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Abstract The synthesis and binding properties of a new
tetratopic anion receptor are reported. The resorcinarene
ligand bearing four cyclen moieties is able to bind four
Zn*" jons and subsequently bind anions. NMR titrations
show proton shifts during the binding of the first one or two
anions. Isothermal titration calorimetry (ITC) titrations
show that two or more anions bind to one tetramer. The
tetratopic receptor in methanol has high affinity for dihy-
drogen phosphate, acetate, and halide ions and weak
affinity for nitrate and perchlorate.

Keywords Resorcinarene - Anion binding - Zinc cyclen

Introduction

Due to the importance of anion sensing or removal in envi-
ronmental and biological systems, a wide variety of anion
receptors have been synthesized in an effort to bind anions
strongly and/or selectively. Neutral anion receptors typically
include urea [1], thiourea [2], or amide [3] functional groups
and interact with the anion mainly through hydrogen bond-
ing. Protonated ligands may also act as effective anion
binders [4]. We found that a resorcinarene bearing four
protonated 2,2'-dipicolylamine moieties on its upper rim
binds strongly to anions of different geometries [S5]. Also, the
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diprotonated octamethyl-octaundecylcyclo[8]pyrrole can
extract sulfate anion in the presence of excess nitrate from
aqueous media into a toluene organic phase [6].

Anion receptors that incorporate metal cations are also
of interest [7-9]. Incorporating metal cations into anion
binding receptors has several advantages. A bound cation
can preorganize the receptor to improve anion selectivity,
metal cations can be multiply charged and thus bind anions
through strong electrostatic interactions, and anions may
coordinate to transition metal cations via metal d-orbitals.
Several metal containing receptors that bind anions but not
by coordination to the metal ion have recently been
reported [10-15]. For example, pyrrole-substituted bipyri-
dine complexed with coordinatively saturated transition
metals such as ruthenium and rhodium is a very selective
anion receptor for dihydrogen phosphate [16]. Organome-
tallic anion receptors containing ferrocene or cobaltoceni-
um units with redox-active and photoactive properties are
anion sensors [17, 18]. Few examples of metal containing
receptors that bind anions to the metal ion have been
reported. Two such anion receptors have metals bound in
nitrogen containing heterocycles and bind phosphates
and acetate strongly by coordination to the bound cation
[19-21]. Another receptor contains two Zn>" ions that
cooperate to bind anions [22-24].

Zinc is an attractive candidate for incorporation into
metal-ion-containing anion receptors because of its
importance in biological systems, limited toxicity, and
strong ligand binding [25, 26]. Zinc cations have a strong
affinity for heterocycles such as 1,4,7,10-tetraazacyclod-
odecane (cyclen) with a binding constant (log K) as high as
16.2 in saline solution [27]. Dicyclen-Zn>" and triscyclen-
Zn** complexes bind phosphate dianions in aqueous
solution [28], but the affinity of common anions for alco-
hol-pendant cyclen-Zn>* complexes is low [29].
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To achieve better anion recognition, macrocyclic mul-
titopic ligands that bind more than one ion have been
developed [30, 31]. Several anion receptor units have been
introduced into a rigid scaffold such as calixarene or res-
orcinarene [32, 33]. The incorporation of four amidourea
units into the lower rim of a calix[4]arene forms a colori-
metric anion sensor that binds two acetate anions [32].
Another set of anion receptors has one or two cyclens
bound to a calix[4]arene, and after Zn** coordination, bind
anions weakly [34].

This paper reports a new anion receptor with four metal
sites on one face that are available for anion binding. The
synthesis and coordination to Zn*" of a resorcinarene
bearing four cyclen moieties (1) is presented (Scheme 1).
The zinc complex has a high affinity for anions.

Results and discussion

A resorcinarene molecule with four attachment points on
one face was chosen as a template molecule. Four cyclen
heterocycles were bound to the resorcinarene (Scheme 1).
Zinc cations were coordinated to the cyclen units to form a
tetratopic cationic receptor (2) with four zinc cations on
one face. Due to their distance from each other, two cyclen
units cannot bind the same zinc cation, but flexible bonds
could allow the zinc complexes to come into proximity to
one another and bind an anion.

