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Abstract The comparative study of the ion-pairing of

Co(III) sepulchrate ([Co(sep)]3?) with p-sulfonatothiaca-

lix[4]arene and p-sulfonatocalix[4]arene tetracarbonic acid

by 1H NMR and pH-metric data in solution and X-ray data

in solid state elucidates pH dependent effect of carboxylate

groups on the stoichiometry and the mode of the ion

pairing. The electrochemical data of [Co(sep)]3? bound

with both calix[4]arenes have been analyzed in the corre-

lation with stoichiometry and the mode of their binding.

The pH-dependent effect of tetracarboxy-p-sulfonatoca-

lix[4]arene on the electrochemical behavior of [Co(sep)]3?

has been found to correlate with the participation of

carboxylate groups in the host–guest binding.
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Introduction

The properties of transition metal complexes are widely

exploited in the design of molecular machines and devices

[1–4]. Calix[n]arenes have gained an enhanced atten-

tion as inner and outer sphere ligands in the design of

such complexes [5–7]. The unique binding ability of

calix[n]arenes towards metal ions and complexes results

from their cyclophanic structure [8–11]. Both the inner and

outer sphere complexation ability of calixarenes also has got

great attention in a design of redox switches [12–16].

The redox switching of the outer sphere ion pairing between

Co(II) and Fe(II) complexes with sulfonate derivatives

of calix[n]arenes should be mentioned as fine example

[13–15]. The preferable inclusion of the oxidized form of

the complex versus its reduced form is the main reason of

the redox induced molecular motion in such systems.

Therefore metal complexes, capable of a reversible crossing

from the reduced to oxidized forms are of great importance

as metal-containing building blocks of supramolecular

systems. As it has been mentioned above the development of

the active response of the supramolecular system on the

redox input greatly depends on the difference between the

host–guest binding constants of the oxidized versus reduced

forms of the guest. Though the ion pairing is the main

driving force of the binding of a charged metal complex with

sulfonate derivatives of calix[n]arenes, the cooperative

effect of weak interactions, such as van der Waals is also

important due to an inclusive mode of a host–guest binding.

The inclusive binding mode is of particular importance for

sulfonated derivatives of calix[4]arene and their thia coun-

terparts [17–21]. Therefore the correlation between the

binding efficiency of the oxidized versus reduced form of

metal complex with sulfonated calix[4]arene derivatives

and the host–guest binding mode is of enhanced interest.

Clathrochelates of transition metal ions have gained much

attention due to their kinetic and thermodynamic stability

in the oxidized and reduced forms [22]. Co(III) sepulchrate

is well known for its unique redox activity [23–27] and

as a good building block of supramolecular architectures

based on sulfonated derivatives of calix[n]arenes [21, 28].
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The choice of p-sulfonatothiacalix[4]arene (TCAS) and

tetracarboxy-p-sulfonatocalix[4]arene (CCAS) (Scheme 1)

as the outer sphere ligands for Co(III) sepulchrate

(Scheme 1) is conditioned by their various structure, which

in turn can result in the versatility of host–guest binding

modes. Though CCAS is multifunctional receptor with

donor groups on the upper and lower rims, the results rep-

resented in previous reports of Arena [29] highlight only 1:1

inclusive binding of CCAS with organic cations. At the

moment it is well established that the inclusion capacity of

TCAS is different from that of its classical counterpart

[10, 11]. Therefore the comparison of the electrochemical

behavior of [Co(sep)]3? bound with TCAS and CCAS in the

correlation with the corresponding binding modes is aided in

understanding the effects of inclusive and non-inclusive

calixarene-[Co(sep)]3? interactions on the redox activity of

Co(III) complex. The present work represents the binding

modes of [Co(sep)]3? with CCAS and TCAS both in solid

state and solution. The effects of TCAS and CCAS on the

electrochemical behavior of [Co(sep)]3? are analyzed in the

correlation with the modes of the ion pairing of [Co(sep)]3?

with both macrocycles.

Experimental section

TCAS and CCAS were synthesized using the well-known

procedures [30–32]. [Co(sep)]Cl3 was used as commer-

cially available from Aldrich without purification.

Crystallographic study

Data set for single crystal (CCAS6-)([Co(sep)]3?)2(H2O)16

was collected with a Nonius KappaCCD diffractometer

equipped with a molybdenum fine-focus sealed tube.

Programs used: data collection COLLECT [33], cell refine-

ment Dirax/lsq [34], data reduction EvalCCD [35], empirical

absorption correction SADABS [36], structure solution

SHELXS-97 [37], structure refinement SHELXL-97 [38],

implemented in the WINGX package [39], graphics Mercury

[40].

