continuum and discrete solvation models
were considered.[25]

On the other hand, TD-DFT calculations also reveal that
the absorption transitions measured occur between the
HOMO and LUMO states of all investigated molecules.
These frontier orbitals are delocalized over both the cate-
chol and phenyl/pyridine rings, thereby explaining why the
absorption spectrum changes upon protonation/deprotona-
tion of substituents located in any of the two constituent
units of compounds 1 and 2.

pH-modulated fluorescence : The emission properties of the
different protonation states of compounds 1 and 2 have
been evaluated. According to their stilbene character, the
different protonation states derived from them exhibit fluo-
rescence. The fluorescence spectral maxima (lf) and quan-
tum yields (Ff) measured on different solvents are shown in
Table 2, whereas the corresponding fluorescence spectra in
acetonitrile are given in Figure 4. Clearly, n1 and a1 as well
as c2, n2, and a2 show distinct emissive behaviors, which
confirm their potential use as fluorescent pH chemosensors.
Both the neutral forms of 1 and 2 display a large red-shift

in fluorescence spectra upon deprotonation (�100 nm), as
previously observed for related monohydroxystilbenes[17,18]

and in the absorption measurements. Similarly, protonation

Scheme 5. Optimal geometries computed for the different rotamers of c2
at the B3LYP/6–311+G ACHTUNGTRENNUNG(d,p) level and accounting for acetonitrile sol-
vent. The ground-electronic-state energies of these conformers relative to
that of a are 0 (a), 1.3 (b), �1.4 (c), and �0.1 kcalmol�1 (d).

Table 2. Fluorescence properties of the different protonation states of 1
and 2.

State Solvent[a] lf [nm][b] Ff

n1 THF 388 0.065
acetonitrile 392 0.031
DMSO 414 0.072

a1 THF 488 0.036
acetonitrile 484 0.066
DMSO 501 0.054

c2 THF 500 0.19
acetonitrile 511 0.069
DMSO 501 <0.01

n2 THF 406 0.097
acetonitrile 409 0.053
DMSO 442 0.34

a2 THF 523 0.20
acetonitrile 524 0.22
DMSO 532 0.36

[a] Solvent dielectric constants are eTHF=7.5, eACN=36.6, and eDMSO=

47.2, whereas the Kamlet–Taft b factors accounting for their hydrogen-
bond acceptor capacity are bTHF=0.55, bACN=0.31, and bDMSO=0.76.[26]

[b] Measured at the emission maxima.
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of n2 to yield c2 not only leads to bathochromic absorption,
but additionally results in red-shifted fluorescence, which is
in agreement with previous reports on the luminescence of
related styrylpyridine compounds.[22,23] Solvatochromic ef-
fects on the fluorescence spectra of compounds 1 and 2 are
also observed, which we ascribe to both changes in solvent
polarity as well as in solvent hydrogen-bond accepting ca-
pacity, as quantified by means of the Kamlet–Taft b

factor.[26] Thus, similar fluorescence maxima are, in general,
observed in THF and acetonitrile as the higher hydrogen-
bond accepting capacity of the former (bTHF=0.55, bACN=

0.31) is counterbalanced by the larger polarity of the latter
(eTHF=7.5, eACN=36.6). In case of DMSO as the solvent, its
higher e (eDMSO=47.2) and b (bDMSO=0.76) values lead to
red-shifted emission for n1, a1, n2, and a2. Opposite behav-
ior is found for c2, for which larger hydrogen-bond interac-
tion between the pyridinium group and THF or DMSO mol-
ecules results in hypsochromic displacement of the emission
spectrum. Our experimental data show that fluorescence
quantum yields also vary for different solvents and protona-
tion states of 1 and 2 (see Table 2).
In the case of compound 1, both n1 and a1 states present

relatively low Ff values within the 0.03–0.07 range. Howev-
er, while larger fluorescence quantum yields are obtained
for n1 in solvents with high hydrogen-bond accepting capaci-
ty (THF and DMSO), an opposite trend is observed for a1.
Most importantly, larger Ff values are determined for 2
under selected conditions, which is a relevant feature for po-
tential fluorescent-sensing applications. This contrasts with
previous studies on the effect of introducing a nitrogen
atom in the styryl system, in which a decrease in fluores-
cence emission from stilbene to 2-styrylpyridine was ob-
served.[27] Most probably, this difference arises from the
effect of the hydroxyl group and bromo substituents of the
catechol ring. Indeed, a tenfold increase in Ff has been re-
ported for 3-hydroxystilbene with respect to stilbene in or-
ganic solvents,[17] thus demonstrating the critical effect of
meta substitution with OH moieties on the photochemical
properties of styryl systems. Consequently, the combined