Upon complexation with four Zn>" ions to form 2 (see
Experimental) the proton NMR signals on 1 shifted
downfield, except for the methylene etheric hydrogen (H,)
that points into the cavitand (Fig. 1). The downfield shifts
are attributed to the electron-withdrawing effect of Zn>* on
the ligand. The maximum downfield shift (0.44 ppm) was

Scheme 1 Synthesis of cyclen
resorcinarene 1 and cyclen
resorcinarene-Zn>" complex 2
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Fig. 1 Proton labels on 1

observed from the hydrogens Hy on the benzylic carbon
that connects the resorcinarene and the cyclen units.

The binding affinity of 2 for anions was measured by 'H
NMR titration in methanol-d, and by isothermal titration
calorimetry (ITC) in methanol. In the NMR titrations, the
concentration of 2 was constant while the ratio of anion to
receptor was increased from O to 10. The addition of tet-
rabutylammonium acetate to the solution of 2 resulted in
upfield NMR chemical shifts for most protons, except for
the methylene proton H¢ (Fig. 2, SM1). During the titra-
tion, the methylene proton Hy, pointing out of the cavity
displayed a significant upfield shift, which indicates inter-
action between this proton and the anion, potentially
through C-H hydrogen bonding [35, 36]. This result
demonstrates that the resorcinarene moiety may not only
provide a platform for the cyclen groups, but also provide
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Fig. 2 NMR titration curves of 2 (4.4 mM) with tetrabutylammo-
nium acetate in methanol-d, at 298 K. The symbols correspond to
different hydrogens on 2. Hydrogen key: Hy, (@), H, (%), H, (¥), H;
(W), Hy, (%), H; (A), Hq (@), He (*), He (), Hy (@)

extra interaction sites with the anion. Proton H; on the
carbon that connects the cyclen to resorcinarene moved
downfield, which suggests that the chemical environment
for this proton is different from the others.

Figure 3 shows the NMR titration curves for all anions
using the AJ values for proton H;. The NMR titration
curves in Fig. 3 indicate the effects of anion binding on
proton shifts in 2 were reached at one, two, or three
equivalents of anion depending on the anion. This implies
that conformational changes to 2 have stopped at around
two equivalents of anion. Most of the titration curves have
little or no curvature up to the maximum AJ and thus anion
binding is strong. Due to the strong binding, binding con-
stants for most of the anions were too large to be accurately
calculated from the NMR titration data [37]. Also, the
complex binding stoichiometries beyond 1:1 prohibit cal-
culating reliable binding constants from these data.

Incremental isothermal titration calorimetric (ITC)
measurements were performed to obtain more definitive
information on the stoichiometry and strength of anion
binding. Anion titrations of 2 with I, Br~, ClI7, F,
H,PO,~ and AcO™ give a near constant heat per injection
up to near 1:1 stoichiometry, followed by a longer region
of near constant heat per injection up to 1:3 stoichiometry,
then slowly approach zero heat per injection (SM2). These
results are seen in Fig. 4 where the total heat to any point in
the titration is plotted versus the mole ratio.

In Fig. 4, linear regions are seen between moler ratios
0-0.5 and 1.2-3. This linearity shows that the reactions
corresponding to these regions are quantitative. The first
region corresponds to 1:1 stoichiometry and the second to
1:2 and 1:3. For a quantitative reaction, AH is equal to the
slope (i.e. AmJ/Apmol) and a lower limit on the value of K
can be determined from well-established relations that
assume 95% reaction completion [38]. Because the reac-
tions are quantitative in these portions of the titration

curve, only lower limits for binding constants can be
established. Assessing the reactions at the equivalence
points to be more than 95% complete, the first binding
constants for I, Br—, C17, F~, H,PO, ", and AcO™ are all
>10° [39]." The very short rounded end point region at 1:1
stoichiometric position on the curves indicates the binding
constants for the 1:1 reaction and subsequent reactions, i.e.
1:2 and 1:3, are of similar magnitude.

The second linear region in Fig. 4 goes through the 2:1
and 3:1 stoichiometries. This has two possible causes: the
AH values for binding the 2nd and 3rd chloride ions are
nearly identical or K3 is greater than K, and therefore K3
dominates in producing the measured heats. If K53 > K5, no
significant concentration of the 1:2 complex exists and thus
the reaction C1I~ + ClI™-2 = Cl,"-2 makes no significant
contribution to the total heat. In this case AH can only be
determined for the reaction 2C1~ 4+ C17-2 = Clz™-2.
Indeed, the NMR data support the scenario in which
K5 > K. Specifically, the NMR data show that binding the
second anion causes conformational changes, but no con-
formational change, occurs on binding the third anion to 2.
Thus with the conformational changes that occur, it is not
likely that AH, is equal to AH;. ITC data for the other
strongly bound anions show the same trends as the data for
ClI” and therefore have also been analyzed with the
assumption that K3 > K, (Table 1). These data show that
for halides and AcO™ two or three anions are tightly bound
to the receptor and at least one more anion is more loosely
associated, as seen by the curvatures in the heat plots
beyond three equivalents of anion (Fig. 4). In the case of
H,PO,~, four anions are tightly bound and at least one
more is loosely bound.

