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A calix[5]arene-based solvent extraction reagent displaying very high selectivity for lead has been pre-
pared, one molecule of which extracts two lead ions in a stepwise manner. The first Pb* ion is bound
to five phenoxy oxygen atoms inside the calixarene cavity due to which the ligand undergoes conforma-
tional freezing in stable cone conformer. This causes positive allosteric effect for co-extraction of the sec-

ond lead ion due to the aggregation of functional groups.
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In recent years, decontamination of heavy metal-bearing indus-
trial effluents has become the topic of great interest. Among heavy
metals, lead is one of the most abundant and certainly the most
toxic metal ions causing adverse environmental and health prob-
lems including digestive, cardiac, kidney and especially neurologi-
cal diseases. For global environmental problem, there is a need of
renewed interest in processing of industrial effluents containing
such toxic metal ions.

Calixarenes have been known to be a useful molecular scaffold
in the development of unique supramolecular receptors and these
macrocycles have proved their worth as a promising platform for
the synthesis of selective ligands for solvent extraction separation
of toxic metal ions. Though the ion discriminating supramolecular
chemistry of crown ether type of macrocycles towards lead ion
has been well addressed,'~* however, only a few reports are docu-
mented with regard to calixarene. Previously, we had reported the
solvent extraction behaviour of tetracarboxylic acid derivative of p-
t-octylcalix[4]arene towards lead ion from weakly acidic media in
chloroform and its application for the decontamination of real
industrial samples.®> We found that one molecule of tetracarboxylic
acid derivative of calix[4]arene extracts two lead ions in a stepwise
manner and proposed the formation of 1:2 host-guest complex.
Malkhede et al. reported the solvent extraction separation of lead
with hexaacetato derivative of p-t-butylcalix[6]arene also from
weakly acidic media in xylene.® They reported the probable compo-
sition of extracted species as 2:1 host-guest complex. Thus, it be-
came a matter of interest for us to explore what position the
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pentamer derivative would occupy in the spectrum of lead recogni-
tion in regard to stoichiometry and size effect of calixarene cavity.

While some examples of calixarene-based chromogenic’ and
fluorogenic® sensors have been reported for the recognition of
Pb?* ions with high sensitivity, their selective removal in the pres-
ence of other ions is, however, not well addressed by such analyt-
ical techniques and there is still a significant need to provide real
time applicable reagents for the separation of trace amount of
Pb?* in drinking water, in polluted areas and industrial streams.
In continuation of our interest in the design and synthesis of highly
selective solvent extraction reagent for Pb2* ions in the presence of
various competiting ions, we report the synthesis of p-t-butylca-
lix[5]arene carboxylic acid derivative (3) and its extraction behav-
iour towards some toxic divalent metal ions. Complexation
behaviour of 3 with lead ion is studied in more detail to know
the stoichiometry of extracted complex.

Synthesis of host 3 is illustrated in Scheme 1. Compound 1 was
synthesized according to the procedure previously reported by
Stewart and Gutsche.® Synthesis of 2 has already been reported
by Barrett et al. using potassium carbonate as a base.!® In our case,
treatment of 1 with excess of ethyl bromoacetate in the presence of
excess sodium carbonate in a manner similar to the Williamson
synthesis of ether afforded the pentaester 2 in high yield."! Alka-
line hydrolysis of pentaester followed by acidification of carboxyl-
ate salt afforded the corresponding pentacarboxylic acid derivative
in high yield.!? Structures of 2 and 3 were identified by 'H NMR,
13C NMR and elemental analysis. The 'H NMR and '>C NMR spectra
revealed that 2 is in distorted cone conformation.!® Though 3 is
conformationally more labile than 2, the former also exists in
cone-like conformation.
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Scheme 1. Synthesis of 3.