Crystal data

C36H26O24S4 ? 2(C12H30CoN8) ? 16H2O, M = 1949.80,

orange crystal 0.38 9 0.33 9 0.26 mm, triclinic, space group

P-1, a = 12.088(1), b = 17.604(5), c = 20.548(3) Å, a =

89.46(2), b = 78.08(1), c = 81.52(1)�, V = 4230.5(14) Å3,

Z = 2, Dcalc = 1.531 g cm-3,l = 0.592 mm-1, T = 198 K,

k = 0.71073 Å, 155115 reflections collected (±h, ±k, ±l),

[(sin h)/k] = 0.64 Å-1, 18384 independent (Rint = 0.117),

11465 observed reflections [I C 2 r(I)], 1,203 refined param-

eters, R = 0.065, wR2 = 0.150, maximal residual electron

density 1.16 (-0.59) e Å-3, hydrogens were calculated and

refined as riding atoms, except two hydrogens in carboxy

groups of the host molecule, hydrogens attached to nitrogens in

Co cepulchrate and some water molecules, these being found

from the difference Fourier map. Some peaks of electron den-

sity were modelled as disordered water molecules.

CCDC 763403 contains the supplementary crystallo-

graphic data for this paper. These data can be obtained free of

charge at www.ccdc.cam.ac.uk/conts/retrieving.html [or from

the Cambridge Crystallographic Data Centre, 12 Union Road,

Cambridge CB2 1EZ, UK; fax: (internat.) ?44(1223)336-

033, E-mail: deposit@ccdc.cam.ac.uk].

1H NMR spectroscopy

The NMR experiments were performed on a Bruker DRX-

500 spectrometer operating at 500.13 MHz (1H). The spec-

trometer was equipped with a Bruker multinuclear z-gradient

probe head. The experiments were carried out at 298 K. The

NMR spectra were recorded in both aqueous (D2O) and

mixed D2O–DMSO solutions (40 vol.% of DMSO-d6). The

chemical shifts were referred to the signals for the residual

protons of the deuterated solvent D2O (dH = 4.70 ppm) or

DMSO-d6 (dH = 2.50 ppm). The 1H NMR-titration was

carried out by the addition of the certain aliquots of TCAS

solutions to solution of [Co(sep)]3? with concentration of

[Co(sep)]3? varying from 3 9 10-3 to 1.5 9 10-3 M and

concentrations of TCAS—from 5 9 10-4 to 1 9 10-2 M at

pH 4.8 (NaH2PO4) and 10 (Tris buffer). The logb-values,

as well as complexation induced shifts (CIS)-values of

[Co(sep)]3? were deduced by means of well-known Benesi–

Hildebrandt procedure [41].

The phase-sensitive ROESY experiments were acquired

with proton spectral widths of 4,000 Hz in both dimensions

and 2 K data points in the t2 domain. The spectra were

obtained in the TPPI mode from 512 experiments in t1, 32

scans in t2, spinlock - sm(ROE) = 250 ms and relaxation

delay 2.0 s.

One-dimensional DPFGNOE spectra [42] were obtained

for mixing time sm(NOE) = 400 ms using a spectral width

of 20.03 ppm to give a digital resolution of 0.73 Hz per

Scheme 1 Schematic representation of p-sulfonatothiacalix[4]arene

(TCAS), tetracarboxy-p-sulfonatocalix[4]arene (CCAS) and Co(III)

sepulchrate chloride ([Co(sep)]3?)
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point, an acquisition time of 1.36 s and an relaxation delay

of 8.00 s. A Hermite-shaped pulse was used for selective

irradiation.

Cyclic voltammograms

Cyclic voltammograms (CV) were recorded using a

PI-50-1 potentiostat with a N307/2 XY-recorder at the

varied potential scan rate (10, 20, 50, 100, 200 mV s-1). A

glassy carbon electrode (d = 3.4 mm) pressed in Teflon

served as a working electrode. The electrode was polished

prior to each measurement. Pt wire was used as counter

electrode. The potentials (E) were measured versus Ag,

AgCl/0.1 M KCl at 295 K. E1/2-values were calculated as a

half-sum of the reduction and re-oxidation peak potentials.