The differences between ITC and NMR results could be
a consequence of the different effects the two techniques
measure, as others have noted [40]. The NMR chemical
shifts stop changing at around two equivalents of anion,
while heat changes occur beyond the addition of four
anions as seen by ITC data. The protons apparently do not
experience further differences in the chemical environ-
ments after two equivalents of anion are bound even
though heat changes continue to occur. This result illus-
trates the value of complementary NMR titration data with
ITC.

While only lower limits on most K’s could be calcu-
lated, it was possible to accurately assign AH’s for the
same reactions. For the halides and AcO™ enthalpies of
binding for the first three anions (first four for H,PO, ™),
were calculated in two ways: from the slopes of the linear

! Note that the 1:1 end point indicated by the intersection of the lines
from extrapolating the linear portions is slightly less than 1 for all the
strongly bound anions. This indicates the concentration of 2 was = 9%
less than that calculated from the mass, but does not appreciably affect
the following calculations.
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Fig. 4 Plot of total heat as a function of the C1™:2 molar ratio. The
lines show the linearity of the data from O to 0.5 and 1.2 to 3

portions of plots of total heat as a function of the mole ratio
of anion to host and from the average of the heat per
injection from the same region of the curve. The AH values
were identical from both calculations. Heats of binding are
given in Table 1. Enthalpy changes and binding constants
for binding the 4th anion (5th in the case of H,PO, ) could
be obtained from Scatchard plots, i.e. plots of Orotal Versus

strated this was a valid approximation. The NO;~ and
CIO,  anions show weaker binding and binding constants
and enthalpy changes were obtained by fitting the data to a
two sites model [41].

Most of the 1:1 heats of reaction are exothermic, whereas
the heats for subsequent reactions are endothermic. An
endothermic heat of desolvation explains the endothermic
heats. The entropies of binding must be favorable and
dominant for the second, third, and forth binding steps. The
more basic dihydrogenphosphate, acetate, and halides bind
more tightly than the weakly basic nitrate and perchlorate.

Table 1 Binding constants and enthalpies for the interaction of anions with 2 in dry methanol at 25 °C by ITC

Anion log K; AH, (kJ/mol) log K>K; Average of AH, log K, AH, (kJ/mol)
and AH3 (kJ/mol)

I~ >6 —120 >9 +150 4.0 +94

Br~ >6 —14 >9 +120 35 +25

Cl™ >6 —41 >9 +280 34 +63

F >6 4200 >9 +240 4.1 +156

H,PO,~ >6 -38 >9* +330° 3.3(Ks) +38(AHs)

AcO™ >6 +39 >9 +305 37 +79

ClOo,~ 3.74 —1.1 3.45(K>) —0.47(AH>)

NO;~ 2.74 +6.7 2.1(K») +37(AH>)

Tetra(n-butyl)ammonium salt solutions (50 mM for NO;~ and ClO, ", and 23 mM for the other anions.) were incrementally titrated (50 additions
of 4 uL) into a methanol solution of 2 (1.0 mM for NO3~ and ClO, ", and 0.50 mM for the other anions). K; = [2-anion]/([2][anion]);
K)K5 = [2—ani0n3]/([2—anion][anion]z); K, = [2-aniong]/([2-anions][anion])

a log K2K3K4
b Average of AH,, AH; and AH,
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Conclusions

A new molecule with four cyclen moieties bonded to a
resorcinarene scaffold has been synthesized. When Zn>"
ions are bound to the cyclens, the resulting complex (2) in
methanol strongly binds dihydrogen phosphate, acetate,
and halides and weakly binds NO5;~ and ClO,. Exother-
mic and endothermic heats are associated with anion
binding. Bonding four Zn*"-cyclen molecules to a rigid
resorcinarene platform, preorganizes the cationic sites and
yields a design for a strong anion receptor.