effect of the nitrogen atom and the substitution of the hy-
droxyl group must account for the larger values of Ff that
are typically obtained in this work for 2 with respect to 1
and stilbene (Ff=0.04 in hexane[27]).
All protonation states of compound 2 display significant

solvent effects on their fluorescence quantum yields. In the
case of c2, a Ff value as high as 0.19 is determined in THF.
Nevertheless, increasing solvent polarity results in a dramat-
ic decrease in fluorescence quantum yield, which leads to
nearly complete suppression of emission for polar solvents
such as DMSO (see Table 2), DMF, ethanol, and water
(data not shown). A different behavior is encountered for
the neutral state n2, whose fluorescence quantum yield rises
with increasing hydrogen-bond accepting capacity of the sol-
vent, as also observed for n1. Unfortunately, such large
emission efficiencies of n2 in organic media are lost in aque-
ous solutions, as has previously been reported for other hy-
droxystilbenes.[17] For the anionic form a2, solvent effects on
the fluorescence quantum yield seem less important because
large and similar Ff values are measured in THF, acetoni-
trile, and DMSO. In this case, however, major effects are en-
countered when a2 is dissolved in solvents with hydrogen-
bond donor capacity that can interact with the deprotonated
hydroxy group of the phenolate. This results in very low Ff

values (data not shown). Thus, for instance, aqueous solu-
tions of a2 in water are nearly not fluorescent, as also ob-
served for c2 and n2. In spite of this, the large emission effi-
ciencies and different spectral properties observed for these
species in several other solvents allows us to envisage com-
pound 2 as a potential fluorescent pH chemosensor in or-
ganic media.

Fluorescence pH-sensing : If a wide-range pH sensor based
on compound 2 is to be achieved, the capacity of this species
to univocally respond to acidity changes over a large inter-
val of pH values must be proved. Herein we discuss how the
pH-sensitive fluorescence properties of 2 can be exploited
to ensure the accomplishment of this condition.
In the previous section, we have shown that the fluores-

cence spectrum of the neutral form n2 is approximately
100 nm blue-shifted with respect to c2 and a2, whereas these
two ionic species emit in the same spectral region but with
different quantum yields (see Figure 4). As a consequence,
if selective detection at the maximum of the emission spec-
trum of n2 is performed (�400 nm), the fluorescence signal
measured will be maximal at intermediate pH values and it
will decrease for increasingly acid or basic media. This
means that compound 2 behaves as an “off–on–off” pH
sensor under such detection conditions,[7e,8] as is depicted in
Figure 5a. On the contrary, if the fluorescence detection
window is centred on the maximum of emission of c2 and a2
(�500 nm), the response of the system upon pH variation
becomes of the “on–off–on” type.[9] Therefore, maximal
fluorescence signal is detected at extreme values of pH in
this case, as also illustrated in Figure 5a. In Figure 5a, the
fluorescent “off–on–off” and “on–off–on” behaviors of 2 in
acetonitrile at different detection conditions are compared

Figure 4. Fluorescence emission spectra of the different protonation
states of compounds 1 (lexc=280 nm, c1=1V10�5m) and 2 (lexc=310 nm,
c2=1V10�5m) in acetonitrile. Each spectrum is normalized with respect
to the absorption at the excitation wavelength. Acid (HCl) or base
(TBA) was added to adjust the pH of the solution to the values at which
full conversion into the desired protonation state was achieved in each
case: pH 17.0 (n1), 24.0 (a1), 8.5 (c2), 14.5 (n2), and 24.0 (a2).
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with simulations performed by using the values of pKa, ab-
sorption extinction coefficients, and fluorescence quantum
yields that were previously determined for this species.
Clearly, a good agreement exists between the simulated and
experimental data. Thus, the dependence of fluorescence in-
tensity at lem=409 nm is rather symmetric around pH 17, as
expected from the calculations. More importantly, an asym-
metric curve describes the variation of the emission intensity
with pH at lem=524 nm, which arises from the different Ff

values of c2 and a2. This situation contrasts with the behav-
ior observed for previously reported fluorescence “on–off–
on” systems.[9]