The electrochemical measurements were performed for

aqueous and aqueous DMSO solutions (40 vol.% of

DMSO) of [Co(sep)]3? (C = 1.5 9 10-3 M), mixture of

[Co(sep)]3? and TCAS at varied concentration ratio

[Co(sep)]3?:TCAS at pH 2.8, 3.4, 5.0, 7.0. The pH-values

were adjusted by acetic–acetate and Tris–HCl as buffer

systems (0.1 M). The dissolved oxygen was removed by

bubbling argon through the solutions.

Results and discussions

The solid state structure

The X-ray diffraction analysis of the single-crystal grown

from the aqueous solution of CCAS and [Co(sep)]Cl3 at

pH * 3.5 reveals molecular host:guest 1:2 complex with

16 co-crystallized water molecules. The host calixarene

molecule in crystal adopts a pinched cone conformation

of approximate C2v symmetry with the dihedral angles

between the opposite aromatic rings being equal to 77 and

32�. One of the [Co(sep)]3? guests is included into the

cavity of the host molecule, while the second guest mole-

cule is bound via N–H���–OOC– hydrogen bonds with the

deprotonated carboxy groups in the outer-sphere mode

(Fig. 1). The inclusion mode in more details is evident

from Fig. 2. It is also worth noting that the inclusion of

[Co(sep)]3? is facilitated by host–guest (via N–H���–O3S–)

hydrogen bonding. Moreover one Co(III) sepulchrate cat-

ion links two host calixarene molecules, while the latter

also binds two cations, thus a zigzag chain is formed.

Water molecules fill the space between the anions to pro-

vide close packing (Fig. 1). One should note that two of

four carboxy groups at the lower rim of calixarene are

deprotonated. The two residuary carboxylic hydrogens are

participating in the hydrogen bonding: one –COOH group

participates in the intramolecular hydrogen bonding with

the adjacent carboxylate groups, the second one is bound

with the neighbouring water molecules through the inter-

molecular H-bonds. The calixarene molecules form one-

dimensional chain along the a-axis via weak interactions

between the sulfonate group of one calixarene and two

methylene groups of the adjacent calixarene molecule, one

of which is the methylene bridge and the second one is the

methylene carboxylate group. Thus X-ray single diffraction

indicates that the binding ability of CCAS is not limited to

1:1 inclusion mode of host–guest binding, but the 1:2

(CCAS: [Co(sep)]3?) stoichiometry is also possible. It is

worth noting that the binding of the second [Co(sep)]3? is

facilitated by the electrostatic attraction between complex

cation and deprotonated carboxylate group of CCAS. This

in turn indicate the particular role of the deprotonated

Fig. 1 A fragment of crystal packing showing intermolecular inter-

actions between host CCAS and both included and lower-rim bound

guests ([Co(sep)]3?), short contacts shown by dashed lines

Fig. 2 Inclusion complex of [Co(sep)]3? with CCAS
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carboxylate groups in the formation of 1:2 complexes.

Unfortunately no successful crystal growth was obtained in

more acidic media, where the deprotonation of carboxy

groups in not possible. Thus the effect of carboxylate

versus carboxy groups should be elucidated in solution.

Though X-ray data elucidate hydrogen bonding and elec-

trostatic attraction as main driving forces of 1:2 complex

formation, it is still unclear whether 1:2 complex is stable

enough to be detected in solution or its formation is the

result of crystal packing. To answer this questions the

binding modes of [Co(sep)]3? with CCAS should be

studied in solution at various pHs. According to the pub-

lished data complex ability of p-sulfonatocalix[4]arene and

its thia-counterpart in most cases is restricted by 1:1

inclusion binding of complex cations [21, 28]. Thus the

analysis of the binding modes of [Co(sep)]3? with CCAS

should be done in comparison with TCAS in order to reveal

the difference between these calix[4]arene derivatives.

The binding mode in solution

The 1H NMR spectroscopy reveals both structural and

thermodynamic features of calix[4]arene complexes due to

the up-field shifting of the guest protons signals resulted

from the ring current effect of calix[4]arene cavity [41].

Therefore 1H NMR titration of [Co(sep)]3? by both mac-

rocycles (TCAS and CCAS) was performed to elucidate the

interaction mode of CCAS with [Co(sep)]3? in comparison

with TCAS in aqueous and aqueous DMSO solutions. The

use of D2O–DMSO-d6 mixtures is conditioned by the

restricted solubility of the ion pairs between [Co(sep)]3? and

both macrocycles in aqueous solutions. Figure 2 represents

the up-field shifts of [Co(sep)]3? protons signals versus

CTCAS/CCo, where CCo and CTCAS are the concentrations of

[Co(sep)]3? and TCAS in aqueous and aqueous DMSO

solutions. These data indicate the inclusion of [Co(sep)]3?