Experimental
General

The bromoresorcinarene starting material (Scheme 1) was
synthesized as previously published [42]. Other chemicals
were purchased from commercial providers and used as
received. A 500 MHz Varian NMR was used for 'H and
3C NMR characterization. An Agilent ESI-TOF mass
spectrometer was used for mass spectra determination.

Cyclenresorcinarene (1)

Triethylamine (161 mg, 1.59 mmol) in 5 mL of dry chlo-
roform was added dropwise under nitrogen to a solution of
cyclen (219 mg, 1.27 mmol) and bromoundecylbowl
(242 mg, 0.159 mmol) in 5 mL of dry chloroform. The
reaction mixture was stirred at room temperature for 8 h,
and then at 60 °C for 12 h. After cooling down to room
temperature, the reaction mixture was extracted twice with
10 mL of 1.0 M NaOH solution to remove the cyclen
residue. The organic layer was then washed twice with
10 mL of deionized water. After evaporating the chloro-
form in vacuo, a brown solid was obtained (260 mg, yield
86.7%). 'H-NMR (CD;OD, 500 MHz) & (ppm): 7.29
(s, 1H, ArH), 595 (d, J =7.0 Hz, 1H, OCH,), 4.74
(t, J = 7.5 Hz, 1H, CH), 4.25 (d, / = 7.0 Hz, 1H, OCH,),
3.34 (s, 2H, CH,), 2.88 (brs, 1H, NCH,), 2.77 (brs, 4H,
NCH,), 2.68 (brs, 4H, NCH,), 2.55 (brs, SH, NCH,), 2.28
(brs, 2H, NCH,), 1.46 (s, 2H, CH,), 1.32 (brs, 18H, CoH;s),
092 (t, J=60Hz, 3H, CH;). "C-NMR (CD;ClL,
500 MHz): 154.5, 137.8, 123.5, 119.8, 99.4, 50.8, 47.8,
47.1, 46.3, 44.9, 37.0, 32.0, 29.8, 29.4, 27.9, 22.7, 14.1.
ESI-MS (m/z): Calcd for [C112H192N1608'2H]2+: 9464,
Found 946.7.

Cyclenresorcinarene-Zn>"complex (2)

Compound 1 (20.0 mg, 0.0106 mmol) was dissolved in
0.5 mL of isopropanol and Zn(CF3;S03), (15.4 mg,

0.0424 mmol) was added to the solution while stirring. After
stirring for 0.5 hours and the precipitation of product, the
supernatant was decanted and the solid was washed three
times with isopropanol. After drying in vacuo, the yellow
solid weighed 23.3 mg (yield 65.8%). "H-NMR (CD;0D,
500 MHz) 6 (ppm): 7.56 (s, 1H, ArH), 6.15 (s, 1H, OCH,),
4.78 (d, J = 7.5 Hz, 1H, CH), 4.24 (d, J = 5.5 Hz, 1H,
OCH,), 3.78 (s, 2H, CH,), 3.19 (brs, 2H, NCH,), 2.93 (brs,
5H, NCH,), 2.80 (brs, SH, NCH,), 2.58 (brs, 2H, NCH,),
2.38 (brs, 2H, NCH,), 1.46 (s, 2H, CH,), 1.30 (brs, 18H,
CoHg),0.91 (t,J = 6.5 Hz, 3H, CH3). ESI-MS (m/z): Calcd
for [C112H19208N162n4C15]3+: 7762, found 776.2. Anal.
Calcd for C120H192F24N16032582H4: C, 4309, H, 579, N,
6.70. Found C, 44.83; H, 5.77; N, 6.85.

Isothermal titration calorimetry (ITC)

ITC experiments were performed with a Microcal MCS
calorimeter (MicroCal Inc., Northhampton, MA, USA). The
cell temperature was set at 25 °C, and the water jacket bath
temperature was 20 °C. Both the salts and the ligand were
dissolved in distilled dry methanol. Each tetrabutylammo-
nium salt solution (50.0 mM for ClO4~ and NO;™,
23.0 mM for all the other anions) in a 250-pl syringe was
titrated into the solution 2 (1.0 mM for CIO,~ and NO;™,
0.50 mM for all the other anions) loaded in the sample cell.
A total of 50 x 4.0-pL injections were made, with 100 s of
elapsed time between the injections. Blank experiments
were carried out under the same conditions by injection of
the salt solution into dry methanol. Blank heats were sub-
tracted from the heats of binding. Titration runs were
monitored by Microcal Observer 3.0. Data for the halides,
H,PO,~ and AcO™ were analyzed with Excel and data for
NO;™ and ClO4~ were analyzed by Origin 4.1 (MicroCal
Software Inc., Northampton, MA, USA). Equations for a
multiple binding site model were used to fit the data for
NO;™ and ClO4  and are given in the Origin manual.
Binding constant lower limits for the strongly bound anions
were calculated using 95% reaction completion and the
receptor concentration.