The coexistence of the fluorescent “off–on–off” and “on–
off–on” behaviors of 2 in acetonitrile at different detection
conditions is an excellent scenario for the development of
the sensing routine. Fluorescent molecular chemosensors ex-
clusively displaying “off–on–off” or “on–off–on” profiles are
mainly suited for the detection of pH windows. Unfortu-
nately, they can hardly provide any information on the pH
values at which point the system is “off”, thus preventing
the device from sensing over larger pH intervals. This draw-
back can be overcome by the use of 2 as the fluorescent pH

probe as this compound shows both “off–on–off” and “on–
off–on” responses upon pH variation when dual-wavelength
detection is applied. However, this condition is not sufficient
for univocal pH sensing. To be capable of discerning low
from high pH values at which the fluorescence of the system
simultaneously turns “off” (at lem�400 nm) or “on” (at lem

�500 nm), the compound must display an asymmetric “on–
off–on” profile, that is, it must show different luminescent
properties at those two pH ranges. As mentioned above, this
is accomplished by 2 in some organic media owing to the
different fluorescence quantum yields of the c2 and a2
states. Consequently, each pH value will result in an univo-
cal set of emission intensities at the two monitored wave-
lengths. This is demonstrated by the 3D plot in Figure 5b,
which shows the correspondence between pH values and the
fluorescence intensities measured for 2 in acetonitrile at two
different emission wavelengths, lem=409 nm (F409) and
524 nm (F524). Remarkably, a single value of pH can be re-
covered from a given pair of F409 and F524 values measured
by means of dual-wavelength detection. Therefore, we envis-
age compound 2 as a potential acidity chemosensor over
large pH intervals in organic media. Furthermore, because
of the fluorescent nature of all protonation states of this
species, future application of compound 2 for pH detection
could benefit from the use of ratiometric methods, thus pre-
venting the need for prior calibration of the sensing sys-
tem.[5d, f, 7d]

Conclusion

Herein we describe the synthesis and characterization of a
new chemosensor for a wide-range pH detection based on a
fluorescent system decorated with several pH-responsive
groups. With this aim, two catechol derivatives were pre-
pared by covalently coupling a catechol unit to phenyl (1)
and pyridine (2) rings. This led to p-delocalized systems that
display pH-sensitive fluorescence emission in the visible
region. Although 1 presents two stable protonation states
with distinct optical properties, both experimental measure-
ments and DFT calculations reveal that compound 2 shows
up to three different luminescent protonation states in or-
ganic media owing to the combined acid–base activity of its
constituent catechol and pyridine units. Importantly, the op-
tical behavior of these states is such that compound 2 dis-
plays complementary “off–on–off” and “on–off–on” emis-
sion profiles upon pH variation by applying dual-wavelength
detection techniques. This not only allows application of ra-
tiometric methods, but, more importantly, it can be exploit-
ed to perform acidity detection over a broad pH range in or-
ganic solvents.

Experimental Section

General procedures : Commercially available reagents were used as re-
ceived. The solvents were dried by distillation over the appropriate

Figure 5. a) pH dependence of the fluorescence intensity (F) of 2 in ace-
tonitrile (lexc=310 nm, c2=1V10�5m) at lem=409 nm (black) and lem=