The solvent extraction of metal ions was carried out by conven-
tional batch method. Metal ion solutions were prepared separately
in 0.1 M HNO3 and 0.1 M HEPES buffer solution and arbitrarily
mixed to adjust the desired pH. Organic solution was prepared
by diluting the extractant 3 with analytical grade chloroform to
the desired concentration. The metal ion concentration before
and after equilibrium was measured by atomic absorption spectro-
photometer (AAS). The extraction ability of 3 towards different me-
tal ions is expressed as distribution ratio (D) which is the ratio of
concentration of metal ion in organic phase to the concentration
of metal ion in aqueous phase at equilibrium condition. The exper-
imental results showing the effect of equilibrium pH on logarithm
of distribution ratio (log D) of different metal ions by 3 are shown
in Figure 1. Based on the reported values of formation constant for
metal complexes of Pb?*, Cu?*, Zn?* and Co** with carboxylic acid
group,’® 3 should form stable complex with Cu?* rather than with
Pb2* and hence must be selective for Cu?*. However, 3 is interest-
ingly more selective for Pb?* referring that it must have been ex-
tracted by the mechanism rather different than that of Cu®*
extraction. On the other hand, for all metals except Pb?*, the value
of distribution ratio increases with a slope of about 2 in the plot of
log D versus pHe. This value is the same as expected for divalent
metal ion indicating that the neutral complex (1:1) has been
formed by the exchange of two protons from carboxyl groups
(see Supplementary SE1 and SE2 for details). However, in the case
of lead, a straight line with slope more than two is obtained which
is not well-matched with the formation of 1:1 host-guest complex.
Since lead is bivalent and if only the ion exchange mechanism
takes place, the slope of line in the plot of log D versus pH, is ex-
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Figure 1. Effect of pH on distribution ratio of different metal ions on 3. [Metal
ion] = 0.1 mM, [3] = 2.0 mM, shaking time = 8 h at 303 K, organic/aqueous = 1 (v/v),
adjustment of pH = 0.1 M HNOs, 0.1 M HEPES buffer.

pected to be 2 for 1:1 and 4 for 1:2 (host-guest) complexes. In or-
der to have further insight into the number of protons released into
solution by ion exchange phenomenon with lead ion, we carried
out the extraction experiment using 10-fold excess (1.0 mM) of
respective Pb?" salts in nitric as well as hydrochloric acid media
keeping the concentration of 3 same (2.0 mM). In both the cases,
straight line with slope 3 is obtained in the plot of log D versus
pHe (see Supplementary Fig. S6 for details).

Due to the exceptional extraction behaviour of 3 towards lead
ion, stoichiometry of complexation was determined by using con-
tinuous variation method in two-phase solvent extraction keeping
the sum of concentration of host and guest species to be 1 mM. It is
obvious from the results of typical Job’s plot (Fig. 2) that the lead
concentration in organic phase becomes maximum at mole frac-
tions of 3 in between 0.3 and 0.4, which is compatible with the for-
mation of 1:2 host-guest complex. Formation of 1:2 complex is
also evident from loading test'* (see Supplementary Fig. S7 for
details).

The results of Job’s plot and loading test support the formation
of 1:2 host-guest complexes with lead ion. However, the number
of protons released into solution during ion exchange with lead
ion is 3. Thus, it can be inferred that two lead ions are extracted
with the release of three protons from the host 3 along with ion-
pair formation mechanism. However, the results indicate that lead
extraction with 3 is independent of nitrate concentration (see Sup-
plementary Fig. S8). Hence, as in the case of other metal ions, solely
ion exchange mechanism is proposed for lead extraction as well.'®

In order to explore how two lead ions are extracted by the sin-
gle molecule of host, we carried out the 'H NMR titration experi-
ment. Upon the addition of 0.5 equiv of lead, downfield shifted
new peaks appeared for aromatic hydrogen and methylenoxy
hydrogen along with original peaks of free host with 1:1 intensity
ratio (Fig. 3). This indicated about 1:1 mixture of lead complexed
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Figure 2. Typical Job’s plot for the extraction of lead with 3.
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Figure 3. 'H NMR titration of 3 (2.5 mM) with (a)-(f)=0.25, 0.5, 0.75, 1.0, 2.0,
5.0 equiv of Pb(ClO,), in CDCl3/CD3sCN =1/1. =new peak due to Pb (ClO4),-xH,0,
residual solvent peak due to CDCl5 at 7.49 ppm.