NMR titrations

Zn(CF5S03), (3.85 mg, 0.0106 mmol) was mixed with 1
(5.01 mg, 0.00265 mmol) and dissolved in 0.6 mL of
CD;O0D to obtain a 4.42 mM solution of 2. This solution
was titrated with CD3;0D solutions of tetrabutylammonium
salts (133 mM). The anion solution was added in small
aliquots to the solution of 2 and the NMR spectrum was
recorded after each addition.

Acknowledgements This research was supported by Brigham
Young University, including a professorship to JDL, and by a grant

@ Springer



60

J Incl Phenom Macrocycl Chem (2010) 67:55-61

from Dionex Corporation. We thank Dr. David V. Dearden and
Nannan Fang for providing mass spectra determinations and
Dr. Richard A. Bartsch for providing time on an ITC instrument.

References

1. Nishizawa, S., Biihlmann, P., Iwao, M., Umezawa, Y.: Anion
recognition by urea and thiourea groups: remarkably simple
neutral receptors for dihydrogenphosphate. Tetrahedron Lett. 36,
6483-6486 (1995)

2. Jullian, V., Shepherd, E., Gelbrich, T., Hursthouse, M.B.,
Kilburn, J.D.: New macrobicyclic receptors for amino acids.
Tetrahedron Lett. 41, 3963-3966 (2000)

3. Gale, P.A.: Anion and ion-pair receptor chemistry: highlights
from 2000 and 2001. Coord. Chem. Rev. 240, 191-221 (2003)

4. Best, M.D., Tobey, S.L., Anslyn, E.V.: Abiotic guanidinium
containing receptors for anionic species. Coord. Chem. Rev. 240,
3-15 (2003)

5. Gardner, J.S., Conda-Sheridan, M., Smith, D.N., Harrison, R.G.,
Lamb, J.D.: Anion binding by a tetradipicolylamine-substituted
resorcinarene cavitand. Inorg. Chem. 44, 42954300 (2005)

6. Eller, L.R., Stepien, M., Fowler, C.J., Lee, J.T., Sessler, J.L.,
Moyer, B.A.: Octamethyl-octaundecylcyclo[8]pyrrole: a promis-
ing sulfate anion extractant. J. Am. Chem. Soc. 129, 11020-11021
(2007)

7. Beer, P.D., Bayly, S.R.: Anion sensing by metal-based receptors.
Top. Curr. Chem. 255, 125-162 (2005)

8. Gale, P.A., Quesada, R.: Anion coordination and anion-templated
assembly: highlights from 2002 to 2004. Coord. Chem. Rev. 250,
3219-3244 (2006)

9. Rice, R.C.: Metal-assembled anion receptors. Coord. Chem. Rev.
250, 3190-3199 (2006)

10. Vega, LE.D., Gale, P.A., Light, M.E., Loeb, S.J.: NH vs. CH
hydrogen bond formation in metal-organic anion receptors con-
taining pyrrolylpyridine ligands. Chem. Commun. 49134915
(2005)

11. Lin, T.-P., Chen, C.-Y., Wen, Y.-S., Sun, S.-S.: Synthesis,
photophysical, and anion-sensing properties of quinoxaline-
bis(sulfonamide) functionalized receptors and their metal com-
plexes. Inorg. Chem. 46, 9201-9212 (2007)

12. Pelleteret, D., Fletcher, N.C., Doherty, A.P.: Anion detection
driven by a surprising internal hydrogen-bonding association in a
dinuclear rhenium(I) complex. Inorg. Chem. 46, 4386-4388
(2007)

13. Olivier, C., Grote, Z., Solari, E., Scopelliti, R., Severin, K.: A
self-assembled receptor for the recognition of phosphate and
acetate anions in neutral aqueous solution. Chem. Commun.
4000-4002 (2007)