into the TCAS cavity in both solvents (Fig. 3). The 1H NMR

titration profiles of [Co(sep)]3? by TCAS at pH 4.8 and 10 in

aqueous solutions are very close to each other, indicating

that the binding of [Co(sep)]3? with TCAS is not

pH-dependent. The binding constant (b) is 3.6 ± 0.2 loga-

rithmic units in aqueous DMSO solutions, while the similar

value in aqueous solution is larger (log b = 4.5 ± 0.1). So,

the binding of [Co(sep)]3? with TCAS in D2O–DMSO

mixtures is less tight than that in pure aqueous solutions. The

CIS-values exhibited by sepulchrate protons signals are

close to each other without significant difference between

the up-field shifts of H(1a,b) and H(2a,b) protons in aqueous

and aqueous DMSO solutions (the assignment of protons is

shown in Scheme 1).

It is worth noting that aromatic protons of TCAS in

binary TCAS-[Co(sep)]3? solutions are manifested in the
1H NMR spectrum as a singlet, indicating that TCAS is in

cone conformation. The strong positive crosspeaks in

ROESY spectrum obviously demonstrate the close prox-

imity between aromatic protons of the calixarene-host and

all methylene protons of the sepulchrate-guest (Fig. 4).

Thus ROESY spectral data together with the similarity of

the CIS-values for all types of protons of [Co(sep)]3?

indicate its free rotation within the cavity of TCAS, which

is quick enough in the NMR time scale.

The NMR titration of [Co(sep)]3? by CCAS was per-

formed at pH 10 and 3 in D2O–DMSO-d6 in order to reveal

the effect of carboxylate groups on the binding of

[Co(sep)]3? (Fig. 5). According to pH-metric data (Fig. 7)

the step-wise deprotonation of CCAS occurs in aqueous

solutions (pK1,2 = 5.86, pK3 = 4.67, pK4 = 10.2, where

K1,2 is total constant of deprotonation, pK1,2 = pK1

? pK2). Though pK values tend to increase on going from

aqueous to aqueous DMSO solutions it is obvious that at

least three of four carboxy groups are deprotonated at pH 10

in aqueous DMSO mixture, while only one of four carboxy

groups is partially deprotonated at pH 3, thus their partici-

pation in the binding of [Co(sep)]3? should be negligible in

such acidic conditions. The profile of the NMR titration of

[Co(sep)]3? by CCAS indicates two steps of binding, while

the similar titration curve at pH 3 is looking like one

step binding. The up-field shifting is slowed down at the

beginning of the titration curve with coming to plateau at

CCCAS/CCo = 0.5 in alkaline conditions. Further increase of

CCAS concentration leads to more rapid decrease of

Dr-values with reaching another plateau at the excess

amounts of CCAS. The X-ray data indicate the possibility of

the binding of two [Co(sep)]3? ions: one via the upper and

another on the lower rim of CCAS6-. It is naturally to

Fig. 3 The up-field shifts (DrH) of [Co(sep)]3? protons H(2b) as a

function of CTCAS/C[Co(sep)]3? in D2O and D2O–DMSO-d6 mixture
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assume the similar binding in solution. Thus the first step

most probably corresponds to the binding of two

[Co(sep)]3? by one CCAS (2:1 stoichiometry). According to

the NMR titration data the CIS-values of [Co(sep)]3? at the

first step are much less than those derived from the 1:1

binding. This is rather awaited if one takes into account that

only one of [Co(sep)]3? is shielded by the cavity, while the

protons signals of the second one bound through carboxylate

groups of the lower rim should exhibit rather small if any

up-field shift. To confirm these binding modes 1D NOESY

measurements of [Co(sep)]3? and CCAS at various con-

centration ratio have been performed in aqueous DMSO

solutions. In all cases the intermolecular nuclear Overaha-

user effects (nOe’s) are observed between aromatic protons

of CCAS and methylene protons of [Co(sep)]3?. The par-

ticular case is the excess of [Co(sep)]3?, where the addi-

tional nOe’s between carboxymethylene of CCAS and

methylene protons of [Co(sep)]3? are observed (Fig. 6).