524 nm (gray). Experimentally measured intensities are represented as
points shown on the graphs. The solid lines plot the simulated emission
intensities that were computed by using the pKa constants, absorption ex-
tinction coefficients, and fluorescence quantum yields determined for 2 in
acetonitrile. b) 3D plot showing the correspondence between pH and the
fluorescence intensities measured for 2 in acetonitrile by means of dual-
wavelength detection at lem=409 and 524 nm (F409 and F524).
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drying agents. All reactions were performed avoiding moisture by stan-
dard procedures and under nitrogen atmosphere and monitored by ana-
lytical thin-layer chromatography (TLC) by using silica gel 60 F254 pre-
coated aluminum plates (0.25 mm thickness). Flash column chromatogra-
phy was performed by using silica gel 60 U, particle size 35–70 mm. NMR
spectroscopy experiments were performed at the Servei de RessonFncia
Magn7tica Nuclear of the Universitat AutCnoma de Barcelona. 1H NMR
spectra were recorded on Bruker DPX250 (250 MHz) and Bruker
DPX360 (360 MHz) spectrometers. Proton chemical shifts are reported
in ppm (d) (CDCl3, d=7.26 ppm or [D6]DMSO, d=2.50 ppm). 13C NMR
spectra were recorded on Bruker DPX250 (62.5 MHz) and Bruker
DPX360 (90 MHz) spectrometers with complete proton decoupling.
Carbon chemical shifts are reported in ppm (d) (CDCl3, d=77.2 ppm or
[D6]DMSO, d =39.5 ppm). NMR signals were assigned with the help of
COSY, HSQC, HMBC, and NOESY experiments. Infrared spectra were
recorded on a Sapphire-ATR spectrophotometer; peaks are reported in
cm�1. High-resolution mass spectra (HRMS) were recorded at Micro-
mass-AutoSpec by using (ESI+ or ESI�).
3-Bromo-4,5-dihydroxybenzaldehyde (3):[16] Anhydrous aluminum chlo-
ride (3.2 g, 23.8 mmol) was suspended in a solution of 5-bromovanillin
(5.0 g, 21.6 mmol) in CH2Cl2 (50 mL). While cooling to maintain the tem-
perature at 30–35 8C, pyridine (7.7 mL, 95.2 mmol) was added slowly. The
resulting clear solution was heated to reflux for 24 h, allowed to warm to
room temperature, quenched by the slow addition of 10% HCl solution
(60 mL), and further diluted with CH2Cl2 (30 mL). The resulting suspen-
sion was filtered to afford catechol 3 as a white solid (3.60 g, 16.6 mmol;
77%). M.p. 225–227 8C.

3-Bromo-4,5-bis(tert-butyldiphenylsilyloxy)benzaldehyde (4): DBU
(6.5 mL, 43.8 mmol) was added dropwise over 20 min to a stirred solution
of 3 (3.8 g, 17.5 mmol) and TBDPSCl (10.5 mL, 40.3 mmol) in a mixture
of dry THF (100 mL) and anhydrous DMF (20 mL) at 0 8C. After the
mixture had been stirred at room temperature for 3 h, ethyl ether
(100 mL) was added and the resulting suspension filtered. The filtrate
was concentrated under vacuum and the resulting yellowish wax was pu-
rified by column chromatography on silica gel (gradient, hexanes/CH2Cl2
4:1 to 1:1) to afford the following fractions: i) 3-bromo-4,5-bis(tert-butyl-
diphenylsilyloxy)benzaldehyde (4) as a solid (7.10 g, 10.2 mmol; 58%);
and ii) 3-bromo �5-(tert-butyldiphenylsilyloxy)-4-hidroxybenzaldehyde
(5) as a solid (0.56 g, 1.20 mmol; 7%). 4 : m.p. 151–153 8C (ethyl ether);
1H NMR (250 MHz, CDCl3): d=9.29 (s, 1H), 7.83–7.72 (m, 4H), 7.61 (d,
J=1.9 Hz), 7.53–7.20 (m, 16H), 6.86 (d, J=1.9 Hz), 1.13 (s, 9H),
0.76 ppm (s, 9H); 13C NMR (62.5 MHz, CDCl3): d=189.4, 149.3, 147.6,
135.5, 135.3, 133.0, 132.0, 130.1, 130.0, 129.9, 127.9, 127.8, 127.3, 122.2,
117.0, 27.1, 26.4, 20.7, 19.3 ppm; IR (ATR): ñ=3267, 2930, 2856, 1669,
1428, 1314, 1300, 1100, 885, 701 cm�1; HRMS (ESI): m/z : [M+2+Na+]+

calcd for C39H41BrNaO3Si2 717.1657; found: 717.1640. 5 : m.p. 126–127 8C
(ethyl ether); 1H NMR (250 MHz, CDCl3): d =9.42 (s, 1H), 7.75–7.64 (m,
4H), 7.60 (d, J=1.7 Hz, 1H), 7.53–7.34 (m, 6H), 6.84 (d, J=1.7 Hz, 1H),
6.57 (s, 1H), 1.15 ppm (s, 9H); 13C NMR (62.5 MHz, CDCl3): d=189.3,
150.3, 143.5, 135.5, 130.9, 129.8, 128.5, 128.4, 117.9, 109.2, 26.8, 19.7 ppm;
IR (ATR): ñ =2960, 2856, 1696, 1424, 1310, 1107, 917, 870, 697 cm�1;
HRMS (ESI+ ): m/z : [M+2+Na]+ calcd for C23H23BrNaO3Si 479.0475;
found: 479.0464.