14. Jeon, NJ., Ryu, B.J.,, Nam, K.C.: Carboxylate selective
calix[6]arene ruthenium complex. Bull. Korean Chem. Soc. 29,
214-216 (2008)

15. Amendola, V., Boiocchi, M., Colasson, B., Fabbrizzi, L.,
Monzani, E., Douton-Rodrigues, M.J., Spadini, C.: Redox active
cage for the electrochemical sensing of anions. Inorg. Chem. 47,
4808-4816 (2008)

16. Plitt, P., Gross, D.E., Lynch, V.M., Sessler, J.L.: Dipyrrolyl-
functionalized bipyridine-based anion receptors for emission-
based selective detection of dihydrogen phosphate. Chem. Eur. J.
13, 1374-1381 (2007)

17. Beer, P.D., Szemes, F., Balzani, V., Sala, C.M., Drew, M.G.B.,
Dent, S.W., Maestri, M.: Anion selective recognition and sensing
by novel macrocyclic transition metal receptor systems. "HNMR,

@ Springer

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

electrochemical, and photophysical investigations. J. Am. Chem.
Soc. 119, 11864-11875 (1997)

Zapata, F., Caballero, A., Expinosa, A., Tarraga, A., Molina, P.:
Cation coordination induced modulation of the anion sensing
properties of a ferrocene—imidazophenanthroline dyad: multi-
channel recognition from phosphate-related to chloride anions. J.
Org. Chem. 73, 4034-4044 (2008)

Dos Santos, C.M.G., Fernandez, P.B., Plush, S.E., Leonard, J.P.,
Gunnlaugsson, T.: Lanthanide luminescent anion sensing: evi-
dence of multiple anion recognition through hydrogen bonding
and metal ion coordination. Chem. Commun. 3389-3391 (2007)
Arturoni, E., Bazzicalupi, C., Bencini, A., Caltagirone, C.,
Danesi, A., Garau, A., Giorgi, C., Lippolis, V., Valtoncoli, B.:
New bis-cresol-bridged bis(1, 4, 7-triazacyclononane) ligand as
receptor for metal cations and phosphate anions. Inorg. Chem. 47,
6551-6563 (2008)

Damsyik, A., Lincoln, S.F., Wainwright, K.P.: Synthesis and
characterization of water-operative cationic and anionic metal-
ion activated molecular receptors for aromatic anions. Inorg.
Chem. 45, 9834-9842 (2006)

Morgan, B.P., He, S., Smith, R.C.: Dizinc enzyme model/com-
plexometric indicator pairs in indicator displacement assays for
inorganic phosphates under physiological conditions. Inorg.
Chem. 46, 9262-9266 (2007)

Linjalahti, H., Feng, G., Mareque-Rivas, J.C., Mikkola, S.,
Williams, N.H.: Cleavage and isomerization of UPU promoted by
dinuclear metal ion complexes. J. Am. Chem. Soc. 130, 42324233
(2008)

Sakamoto, T., Ojida, A., Hamachi, I.: Molecular recognition
fluorescence sensing, and biological assay of phosphate
anion derivatives using artificial Zn(II)-Dpa complexes. Chem.
Commun. 141-152 (2009)

Kimura, E., Kodama, Y., Koike, T., Shire, M.: Phosphodiester
hydrolysis by a new Zinc(II) macrocyclic tetraamine complex
with an alcohol pendant: elucidation of the roles of ser-102 and
Zinc(ID) in alkaline phosphatase. J. Am. Chem. Soc. 117, 8304—
8311 (1995)

Aoki, S., Honda, Y., Kimura, E.: The first selective and efficient
transport of imide-containing nucleosides and nucleotides by
lipophilic cyclen-Zinc(Il) complexes (cyclen = 1, 4, 7, 10-tet-
raazacyclododecane). J. Am. Chem. Soc. 120, 10018-10026
(1998)

Hancock, R.D., Dobson, S.M., Evers, A., Wade, P.W., Ngwenya,
M.P., Boeyens, J.C.A., Wainwright, K.P.: More rigid macrocyclic
ligands that show metal ion size-based selectivity. Crystallo-
graphic, molecular mechanics, and formation constant study of the
complexes of bridged cyclen. J. Am. Chem. Soc. 110, 2788-2794
(1988)

Kimura, E., Aoki, S., Koike, T., Shiro, M.: A tris(Zn"-1, 4, 7,
10-tetraazacyclododecane) complex as a new receptor for phos-
phate dianions in aqueous solution. J. Am. Chem. Soc. 119,
3068-3076 (1997)