The up-field shifts in aqueous DMSO solutions reveal

the difference between the inclusion modes of [Co(sep)]3?

into CCAS and TCAS. The difference between CIS(1a,b)

and CIS(2a,b) is insignificant when [Co(sep)]3? is included

into TCAS, while it is more pronounced in the case of

CCAS (Table 1). The increased difference between

CIS(1a,b) and CIS(2a,b) reveals their various shielding

derived from the restricted rotation of [Co(sep)]3? within

the cavity of CCAS. The various mobility of the guest

within the cavities of TCAS and CCAS reflects the dif-

ference in their size and shape [43, 44]. It is also worth

noting that CIS-values are somewhat less for [Co(sep)]3?

bound with CCAS at pH 10 than those at pH 3. This results

from the distribution of [Co(sep)]3? between two binding

centers, one of which is inclusive, while the other is non-

inclusive. Though the inclusive binding mode is more

efficient, the deviation between CIS-values at pH 3 and 10

(Table 1) indicates the participation of carboxylate groups

in the binding of [Co(sep)]3? at pH 10.

Fig. 4 ROESY spectrum of [Co(sep)]3? with TCAS (1:1) in aqueous

DMSO-d6 solution

Fig. 5 The up-field shifts (DrH) of [Co(sep)]3? protons H(2a, 2b) as

a function of CCCAS/C[Co(sep)]3? in D2O–DMSO-d6 mixture at pH 3

(a) and pH 10 (b)

J Incl Phenom Macrocycl Chem (2011) 69:191–199 195

123



As it has been mentioned above the 1:1 inclusive

binding of [Co(sep)]3? by both macrocycles is pH inde-

pendent, while the NMR titration reveals the pH dependent

binding of [Co(sep)]3? with CCAS via carboxylate groups.

To confirm the participation of carboxy groups in the

binding of [Co(sep)]3? the pH-metric titration of CCAS

without and in the presence of threefold excess of

[Co(sep)]3? has been performed. The comparison of the

corresponding titration curves reveals the effect of

[Co(sep)]3? on the deprotonation of carboxy groups

(Fig. 7). The titration profile observed for the ‘‘free’’ CCAS

corresponds to the step-wise deprotonation of two carboxy

groups with pK1,2 = 5.86, while the deprotonation of the

third and fourth carboxylic groups is less easy with

pK3 = 4.67, pK4 = 10.2. The pH-titration profile exhibits

dramatic change when [Co(sep)]3? is added, indicating

the enhancement of the deprotonation of CCAS. The

pH-metric titration at 1:3 ratio significantly deviates from

the titration curve of CCAS. The obtained data reveal the

pH dependent participation of carboxylate groups in the

binding of [Co(sep)]3?, thus confirming the 1:2 host–guest

binding at definite pH range.

Electrochemical behavior

So, both CCAS and TCAS form inclusive complexes with

[Co(sep)]3?, though the difference between their binding

modes also has been revealed. Thus it is interesting to elu-

cidate the correlation of the binding mode of [Co(sep)]3?

with its electrochemical behavior. The binding mode of

CCAS with [Co(sep)]3? is pH dependent, therefore the

electrochemical behaviour of [Co(sep)]3? itself and ion-

paired with TCAS and CCAS has been studied at various

pHs in aqueous solutions. The CV data reveal reversible

one-electron reduction peak of [Co(sep)]3? to [Co(sep)]2?

in aqueous solutions at various Co(III):TCAS(CCAS)

concentration ratio (from 4:1 to 1:3) in the wide range of pH

(Table 2). For all studied systems peak current was con-

trolled by diffusion which was confirmed by linear depen-

dence of peak current square root versus scan rate

(ip
red * t1/2). According to literature data the ion pairing

with sulfonated calix[n]arenes commonly leads to the extra

stabilization of the oxidized forms of complex cations, thus

resulting in the cathodic shift of potentials for Co(III)/Co(II)

and Fe(III)/Fe(II) couples [13–15]. Therefore it is rather

unexpected that the potential of Co(III)/Co(II) couple for

[Co(sep)]3? does not exhibit cathodic shift at the ion-pairing

with TCAS, while the decreased peak current indicates the

restricted mobility of metal complex due to its ion-pairing

with bulky macrocycle. The lack of the cathodic shift indi-

cates that the ion-pairing of [Co(sep)]3? with TCAS does

not provide the extra stabilization of Co(III) relative to

Co(II) sepulchrate. Though the decreased peak current is

evident for both calixarenes, the analysis of peak current

changes reveals the difference between two calixarenes. In

particular no effect on peak current is observed when TCAS

is in deficiency at 4:1 and 2:1 ratio. The detectable decrease

of the peak current appears only at equimolar amounts of

TCAS, while CCAS provides the similar effect at 2:1 con-

centration ratio (Table 2). This is in good agreement with

the binding of two [Co(sep)]3? cations with both rims of

CCAS. The effect of CCAS on the potential of Co(III)/

Co(II) couple is also pH-dependent, while the effect of

Fig. 6 DPFGSE-NOE spectrum of the mixture of [Co(sep)]3? and

CCAS in the excess of [Co(sep)]3? (C[Co(sep)]3?=6 9 10-3 M,

CCCAS=2 9 10-3 M) in D2O–DMSO-d6, –OCH2COOH irradiated

Table 1 CIS-values of Co(III)