(E)-3-Bromo-5-(2-phenyl-1-ethenyl)-1,2-di(tert-butyldiphenylsilyloxy)-
benzene (6): tBuOK (0.419 g, 3.75 mmol) was added portionwise at 0 8C
to a solution of benzyltriphenylphosphonium chloride (1.23 g, 3.17 mmol)
in dry THF (25 mL). After the mixture had been stirred for 30 min at
room temperature, a solution of 4 (2.0 g, 2.88 mmol) in dry THF (5 mL)
was added. The mixture was stirred for 2 h at room temperature,
quenched with brine (0.3 mL), diluted with ethyl ether (20 mL), and fil-
tered. The filtrate was concentrated under vacuum and the resulting
crude material was purified by column chromatography on silica gel (gra-
dient, hexanes/CH2Cl2 5:1 to 3:1) to afford a 1:2 mixture of E and
Z isomers of 3-bromo-5-(2-phenyl-1-ethenyl)-1,2-di(tert-butyldiphenylsilyl-
oxy)benzene (6) as a wax (1.65 g, 2.15 mmol; 75%). 1H NMR (360 MHz,
CDCl3): d=7.88–7.70 (m, 4H), 7.50–6.90 (m) + 6.84 (d, J=1.8 Hz, Z)
(22H), 6.56 (d, J=1.8 Hz, E) + 6.26 (d, J=1.8 Hz, Z) (1H), 6.49 (d, J=

16.2 Hz, E) + 6.22 (d, J=12.2 Hz, Z) (1H), 6.05 (d, J=16.2 Hz, E) +

5.89 (d, J=12.2 Hz, Z) (1H), 1.09 (s, E) + 1.07 (s, Z) (9H), 0.76 (s, E) +

0.73 ppm (s, Z) (9H); 13C NMR (90 MHz, CDCl3): d=147.2, 147.1, 143.4,
143.0, 137.3, 136.7, 135.6, 135.5, 135.4, 133.7, 133.01, 132.8, 130.9, 130.8,
130.0, 129.9, 129.8, 129.7, 129.7, 128.9, 128.7, 128.4, 128.2, 128.1, 127.9,
127.8, 127.7, 127.6, 127.2, 126.8, 126.4, 125.9, 124.8, 121.7, 118.3, 116.0,
115.7 ppm; HRMS (ESI+ ): m/z : [M+Na]+ calcd for C46H47BrNaO2Si2
791.2180; found: 791.2168.

(E)-3-Bromo-5-(2-phenyl-1-ethenyl)-1,2-benzenediol (n1): Triethylamine
trihydrofluoride (0.63 mL, 3.92 mmol) was added dropwise at 0 8C to a
solution of 6 (1.50 g, 1.96 mmol) in dry THF (20 mL). The mixture was
stirred for 2 h at room temperature, quenched with brine (0.3 mL), dilut-
ed with ethyl ether (20 mL), and filtered. The filtrate was concentrated
under vacuum and the resulting crude material was purified by chroma-
tography on silica gel (gradient, hexanes/CH2Cl2 5:1 to 3:1) to afford a
1:2 mixture of E and Z isomers of 3-bromo-5-(2-phenyl-1-ethenyl)-1,2-
benzenediol (7) as a solid (0.443 g, 1.52 mmol; 78%). Repeated column
chromatography allowed isolation of the pure E isomer and a Z-enriched
mixture (4:1) of isomers. (E)-8 : m.p. 95–96 8C (ethyl ether); 1H NMR
(250 MHz, CDCl3): d=7.50–7–39 (m, 2H), 7.39–7.28 (m, 2H), 7.28–7.18
(m, 1H), 7.14 (d, J=2.7 Hz, 1H), 7.03 (d, J=2.7 Hz, 1H), 6.93 (d, J=

16.3 Hz, 1H), 6.86 (d, J=16.3 Hz, 1H), 5.52 ppm (br s, 2H); 13C NMR
(62.5 MHz, CDCl3): d=144.7, 139.9, 137.2, 132.2, 128.9, 128.6, 127.9,
127.0, 126.6, 121.9, 112.8, 109.9 ppm; IR (ATR): ñ=3422, 3356, 1590,
1521, 1427, 1291, 959, 858, 830, 750, 692 cm�1; HRMS (ESI): m/z :
[M�H+]� calcd for C14H10BrO2 288.9859; found: 288.9861. Mixture (4:1)
of (Z)- and (E)-7 isomers: 1H NMR (360 MHz, CDCl3): d=7.50–7.43 (m,
E) + 7.39–7.31 (m, E) + 7.30–7.15 (m) (5H), 7.17 (d, J=1.8 Hz, E) +