Koike, T., Kajitani, S., Nakamura, I., Kimura, E., Shiro, M.: The
catalytic carboxyester hydrolysis by a new zinc(II) complex with
an alcohol-pendant cyclen (1-(2-hydroxyethyl)-1, 4, 7, 10-tetra-
azacyclododecane): a novel model for indirect activation of the
serine nucleophile by zinc(Il) in zinc enzymes. J. Am. Chem.
Soc. 117, 1210-1219 (1995)

Korendovych, L.V., Cho, M., Makhlynets, O.V., Butler, P.L.,
Staples, R.J., Rybak-Akimova, E.V.: Anion and carboxylic acid
binding to monotopic and ditopic amidopyridine macrocycles. J.
Org. Chem. 73, 47714782 (2008)

Fabbrizzi, L., Licchelli, M., Rabaioli, G., Taglietti, A.: The
design of luminescent sensors for anions and ionizable analytes.
Coord. Chem. Rev. 205, 85-108 (2000)



J Incl Phenom Macrocycl Chem (2010) 67:55-61

61

32.

33.

34.

35.

36.

37.

Quinlan, E., Matthews, S.E., Gunnlaugsson, T.: Colorimetric
recognition of anions using preorganized tetra-amidourea derived
calix[4]arene sensors. J. Org. Chem. 72, 7497-7503 (2007)
Boerrigter, H., Grave, L., Nissink, J.W.M., Chrisstoffels, L.A.J.,
van der Maas, J.H., Verboom, W., de Jong, F., Reinhoudt, D.N.:
(Thio)urea resorcinarene cavitands. Complexation and membrane
transport of halide anions. J. Org. Chem. 63, 4174—4180 (1998)
Stastny, V., Lhotak, P., Stibor, I., Konig, B.: Synthesis of
calix[4]arene—cyclen conjugates. Tetrahedron 62, 5748-5755
(2006)

Li, Y., Flood, A.H.: Pure C-H hydrogen bonding to chloride ions:
a preorganized and rigid macrocyclic receptor. Angew. Chem.
Int. Ed. 47, 2649-2652 (2008)

Zhu, S.S., Staats, H., Brandhorst, K., Grunenberg, J., Gruppi, F.,
Dalcanale, E., Liitzen, A., Rissanen, K., Schalley, C.A.: Anion
binding to resorcinarene-based cavitands: The importance of C-H
anion interactions. Angew. Chem. Int. Ed. 47, 788-792 (2008)
Wilcox, C.S., Schneider, H.: Frontiers in Supramolecular
Chemistry. VCH, Weinheim (1991)

38.

39.

40.

41.
42.

Saboury, A.A.: A review on the ligand binding studies by iso-
thermal titration calorimetry. J. Iranian Chem. Soc. 3, 1-21
(2006)

Wang, P.M., Izatt, R M., Gillespie, S.E., Oscarson, J.L., Zhang,
X.X., Wang, C., Lamb, J.D.: Thermodynamics of the interaction of
18-crown-6 with K+, Ti+, Ba2+, Sr2+ and Pb2+ from 323.15 to
398.15 K. J. Chem. Soc., Faraday Trans. 91, 4207-4213 (1995)
Sessler, J.L., Gross, D.E., Cho, W.-S., Lynch, V.M., Schmidt-
chen, F.P., Bates, G.W., Light, M.E., Gale, P.A.: Calix[4]pyrrole
as a chloride anion receptor: solvent and countercation effects. J.
Am. Chem. Soc. 128, 12281-12288 (2006)

Micro Calorimetry System User’s Manual, MicroCal Inc
Gardner, J.S., Peterson, Q.P., Walker, J.O., Jensen, B.D.,
Adhikary, B., Harrison, R.G., Lamb, J.D.: Anion transport
through polymer inclusion membranes facilitated by transition
metal containing carriers. J. Membr. Sci. 277, 165-176 (2006)

@ Springer



	Multiple anion binding by a zinc-containing tetratopic  cyclen-resorcinarene
	Abstract
	Introduction
	Results and discussion
	Conclusions
	Experimental
	General
	Cyclenresorcinarene (1)
	Cyclenresorcinarene-Zn2+complex (2)
	Isothermal titration calorimetry (ITC)
	NMR titrations

	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


