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Abstract—The interaction and colorimetric sensing properties of the calix[4]pyrrole-TCBQ charge-transfer complex with amino
acids and amines in CHCIl;/EtOH/H,O were investigated using UV/vis spectroscopic techniques. The obvious spectral and visual
changes of the complex solution in the presence of basic amino acids (namely, lysine, arginine, and histidine) and aliphatic amines
were observed, and the calix[4]pyrrole-TCBQ supramolecular assembly, like a ‘signal magnifier’, markedly improves sensing sensi-

tivity and selectivity of TCBQ for amino acids and amines.
© 2007 Elsevier Ltd. All rights reserved.

Proteic primary amino acids are a class of the most
important biomolecules and play an important role in
biological processes. The selective detection and recogni-
tion for amino acids has been a challenging subject.
Over the past few years, only a few amino acids can
be detected by recognizing a certain functional donor
group, which includes the amino group of lysine,?? imid-
azole of histidine,?® thiol of cysteine,”*¢ carboxylate of
aspartic acid,”® and glutamic acid.?" As early as 1963,
Birks and Slifkin? first reported the interaction between
amino acids and p-chloranil (TCBQ) by forming n-n
charge-transfer (CT) complex. Later, the interactions
of TCBQ with amino acids, proteins, and amines have
been studied extensively.* However, these approaches,
which were mostly carried out in an alkaline buffer solu-
tion because the n—n CT interactions depend on the
presence of an unprotonated amino group, only serve
to determine the total amino group and are inefficient
to detect specific amino acids by spectral and visual
changes. Furthermore, the formation and the spectra
of the complexes were affected by solvent, pH, and reac-
tion time, and the sensing both in color and in spectrum
of TCBQ for amino acids were very slow at room tem-
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perature.*®¢ The development of a simpler and more

sensitive spectrophotometric detection with enhanced
selectivity is of great benefit.

Calix[4]pyrroles and their homologues, used as receptors
for recognition of anions and neutral substrates mainly
through multiple hydrogen bonding interactions, have
been explored extensively in anion binding, sensing,
and separation technologies.” At the same time,
calix[4]pyrrole can also act as electron donor to interact
with electrondeficient substrate in both solution and
solid phase.® Herein we reported that calix[4]pyrrole-
based supramolecular assemblies, formed by the n-=
CT interaction between calix[4]pyrroles and TCBQ in
chloroform,®® could be used for selective sensing of amino
acids and amines by visual color changes in an unbuf-
fered water-containing media at room temperature.

Calix[4]pyrrole 1 can rapidly form the n—n CT complex
with TCBQ in CHCI; at room temperature. Experi-
ments also showed that the formation of complex 1-2
was very slow in CHCl;/EtOH mixture, moreover, no
significant color and absorption spectra responses of
the formation of the CT complex were observed when
more polar solvents, namely, MeCN and DMSO, were
used. It was found that once complex 12 had been
formed in CHCIs, the complex could stand in CHCl5/
EtOH or CHCI;/EtOH/H,O mixture. The effect of the
mixed solvent on the absorption spectra of complex


mailto:shaoguo@lzb.ac.cn

4276 K. Liu et al. | Tetrahedron Letters 48 (2007) 42754279

. in CHCly/EtOH/H,0

0.9 - in CHCly

Absorbance

0.0

T T T T - 1
400 500 600 700 800
Wavelength (nm)
Figure 1. Absorption spectra of complex 12 (20x 107> M 1 and
20%x107*M 2) in various volume ratios of CHCI;/EtOH/H,0

mixture. From up to low, the volume ratio is 1:8:0, 1:8:1, 1:7:2,
2:7:1, 1:6:3, 2:6:2, 2:5:3, and 1:5:4.

1-2 was studied. As shown in Figure 1, in the presence of
abundant EtOH or EtOH/H,0, the CT absorption peak
at 622 nm of complex 1-2 shifted to 612 nm along with
the less intensity changes, due to the solvent effect. Actu-
ally, CT complex 1-2 exhibited negligible perturbation,
and the miscible ensemble solution still maintained
sky-blue color. UV/vis spectroscopy titrations were em-
ployed to determine the stability constant of complex 1-2
in CHCI;/EtOH/H,O system, the binding constants
were estimated at K, =5.0x 10°M ™" in 1:6:3 (v/v/v)
CHCI3/EtOH/H,0 and K, =4.8x 10> M~! in 1:8:1 (v/
v/v) CHCIl;/EtOH/H,O by the nonlinear least-squares
analysis the absorbance changes of the peaks at
612 nm (see Fig. S1). The mixed solvent ratios have less
effect on the stability of complex 1-2.

The acid and alkali stabilities of the calix[4]pyrrole—
TCBQ assembly in CHCI;/EtOH/H,O mixture were
preliminary tested. Maybe due to the hydrolysis of
TCBQ subunit in alkaline mediums,” the calix[4]pyr-
role-TCBQ complex was unstable and easily disaggre-
gated under the alkaline condition. It was also
observed that the process of complex 12 disaggregation
induced by OH™ can be rapidly reversed by acidificat-
ion, and the ensemble solution reexhibits sky-blue color.
Generally, the stability of complex 12 solution can
remain adequate in pH < 8.