and free ligand. Interestingly, two new doublets also appeared in ¢
3.49 and 4.22 ppm region of NMR spectrum upon the addition
0.5 equiv lead. These new peaks, which appeared as double dou-
blets in typical AB resolving pattern of cone calix[4]arene, are con-
sistent with the peaks of bridged methylene protons of 2 indicating
that lead complexed 3 is fixed in cone conformation. Upon the
addition 1 equiv of lead, the peaks of free host 3 were vanished
and only the new peaks were apparent. Further new peaks were
not observed on adding up to 5 equiv of lead. The percentage shift
of aryl peak resulted due to the percentage loading of lead ion on 3
was also evaluated as a function of number of equivalents of metal
ion added. Both the values increase with increasing equivalents of
added lead and coincide well with each other indicating that the
loaded lead causes equivalent shift in peak position (Supplemen-
tary Fig. S9). If the two lead ions were simultaneously extracted,
the percentage shift would be just half of the percentage loading.
Metal ion-induced chemical shift changes in the '"H NMR titration
spectra support that the two lead ions are extracted independently
and in a stepwise manner. The first lead is bound to five phenoxy
oxygens which leads to freezing of molecule in stable cone confor-
mation and causes positive allosteric effect for co-extraction of the
second lead ion at aggregated carboxyl functional group site. How-
ever, it may be emphasized that extraction of the second lead ion
at carboxyl functional group site takes place only in aqueous sys-
tem through ion exchange by the release of carboxylic proton. This
fact is supported by the result of "H NMR titration of Pb?* ion with
p-tert-butylphenoxyacetic acid, the acyclic ligand having structure
related to cyclic ligand 3. In CDCl3/CD5sCN system, the '"H NMR
titration of Pb?* ions with the acyclic ligand does not show any
peak shift (Supplementary Fig. S10). However, in the '"H NMR spec-
trum of CDCl; fraction taken from two-phase extraction of lead ion
at different pH, there is gradual shift in peak position towards up-
field region with increasing amount of lead extracted at increasing
pH (Supplementary Fig. S11). This confirms that lead uptake by ion
exchange with carboxyl group is feasible only in two-phase
extraction.

In contrary to the addition of lead, addition of copper to the
solution of 3 did not form new peaks (Fig. 4) suggesting that nei-
ther the participation of phenoxy oxygen atoms nor the conforma-
tional change of 3 occurs during complexation. As the size of
copper does not fit the cavity size of 3, it is taken up by the car-
boxyl functional groups through ion exchange mechanism where
the neutral complex has been formed by the release of two protons
from carboxyl groups in aqueous system. However, in non aqueous
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Figure 4. 'H NMR titration of 3 (2.5 mM) with various equivalents of Cu(Cl0O,), in
CDCl3/CD3CN = 1/1. Residual solvent peak due to CDCl; at 7.49 ppm.

system, proton exchange is quite suppressed and copper ion
should form very weak complex with 3 through the participation
of carbonyl group and 'H NMR shows only the peak broadening.
This may be attributed to the fact that the exchange rate between
free ligand 3 and the weak complex is too fast for NMR time scale
to observe the structural difference and an average peak is ob-
served at slightly upfield region with peak broadening.

Formation of 1:2 host guest complex with Pb?* and 1:1 complex
with Cu?* by 3 is also supported by the FT-IR spectra of 3-Cu?* and
3.(Pb?*) complexes (Supplementary Fig. $12). In the IR spectrum of
3.Cu®* complex, the C=0 stretching band at 1741 cm™! for free
ligand 3 is decreased in intensity with the appearance of new band
at 1603 cm~! which may be attributed to C=0.--Cu®* stretching.
Similarly, the band due to C-O-H bending vibration at 1479 cm™!
of free ligand 3 is also decreased in intensity with the appearance
of another band at 1415 cm™~! presumably due to C-0O- - -Cu®* bend-
ing. On the other hand, the IR spectrum of 3-(Pb?*), complex is
remarkable in the sense that the band due to free C=0 stretching
at 1741 cm™! is completely lost and a new band is observed at
1618 cm~' which may be attributed to C=0- - -Pb?* stretching. In
addition, the band at 1479 cm™! for C-O-H bending is further de-
creased in intensity with the appearance of another band at
1417 cm~! which may be attributed to C-O- - -Pb?* bending vibra-
tion. By contrary, the FT-IR spectrum of 3-Pb** complex obtained
by the complexation of 1 equiv lead with 3 consists of free C=0
stretching band at 1734 cm™! along with the appearance of new
band at 1606 cm™! for C=0.-Pb?* stretching (Supplementary
Fig.S13). From the results of IR spectra of the complexes, it can be in-
ferred that copper forms only 1:1 complex whereas lead forms both
1:1 and 1:2 complexes with 3. In the case of 1:1 complex, all the car-
bonyl groups are not engaged in complexation. However, in the case
of 1:2 complex formation, all the carbonyl groups are engaged in
complexation. The results further support the stepwise extraction
of two lead ions.'®