sepulcrat protons from the 1H

NMR titration data by TCAS

and CCAS at various solvents

and pH

Proton

number

CIS

TCAS CCAS

D2O D2O–DMSO-d6 D2O–DMSO-d6,

pH = 3

D2O–DMSO-d6,

pH = 10

1a -0.65 -0.4 -0.24 -0.14

1b -0.72 -0.53 -0.27 -0.16

2a -0.69 -0.54 -1.04 -0.44

2b -0.63 -0.4 -0.56 -0.8
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TCAS is not. No difference between two calix[4]arenes and

no effect on the potential of Co(III)/Co(II) couple (E1/2) is

observed at pH 2.8 and 3.4, where only one of four carboxy

groups is partially deprotonated (Table 2). The detectable

(30 mV) cathodic shift of E1/2, which is becoming more

pronounced (50 mV) at twofold excess of CCAS is observed

at pH 5 (Table 2). Thus the effect of CCAS on the electro-

chemical behavior of [Co(sep)]3? correlates with the

deprotonation of carboxy groups of CCAS. According to the

above mentioned structural data the deprotonated carbox-

ylate groups on the lower rim of CCAS provide the

competitive binding seat for [Co(sep)]3?. Thus the binding

of [Co(sep)]3? with carboxylate groups of CCAS at pH 5 is

very probable reason of the extra stabilization of Co(III)

versus Co(II) sepulchrate.

So, TCAS does not provide any effect on the potential of

Co(III)/Co(II) couple of [Co(sep)]3?, while in the case of

[Co(dipy)3]3? the detectable stabilization of the oxidized

versus reduced form is observed in the presence of TCAS

[20]. To explain this fact two points are worth noting. The

first point is the unique cage-like structure of [Co(sep)]3?,

which restricts the lengthening of Co–N bonds on going

from the low spin Co(III) complexes to high spin Co(II)

ones. It is well known that stability of sulfonatoca-

lix[4]arenes based inclusion complexes decreases with the

increase of bulkiness of a guest cation [6, 7, 41]. Since

[Co(dipy)3]2? is more bulky than its oxidized form, both

the charge decrease and the size increase are the reasons of

the decreased binding constant of [Co(dipy)3]2? in com-

parison with the similar value for [Co(dipy)3]3?. The size

difference between the oxidized and reduced forms should

be less pronounced for cage-like [Co(sep)]3?, where more

rigid structure of ligand restricts the lengthening of coor-

dination bonds. The second point is connected with the

contribution of electrostatic interactions into the Gibbs

energy of calixarene-guest binding. It is worth noting that

the simple Coulomb relationship is not valid for the

interaction of bulky charged metal complexes with calix-

arene cavity. Moreover our previous work [45] indicates no

direct correlation between the charge of metal complex and

binding constant. The presence of host–guest hydrogen

bonding in the case of [Co(sep)]3?, but not in the case of

Fig. 7 pH-metric titration curves of CCAS (1) and the mixture of

CCAS with [Co(sep)]3? at threefold excess of cobalt complex

(2) in aqueous solutions (CCCAS=2 9 10-3 M, C[Co(sep)]3? = 6 9

10-3 M)

Table 2 E1/2, I and (I0 - I)/I0% for complexes [Co(sep)]3? with TCAS and CCAS at various pH and concentration ratio resulted from CV data