The colorimetric properties of complex 1-2 in CHCl;/
EtOH/H,O0 (1:6:3, v/v/v) for amino acids were investi-
gated by UV/vis spectroscopy. Figure 2 shows the spec-
tral changes of the ensemble solution of complex 1-2 and
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Figure 2. Absorption spectra of complex 12 (2.0x107*M 1 and
2.0 x 107* M 2) in CHCl3/C,HsOH/H,0 (1/6/3, v/v/v) in the presence
of various amino acids (7.0 x 10~* M), at room temperature.

various amino acids, which were prepared by addition
of 6-fold EtOH, 2-fold H,O, and 1-fold aqueous solu-
tion of amino acid to the CHCl; stock solution of com-
plex 1-2. Upon the addition of basic amino acids,
namely, lysine and arginine, the blue complex solution
instantly turned to orange-yellow (Fig. 3). The CT
absorption band at 612nm of complex 12 nearly
vanished, while a new absorption band appeared in
the region of 400-500 nm (Ay.x =427 and 453 nm). A
similar, but less dramatic color change from blue to yel-
low-green was observed for histidine, in this case, the
peak at 612 nm undergoes decreasing to a certain extent,
and the new absorption peak at 427 and 455 nm was
also observed. On the other hand, no remarkable
changes in color and absorption spectra in long wave
region were observed when the solution of complex 1-2
was exposed to various neutral and acidic amino acids
under the same condition (even at much higher amino
acids concentration), which means that complex 1-2
exhibits negligible perturbation. The above results indi-
cated that complex 1-2 could be used for selective colori-
metric sensing of basic amino acids.

The selectivity trends of the colorimetric recognition
amino acids assays are accordant with the selectivity in
binding affinities of TCBQ for amino acids, which were
supported by control studies carried out using individual
TCBQ and calix[4]pyrrole 1, respectively, in CHCls/
C,HsOH/H,O (1/6/3, v/v/v) mixture. The addition of
various amino acids (7.0 x 107* M) to the solution of
calix[4]pyrrole 1 (2.0 x 107> M) caused no changes in
color and absorption spectra. Upon the addition of ami-
no acids to the solution of TCBQ (2.0 x 10~* M), a less
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Figure 3. Color changes of complex 12 (containing 2.0 x 107> M 1 and
2.0x 107* M 2) in CHCI3/EtOH/H,0 (1/6/3, v/v/v) before and after
the addition of 7.0 x 10™* M of various amino acids.
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dramatic color change from pale yellow to bright yellow
could be observed only in the presence of lysine or argi-
nine, in this case, a very weak absorption band appeared
in the region of 400-500 nm (A, = 427 and 453 nm, see
Fig. S2), but the absorption intensity is by far lower than
the case of complex 1-2.

The interactions of complex 12 with various amines
were also studied. The spectral changes of the solution
of complex 1-2 in the presence of aliphatic amines are
similar to those of basic amino acids (Fig. 4). However,
the addition of aromatic amine and pyridine caused less
significant changes in color and the CT absorption band
at 612 nm of complex 1-2. The results, which can be
briefly understood on the basis of the amine basicity (ali-
phatic amines > pyridine > aromatic amine), mean that
complex 1-2 enables color discrimination between ali-
phatic amines and aromatic amines.

It was found that the color and absorption spectra
changes of complex 1-2, induced by basic amino acids
and aliphatic amines, could be reversed by acidification.
Upon the addition of hydrochloric acid to the mixture
system of complex 1-2 and basic amino acids or aliphatic
amines, the ensemble solution instantly changed to sky-
blue color and the absorption peak at 612 nm reap-
peared, which means the renewal of the CT interaction
between calix[4]pyrrole and TCBQ.

The interaction of TCBQ with amino acids and amines
has been reported before.* Some of these studies indi-
cated that the formation and the spectra of the n—n
CT complexes were affected by solvent, pH, tempera-
ture, and reaction time. Our experiments showed that
the interaction of TCBQ with amino acids was very
weak in the unbuffered CHCIl;/C,HsOH/H,O (1/6/3,
v/v/v) solution at room temperature. Although the basic
amino acids-induced changes could be observed, TCBQ
itself, unlike the calix[4]pyrrole-TCBQ complex, is unfit
to be used for practical colorimetric assay for amino
acids under present experiment conditions, due to the
weak responses in color and absorption spectra. On
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Figure 4. Absorption spectral changes of the complex 12
(20%x1073M 1 and 2.0x 10~ M 2) in CHCI;/EtOH/H,O (1:6:3, v/
v/v) in the presences of various amines (3.5x 107> M), at room
temperature.

the other hand, compared with the interaction systems
of TCBQ with various amines (see Fig. S3), the
calix[4]pyrrole-TCBQ complex displayed straightfor-
ward selectivity for amines.