The complexation behaviour of 3 towards Pb?* and Cu?* ions in
non aqueous system (1 x 107> M in CH5CN/CHCl; = 10/1) was also
evaluated by UV/vis spectroscopy. The absorption spectra of 3 be-
fore and after the addition of organosoluble metal perchlorates are
illustrated in Figure 5. The free host 3 exhibited an absorption band
with two absorption maxima at 227 nm and 278 nm which is
attributed to m-m and n-m electronic transitions, respectively.
The presence of 10 equiv of Pb?* enhanced the absorption intensity
both at 227 nm and 278 nm with nominal hypsochromic shift of
the later by 4 nm. The presence of 10 equiv of Cu?* also produced
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Figure 5. UV/vis spectra of 3 (10 pM) upon addition of 10equiv of metal
perchlorates in MeCN/CHCl5 (10:1).

the increase in absorption intensity both at 227 nm and 278 nm
but with notable bathochromic shift of the later by 31 nm. Addi-
tion of copper perchlorate also led to the formation of other new
absorption peaks at Zma.x 257 nm and 463 nm. From the results,
the following plausible complexation behaviour is proposed. As
the complexation is carried out in non aqueous media, proton ex-
change from carboxyl groups is markedly diminished so that only
the first lead ion is extracted inside the calixarene cavity. Conse-
quently, strong interaction of lead ion with carbonyl chromophoric
group is not feasible and only nominal shift in .« value is ob-
served. In the case of copper, as it does not fit the calixarene cavity,
it forms a weak complex with oxygen-rich carbonyl function. Due
to the formation of new species, new absorption peaks at different
Jmax Value than that of free host have appeared. Also, on complex-
ation, the electron density on carbonyl group slightly flows to-
wards copper and there is considerable bathochromic shift in
Jmax Value at 278 nm. These results also support the fact that bind-
ing sites of 3 for lead and other ions studied, for example, copper,
are different.

In order to have a further insight into the complexation behav-
iour of 3 with lead and copper ions, the absorption profile as a
function of metal ion concentration was obtained by means of
UV/vis titration experiment. Figure 6 shows the characteristic
absorption spectra of 3 in the spectrophotometric titration with
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Figure 6. UV/vis spectra of 3 (10 uM) upon titration by various equivalents of
Pb(Cl04), in MeCN/CHCl; (10:1).

Pb(ClO4),. The host 3 exhibited a gradual increase in absorption
intensity at /m.x 227 nm and 278 nm upon addition of incremental
lead ions. However, no clear isobestic points were observed up to
the addition of 10 equiv of lead. The results are attributable to
the fact that in non aqueous media, only one lead ion is extracted
by 3 which is bound to phenoxy oxygen atoms and no new species
are formed involving complexation of lead with chromophoric
group. Nevertheless, the association constant for 3-Pb%* in
CH5CN/CHCl; (10:1) was determined to be 3.64 x 10* M~! from
modified Benesi-Hildebrand plot!” (see Supplementary Fig. S14).

The results of spectrophotometric titration of 3 with Cu(ClO4),
are depicted in Figure 7. In this case also, host 3 exhibited a gradual
increase in absorption intensity at Am.x 227 nm upon addition of
incremental copper ions. However, a remarkable change occurs
at Amax 278 nm upon the addition of 4 equiv of copper. Formation
of new absorption bands takes place at /. 257 nm, 309 nm and
463 nm which are also intensified upon adding incremental copper
ions indicating the formation of new species at equilibrium condi-
tion. Association constant for 3-Cu®* in CH3CN/CHCl; (10:1) was
determined to be 9.06 x 10°M~! from modified Benesi-Hilde-
brand plot (see Supplementary Fig. S15).

We then investigated the complexation behaviour of 3 with
Pb%*in aqueous system (1 x 1074M in MeCN/H,0 =3/2, pH 3.5
maintained by HClO,4) by UV/vis titration. In this case, free host 3
exhibited two absorption maxima at 272 nm and 279 nm. Up to
the addition of 1.0 equiv of lead perchlorate, the peaks at both
the absorption maxima were intensified. However, on further addi-
tion of lead perchlorate, only slight change in absorbance took
place with the formation of slight isobestic points at 269 nm and
282 nm indicating the formation of new species in equilibrium
condition (for detailed information, see Supplementary Fig. S16).