Complex pH E1/2,
a V I, lA (I0 - I)/I0% Complex E1/2,

a V I, lA (I0 - I)/I0%

[Co(sep)]3? 2.8 -0.55 57 –

[Co(sep)]3?/TCAS 1:1.3 -0.55 57 0 [Co(sep)]3?/CCAS 1:1.3 -0.56 32 26

[Co(sep)]3? 3.4 -0.55 57 –

[Co(sep)]3?/TCAS 1:1.3 -0.55 56 2 [Co(sep)]3?/CCAS 1:1.3 -0.56 32 26

[Co(sep)]3? 5 -0.56 47 –

[Co(sep)]3?/TCAS 4:1 -0.57 46 2 [Co(sep)]3?/CCAS 4:1 -0.58 40 15

2:1 -0.56 45 4 2:1 -0.58 38 19

1:1 -0.57 36 2 1:1 -0.59 35 26

1:2 -0.57 31 34 1:2 -0.61 29 38

1:3 -0.58 29 39 1:3 -0.61 29 38

[Co(sep)]3? 7 -0.55 46 –

[Co(sep)]3?/TCAS 1:1 -0.55 46 0 [Co(sep)]3?/CCAS 1:1 -0.59 27 16

1:2 -0.55 39 15 1:2 -0.58 26 19

1:3 -0.58 26 19

2:1 -0.56 27 16

4:1 -0.55 27 16

a Maximum standard deviation is 0.01 V
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[Co(dipy)3]3? is also worth noting. So, both the cage-like

structure of [Co(sep)]3? and hydrogen bonding with cal-

ixarene are the most sufficient factors differentiating the

inclusion mode of [Co(sep)]3? versus [Co(dipy)3]3?. Thus

the pH-dependent effect of CCAS on the electrochemical

behaviour of [Co(sep)]3? indicates that the electrostatic

interactions with carboxylate groups provide more pro-

nounced effect on the electrochemical behaviour of

[Co(sep)]3? than its inclusive binding with the upper rim of

calix[4]arene.

Conclusions

The comparative study of the binding of [Co(sep)]3? with

two watersoluble calix[4]arenes TCAS and CCAS reveal

that the inclusion of [Co(sep)]3? into the cavities of both

macrocycles is the predominant binding mode at pH 3. The

participation of the carboxylate groups in the binding of

[Co(sep)]3? is the reason of 1:2 (CCAS: [Co(sep)]3?) along

with 1:1 binding modes at pH 11. The electrochemical

behavior of [Co(sep)]3? ion paired with both calixarenes has

been analyzed in the correlation with the binding modes. It is

worth noting that the inclusion of [Co(sep)]3? into the

cavities of CCAS in acidic media and TCAS at the wide

range of pH results in the insignificant effect on the elec-

trochemical behavior of [Co(sep)]3?. Thus the inclusion of

the reduced ([Co(sep)]2?) and the oxidized ([Co(sep)]3?)

forms into host cavity occurs with the similar efficiency,

which highlights the factors besides electrostatic attraction

affecting the inclusion of the charged metal complex into the

cavities of both calix[4]arenes. The pH-dependent effect of

CCAS on the electrochemical behavior of [Co(sep)]3?

correlates with the deprotonation of carboxylic groups on

the lower rim of calixarene. Thus the electrostatic interac-

tions with carboxylate groups results in more pronounced

effect on the electrochemical behaviour of [Co(sep)]3? than

its inclusive binding.
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synthesis, structure and properties. Elsevier, Amsterdam (2002)

23. Creaser, I.I., Geue, R.J., Harrowfield, J.M., Herlt, A.J., Sargeson,

A.M., Snow, M.R., Springborg, J.J.: Synthesis and reactivity of

aza-capped encapsulated cobalt(III) ions. J. Am. Chem. Soc. 104,

6016–6025 (1982)

24. Creaser, I.I., Harrowfield, J.M., Herlt, A.J., Sargeson, A.M.,

Springborg, J.J., Geue, R.J., Snow, M.R.: Sepulchrate: a macro-

bicyclic nitrogen cage for metal ions. J. Am. Chem. Soc. 99,

3181–3182 (1977)

25. Pina, F., Ciano, M., Moggi, L., Balzani, V.: Electron-transfer

photosensitization via ion pairs. Co(sepulchrate)3?-iodide ion

system. Inorg. Chem. 24, 844–847 (1985)

26. Rudgewick-Brown, N., Cannon, R.D.: Kinetics of the electron-

transfer reaction between the hexaaquoiron(III) ion and the

cobalt(II) sepulchrate ion. Inorg. Chem. 24, 2463–2464 (1985)

27. Pina, F., Mulazzani, Q.G., Venturi, M., Ciano, M., Balzani, V.:

Photochemistry of Co(sep)3?-oxalate ion pairs: a novel system

for dihydrogen evolution from aqueous solutions. Inorg. Chem.