7.06 (d, J=1.8 Hz, E) + 6.75 (d, J=1.6 Hz, Z), + 6.92 (d, J=1.6 Hz, Z)
(2H), 6.96 (d, J=16.2 Hz, E) + 6.90 (d, J=16.2 Hz, E) + 6.55 (d, J=

12.0 Hz, Z) + 6.40 (d, J=12.0 Hz, Z) (2H), 5.52 (br s, E) + 5.48 (br s,
Z) + 5.39 (br s, Z) + 5.29 ppm (br s, E) (2H); 13C NMR (90 MHz,
CDCl3): d =144.7, 144.1, 139.9, 139.5, 137.2, 137.0, 132.2, 131.6, 130.6,
129.0, 128.9, 128.6, 128.5, 128.5, 127.9, 127.5, 127.0, 126.6, 124.1, 121.9,
115.5, 112.8, 109.9, 109.3 ppm.

(E)-2-[3-Bromo-4,5-di(tert-butyldiphenylsilyloxy)phenyl]-1-ethenyl]pyri-
dine (7): tBuOK (1.11 g, 9.94 mmol) was added portionwise at 0 8C to a
solution of triphenyl-(2-pyridylmethyl)phosphonium chloride hydrochlo-
ride (1.84 g, 4.32 mmol) in dry THF (40 mL). After the mixture had been
stirred for 30 min at room temperature, a solution of 4 (3.0 g, 4.32 mmol)
in dry THF (10 mL) was added. The mixture was stirred for 2 h at room
temperature, quenched with brine (0.5 mL), diluted with ethyl ether
(30 mL), and filtered. The filtrate was concentrated under vacuum and
the resulting crude material was purified by flash chromatography on
silica gel (gradient, hexanes/EtOAc 6:1 to 4:1) to afford (E)-2-[3-bromo-
4,5-di(tert-butyldiphenylsilyloxy)phenyl]-1-ethenyl]pyridine (7) as a solid
(2.76 g, 3.58 mmol; 83%). M.p. 182–185 8C (ethyl ether); 1H NMR
(360 MHz, CDCl3): d =8.52–8.47 (m, 1H), 7.81–7.75 (m, 4H), 7.56 (dt,
J=7.9 Hz, J=1.8 Hz, 1H), 7.45–7.20 (m, 16H), 7.22 (d, J=2.2 Hz, 1H),
7.07 (d, J=15.8 Hz, 1H), 7.09–7.02 (m, 1H), 7.02 (d, J=7.9 Hz, 1H), 6.60
(d, J=2.2 Hz, 1 h), 6.21 (d, J=15.8 Hz, 1H), 1.10 (s, 9H), 0.75 ppm (s,
9H); 13C NMR (90 MHz, CDCl3): d =155.4, 149.7, 147.2, 144.0, 136.6,
135.5, 135.4, 133.6, 132.8, 130.9, 130.3, 129.9, 129.7, 127.9, 127.7, 127.1,
125.1, 122.6, 122.0, 119.2, 116.1, 27.1, 26.5, 20.7, 19.3 ppm; IR (ATR): ñ=

2932, 2858, 1584, 1563, 1547, 1477, 1333, 1307, 1265, 1107, 929, 701 cm�1;
HRMS (ESI+ ): m/z : [M+H]+ calcd for C45H47BrNO2Si2 770.2313;
found: 770.2289.