To conclude, we have synthesized a new solvent extraction re-
agent which can selectively extract Pb?* ions in the presence of
various other ions implying that it is useful for analytical purposes.
The results of "H NMR titration, Job’s plot, the slope of lines in the
plot of log D versus pH, and the IR spectra of extracted complexes
support that one molecule of 3 extracts two lead ions in a stepwise
manner and the fascinating selectivity of 3 for lead ion comes from
the size fit effect of lead ion in calixarene cavity. The first lead ion is
extracted into the cavity of calix[5]arene composed of phenoxy
oxygen atoms. After complete loading of the first lead ion, another
lead ion is taken up at oxygen-rich coordinating site composed of
carboxyl groups. The association constant values for lead and
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Figure 7. UV/vis spectra of 3 (10 uM) upon titration by various equivalents of
Cu(Cl04), in MeCN/CHCl5 (10:1).
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copper ions indicate that the former forms stronger complex with
3 than the latter. Taking into account the high lead selectivity of 3,
we aim to fabricate the highly sensing chromogenic and fluoro-
genic materials from 3 that are useful in aqueous media for the rec-
ognition of trace amount of lead ions present in polluted water.

Supplementary data

Supplementary data associated with this article can be found, in

the online version, at doi:10.1016/j.tetlet.2010.03.078.
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(d,J =13.8 Hz, 5H, Ar-CH,-Ar, endo), 4.50 (s, 10H, O-CH,-), 6.97 (s, 10H, Ar-H).
As reported by Barrett et al. and indicated by its '"H NMR, the compound was
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pressure. The desired compound was precipitated by adding hexane and
recrystallized from chloroform/hexane (8.5 g, 80%). '"H NMR (300 MHz, CDCls,
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(C(2)Ar), 133.34 (C(3)Ar), 145.66 (C(4)Ar), 152.09 (C(1)Ar), 170.08 (C=0 of
ester). Anal. Calcd for C75H100015 (1241.4): C, 72.55; H, 8.12. Found: C, 72.35; H,
8.12.

Compound 3: The suspension of 4.0 g (3.22 mmol) 2 and 2.25 g (40 mmol) KOH
in 100 cm?® THF/H,0 (70:30) was refluxed for 48 h under nitrogen flow. After
completion of the reaction (monitored by TLC), THF was evaporated and the
remaining suspension was diluted by adding water. The residue collected after
filtration was suspended with 50% HCl (v/v) for several hours to affect the
protonation of the carboxylate salt. It was then filtered and washed several
times with water. Recrystallization from THF/water yielded compound 3 (2.9 g,
82%)."H NMR (300 MHz, CDCls, TMS) § 1.06 (s, 45H, ‘Bu), 3.41 (br s, 5H, Ar-
CH,-Ar, exo), 4.59 (br s, 15H (5H + 10H), Ar-CH,-Ar, endo, +-0-CH,-), 6.96 (s,
10H, Ar-H). '3C NMR (300 MHz, CDCl5) ¢ 30.15 (rudimentary peak) (Ar-CH,-
Ar), 31.28 (CHs)s, 34.06 (C(q) of t-butyl), 69.99 (-O-CH,-), 126.17 (C(2)Ar),
133.02 (C(3)Ar), 146.45 (C(4)Ar), 151.31 (C(1)Ar), 174.54 (rudimentary peak)
(C=0 of carboxylic acid). Anal. Calcd for CgsHgoO15 (1101.14): C, 70.89; H, 7.32.
Found: C, 70.60; H, 7.31.

Stability constants supplement No. 1, Special publication 25, The chemical
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In loading test, the ratio of initial concentration of extractant to the lead
concentration in organic phase is plotted against the increasing initial
concentration of lead. As indicated by the Supplementary Figure S7, the ratio
of initial concentration of extractant to the loaded lead in organic phase
gradually drops and becomes constant at 0.5. This means that the ratio of
initial concentration of extractant to the extracted lead is 1:2 which also
supports the formation of 1:2 host-guest complex.

In Job’s plot and loading test, the concentration of lead ions varies and becomes
more than twice the concentration of 3 so that all the host molecules are
completely loaded with lead ions and 1:2 complex is quite obvious. However,
at low concentrations of lead, complete loading of host molecules is not
achieved but two extraction equilibria may exist, one for 1:1 complex and
another for 1:2 host-guest complex.

As lead is extracted in a stepwise manner, it is reasonable that equilibrium is
also achieved in a stepwise manner and both (1:1 and 1:2) complexes are
formed at low concentration of lead.
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