24, 848–851 (1985)

28. Castro, R., Godı́nez, L.A., Criss, C.M., Bott, S.G., Kaifer, A.E.:

Solid-state and solution complexation of cobalt(III) sepulchrate by

a water-soluble calix[6]arene host. Chem. Commun. 935–936

(1997)

29. Arena, G., Casnati, A., Mirone, L., Sciotto, D., Ungaro, R.: A

new water-soluble calix[4]arene ditopic receptor rigidified by

microsolvation: acid–base and inclusion properties. Tetrahedron

Lett. 38, 1999–2002 (1997)

30. Iki, N., Fujimoto, T., Miyano, S.: A new water-soluble host mol-

ecule derived from thiacalixarene. Chem. Lett. 625–626 (1998)

31. Arena, G., Casnati, A., Contino, A., Lombardo, G.G., Sciotto, D.,

Ungaro, R.: Water-soluble calixarene hosts that specifically rec-

ognize the trimethylammonium group or the benzene ring of

aromatic ammonium cations: a combined 1H NMR, calorimetric,

and molecular mechanics investigation. Chem. Eur. J. 5, 738–744

(1999)

32. Casnati, A., Ting, Y., Berti, D., Fabbi, M., Pochini, A., Ungaro,

R., Sciotto, D., Lombardo, G.G.: Synthesis of water soluble

molecular receptors from calix[4]arenes fixed in the cone con-

formation. Tetrahedron 49, 9815–9822 (1993)

33. COLLECT Software: Nonius BV, Delft (1998)

34. Duisenberg, A.J.M.J.: Indexing in single-crystal diffractometry

with an obstinate list of reflections. J. Appl. Crystallogr. 25,

92–96 (1992)

35. Duisenberg, A.J.M., Kroon-Batenburg, L.M.J., Schreurs,

A.M.M.: An intensity evaluation method: EVAL-14. J. Appl.

Crystallogr. 36, 220–229 (2003)

36. Sheldrick, G.M.: SADABS, Program for Empirical X-ray

Absorption Correction. Bruker-Nonius, Dordrecht (2004)

37. Sheldrick, G.M.: Phase annealing in SHELX-90: direct methods

for larger structures. Acta Cryst. A46, 467–473 (1990)

38. Sheldrick, G.M.: SHELX-97: Programs for Crystal Structure

Analysis. Institut für Anorganische Chemie der Universität,

University of Göttingen, Göttingen (1997)

39. Farrugia, J.L.: WinGX suite for small-molecule single-crystal

crystallography. J. Appl. Crystallogr. 32, 837–838 (1999)

40. Macrae, C.F., Edgington, P.R., McCabe, P., Pidcock, E., Shields,

G.P., Taylor, R., Towler, M., van de Streek, J.: Mercury: visu-

alization and analysis of crystal structures. J. Appl. Cryst. 39,

453–457 (2006)

41. Schneider, Y.-J., Yatsimirsky, A.K.: Principles and Methods in

Supramolecular Chemistry. Wiley, New York (2000)

42. Stott, K., Stonehouse, J., Keeler, J., Hwang, T.L., Shaka, A.J.:

Excitation sculpting in high-resolution nuclear magnetic reso-

nance spectroscopy: application to selective NOE experiments.

J. Am. Chem. Soc. 117, 4199–4200 (1995)

43. Liu, Y., Yang, E.-C., Chen, Y., Guo, D.-S., Ding, F.: Molecular

selective binding of pyridinium guest ions by water-soluble

calix[4]arenes. Eur. J. Org. Chem. 21, 4581–4588 (2005)

44. Liu, Y., Chen, K., Guo, D.-S., Li, Q., Song, H.-B.: Comparable

inclusion and aggregation structures of p-sulfonatothiaca-

lix[4]arene and p-sulfonatocalix[4]arene upon complexation with

quinoline guests. Cryst. Growth Des. 7, 2601–2608 (2007)

45. Mustafina, A.R., Skripacheva, V.V., Kazakova, E.Kh., Makarova,

N.A., Kataev, V.V., Ermolaeva, L.V., Habicher, W.D.: A

watersoluble sulfonatomethylated calix[4]resorcinarene as artifi-

cial receptor of metal complexes. J. Incl. Phenom. Macrocyclic

Chem. 42, 77–81 (2002)

J Incl Phenom Macrocycl Chem (2011) 69:191–199 199

123


	The electrochemical behaviour of [Co(sep)]3+ bound with p-sulfonatothiacalix[4]arene and tetracarboxy-p-sulfonatocalix[4]arene in correlation with inclusive and non-inclusive binding modes
	Abstract
	Introduction
	Experimental section
	Crystallographic study
	Crystal data

	1H NMR spectroscopy
	Cyclic voltammograms
	Results and discussions
	The solid state structure
	The binding mode in solution

	Electrochemical behavior
	Conclusions
	Acknowledgments
	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