(E)-2-[(3-bromo-4,5-dihydroxyphenyl)-1-ethenyl]pyridinium chloride
(c2): Triethylamine trihydrofluoride (0.38 mL, 2.34 mmol) was added
dropwise at 0 8C to a solution of 7 (0.60 g, 0.78 mmol) in dry THF
(10 mL). After the mixture had been stirred for 2 h at room temperature,
35% HCl was added (0.5 mL) and the resulting suspension was stirred
for 10 min at room temperature and then filtered. The solid was washed
with ethyl ether (2V5mL) and dried under vacuum to afford (E)-2-[(3-
bromo-4,5-dihydroxyphenyl)-1-ethenyl]pyridinium chloride (c2) as a
yellow solid (0.166 g, 0.51 mmol; 65%). M.p. 210–212 8C (acetone);
1H NMR (360 MHz, [D6]DMSO): d =10.44 (br s, 1H), 9.93 (br s, 1H),
8.70 (d, J=5.0 Hz, 1H), 8.43 (t, J=7.7 Hz, 1H), 8.26 (d, J=8.3 Hz, 1H),
7.96 (d, J=16.6 Hz, 1H), 7.75 (t, J=6.8 Hz, 1H), 7.31 (d, J=2.0 Hz, 1H),
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7.19 ppm (d, J=2.0 Hz, 1H); 13C NMR (90 MHz, [D6]DMSO): d=150.5,
146.6, 145.6, 144.8, 141.4, 139.2, 127.2, 124.0, 123.7, 123.5, 116.9, 113.2,
110.0 ppm; IR (ATR): ñ=3049, 2811, 1637, 1614, 1593, 1429, 1296, 1163,
964, 830, 760 cm�1; HRMS (ESI�): m/z : [M�HCl�H+]� calcd for
C13H9BrNO2 289.9822; found: 289.9817.

Crystal data : Owing to the low diffraction intensity of the crystals, the
diffraction data were collected under synchrotron radiation (l=0.977 U)
at 150 K with a CCD detector in the BM16 Spanish beamline at the
ESRF (Grenoble). The crystal was coated in paratone. The structure was
solved by direct methods and refined by full-matrix least-squares tech-
niques on F2 with SHELX-97.[30] Crystal adsorption was corrected by
Scalepack.[31] Non-hydrogen atoms were refined anisotropically. Crystal-
lographic details for 2 : Mr=441.84, crystal size 0.3V0.2V0.03, monoclinic
phase, space group P21/c, a=9.975(2), b=20.793(3), c=16.760(2) U, V=

3578(5) U3, Z=8, 1calcd=1.078 gcm�3, F ACHTUNGTRENNUNG(000)=23926, m ACHTUNGTRENNUNG(MoKa)=

0.642 mm�1. A total of 17129 reflections were measured in the range of
5.66�2q�56.788, of which 13560 were unique (Rint=0.0235). Final R in-
dices: R1=0.0746 [I/2s(I)], wR2=0.1821 (all data) for 682 parameters;
max./min. residual electron density 0.733/�1.130 eU�3.
Steady-state absorption and fluorescence spectroscopy : UV/Vis spectra
were recorded at room temperature by using a Varian Cary05e spectro-
photometer. Fluorescence spectra were recorded at room temperature in
a Perkin Elemer LS 45 fluorescence spectrophotometer. The fluores-
cence quantum yields of all solutions investigated were determined rela-
tive to N,N’-bis(1-hexylheptyl)perylene-3,4,9,10 in acetonitrile (Ff=1).[28]

pH measurements : pH measurements upon acid–base addition to aceto-
nitrile solutions of 1 and 2 were performed at room temperature with a
Crison 52–01 pH electrode in a Crison BASIC 20 potentiometer. pH
values are given relative to the acetonitrile solvent (sspH scale).[29] To cal-
ibrate the electrode system, we used reference buffer solutios in acetoni-
trile (pyridine–pyridinium bromide and phenol–sodium phenolate),
whose s

spH can be derived from the Henderson–Hasselbach equation by
using the pKa values in acetonitrile reported for these systems.[29]

Quantum-chemical calculations : Quantum-chemical calculations were
performed by employing the Gaussian 03 package of programs[30] on a
32-bit multiprocessor computer. DFT geometrical optimization of ground
electronic states of all investigated molecules was carried out at the
B3LYP hybrid functional level with the 6–311+G ACHTUNGTRENNUNG(d,p) basis set. To ac-
count for solvent polarity effects, calculations were performed in acetoni-
trile solvent by means of the polarizable continuum model (PCM, e =

36.64). The resulting geometries and molecular orbitals were plotted by
using Molden. The excitation energies and oscillator strengths (f) of the
UV/Vis absorption transition bands were then computed by means of
time-dependent DFT at the B3LYP/6–311G+ (d,p) level on the B3LYP/
6–311+G ACHTUNGTRENNUNG(d,p) ground-state geometries and accounting for acetonitrile
solvent (PCM). For each protonation state of 1 and 2, the spectroscopic
properties of all possible rotamers were calculated and the final average
values were obtained by using Boltzmann coefficients at room tempera-
ture (exp(�Erotamer/kBT)/� exp(�Erotamer/kBT)) as weighting factors.
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