TCBQ subunit of complex 1-2 plays a critical role in col-
orimetric assay. The new absorption peaks at 427 and
453 nm, which have not occurred during the formation
of n—n CT complex 12 in CHCl; or CHCl3/C,HsOH/
H,0, should be assigned to tetrachlorosemiquinone
anion radical (TCBQ )’ as a result of the interaction
between TCBQ subunit and the basic amino acids/
aliphatic amines with the free amino group. TCBQ™™ is
difficult to form in the presence of neutral and acidic
amino acids. These may be explained by the fact that
these amino acids, existing as dipolar ions in the unbuf-
fered solution, lack the activated free amino groups.
Furthermore, compared with aliphatic amines, the con-
jugative effect decreases the electron density on the
nitrogen atoms of aromatic amines, thereby decreases
their n-clectron-donating abilities for TCBQ subunit.
The formation of TCBQ"™ resulted in the disaggregation
of the m—n CT complex 1-2. As expected, in pH 7.0
CHCI;3/C,HsOH/H,O (1/6/3, v/v/v) buffer solution,
the basic amino acids and aliphatic amines fail to induce
the changes in color and absorption spectra of complex
1-2, because the free amino groups of basic amino acids
and aliphatic amines are protonated in pH 7.0 buffer
solutions, which decrease their n-electron-donating abil-
ities, that is, to say, restrain their basicity.

Further experiments showed that the TCBQ"™ absorp-
tion band induced by basic amino acids, should com-
pletely disappear after one day, and a strong peak
appeared at about 350 nm, which indicated the forma-
tion of the n—n CT complex of TCBQ with basic amino
acids (see Fig. S4). In this case, the change process could
not be reversed by acidification, due to the stability of
amino acids—TCBQ complex on acidification.*d

From the above results, the remarkable changes in color
and absorption spectra of complex 1-2 in the presence of
basic amino acids and aliphatic amines resulted from (i)
the disaggregation of the calix[4]pyrrole-TCBQ complex
as a result of analytes compete for TCBQ subunit with
calix[4]pyrrole subunit; and (ii) the formation of tetra-
chlorosemiquinone anion radical (TCBQ ™). The inter-
action mode is shown in Scheme 1. The approach is
incompletely similar to the common colorimetric dis-
placement assays.’® The intensity of the TCBQ™™
absorption band in the system of the calix[4]pyrrole—
TCBQ complex is more stronger than that in the system
of alone TCBQ. The calix[4]pyrrole subunit seems to act
as ‘auxochrome’ for TCBQ, and TCBQ subunit existing
as m-electron acceptor would be easier to be dissociated
into free radical ions in the presence of n-electron donor.
The calix[4]pyrrole-TCBQ assembly, like a ‘signal mag-
nifier’, markedly improves sensing sensitivity and selec-
tivity of TCBQ for amino acids and amines.

Flow-injection analysis (FIA) combined with electro-
chemistry, chemiluminescene, or spectrophotometry, as
a means of rapid quantitative analysis, has been em-
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Table 1. Results of determination of lysine and arginine using the proposed method

Equation of calibration curves

Linear range (><1O’6 M) LOD?* (><1()’6 M) RSD® (%) Sampling rate (samples/h)

Lysine  H=530,001x—133.74 (* =0.997, n=8)  2.0-500
Arginine H=516,522x —8939.1 > =0.977, n=8) 5.0-500

2.0 1.1 125
5.0 2.0 125

# Limit of detection (S/N = 3).

® Relative standard deviation at 1.0 x 10™* M using 10 replicate injections.

ployed widely for the determination of amino acids.
Generally, the direct spectrophotometric detection of
amino acids by FIA was not selective because the
absorption spectra of the colored products formed by
derivative reaction are completely overlapped or all ami-
no acids reacted with chromogenic reagent at the same
sensitivity, thus the method was hampered by the lack
of specificity. Based on complex 1-2, a more quantitative
determination for lysine and arginine was preliminary
performed by FIA coupled with spectrophotometry
(see Supplementary data). Six amino acids, that is,
lysine, arginine, alanine, serine, glutamic acid, and aspar-
tic acid, were selected as compounds to cover a range of
properties and elucidate the intragroup selectivity of
amino acids. Under the established flow-injection condi-
tions, the magnitude of the response of these amino
acids (1.0 x 107* M) is in order of: lysine and arginine
(=48,885 mv) > serine, glutamic acid and aspartic acid
(<3041 mv). The determination results obtained for ly-
sine and arginine (shown in Table 1) indicate that the
method is rapid and sensitive and can provide a high
sampling rate and a wide linear range. A control exper-
iment, carried out using solution of TCBQ as the re-
agent stream for determination of lysine, showed that
no suitable linear ranges could be obtained, and the
LOD is 40 times higher than that using the complex
1-2 solution. However, the new methodology of the
determination of basic amino acids was only preliminar-
ily evaluated, further studies, relating to interference of
other co-existing amino acids, are currently in progress.

In summary, a new colorimetric assay based on
calix[4]pyrrole-TCBQ supramolecular assembly has
been developed. Compared with conventional TCBQ
methods for the spectrophotometric detection of amino
acids and amines, the approach, which carried out in an
unbuffered water-containing media at room tempera-
ture, improves detection sensitivity of TCBQ for amino
acids and amines, and allows for selective colorimetric
sensing of basic amino acids and aliphatic amines.
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