
ORIGINAL ARTICLE

IR and NMR spectra, intramolecular hydrogen bonding
and conformations of mercaptothiacalix[4]arene molecules
and their para-tert-butyl-derivative

Sergey A. Katsyuba Æ Elena E. Zvereva Æ Alla V. Chernova Æ Artur R. Shagidullin Æ
Svetlana E. Solovieva Æ Igor S. Antipin Æ Alexander I. Konovalov

Received: 10 July 2007 / Accepted: 7 September 2007 / Published online: 20 October 2007

� Springer Science+Business Media B.V. 2007

Abstract It is demonstrated that the introduction of p-tert-

butyl groups dramatically influences the conformational

behaviour of the mercaptothiacalix[4]arene molecules.

Quantum-chemical computations in combination with IR

and NMR spectroscopy prove that, in contrast to closely

related calixarenes, the 1,3-alternate becomes a dominant

conformer of p-tert-butyl-mercaptothiacalix[4]arene not

only in crystal, but also in solutions and in vacuum. It is

shown that the title molecules form essentially non-

cooperative intramolecular hydrogen bonds: their SH

groups are intramolecularly H-bonded solely to the sulfide

groups bridging thiophenolic units. The enthalpy of this

bonding, evaluated from Iogansen’s rule, amounts to ca.

1.5 kcal mol–1 per one SH���S bond, which about four

times smaller than the enthalpies of cooperative intra-

molecular H-bonds formed by related calixarenes and

thiacalixarenes.

Keywords Mercaptothiacalix[4]arenes �
p-tert-Butyl-substitution � Conformations �

Intramolecular hydrogen bonds � IR and NMR spectra �
DFT

Introduction

Calixarenes are macrocyclic compounds consisting of

phenol rings that are connected via the ortho positions by

methylene groups. In thiacalixarenes the methylene bridges

are replaced by the S atoms. Both types of calixarenes,

especially calix[4]arene (1, Fig. 1) and thiacalix[4]arene

(2), comprising four phenolic units, and their para-tert-

butyl derivatives (3 and 4, respectively) are among the

most used macrocyclic frameworks [1–3]. For the parent

calix[4]arene derivatives the binding of metal cations and

main group elements [4] takes place at the lower rim

through the OH groups. For the thiacalixarenes the

replacement of methylene groups by sulphur atoms

increases the number of coordination sites leading thus to a

large diversity in the coordination properties [5]. Recently

the synthesis of para-tert-butyl-tetramercaptothiaca-

lix[4]arene (5), in which four OH groups were replaced by

four SH groups was reported [6]. The molecule 5 offering a

total of eight sulphur atoms is of interest for both its

coordination features and as a backbone for the elaboration

of other ligands and receptor molecules. E.g., the ability of

5 to generate a hexanuclear mercury complex was dem-

onstrated [7].

The structural flexibility of the calixarene molecules and

their capacity for hydrogen bonding represent their

important features employed both in the complexation and

in the elaboration of other ligands and receptor molecules

[1–3, 5f–h]. Recently [8, 9] we have demonstrated that

experimental IR and Raman spectroscopy combined with

the scaled quantum mechanical (SQM) method [10] on the
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basis of density functional theory (DFT) [11] calculations

allow to elucidate conformational and H-bonding proper-

ties of both solid calixarenes 1–4 and their solutions. It was

shown that a formation of eight-membered intramolecu-

larly H-bonded cyclic system (OH���)4 of the most highly

symmetric C4 cone conformations of the calix[4]arenes 1, 3

and thiacalix[4]arenes 2, 4 causes ‘‘duplication’’ of the

number of OH infrared bands which is a new good indi-

cator of cooperativity of intramolecular H-bonding of the

calixarenes. The presence of the second type of proton-

acceptor centers into the thiacalixarene molecules 2 and 4,

viz., S atoms, connecting phenolic units, results in the

bifurcated character of the intramolecular O���H���S
hydrogen bonds. Nevertheless the enthalpy of the cooper-

ative intramolecular H-bonding (DHintra) for the cone

conformation of 2 and 4 (*20–21 kcal mol–1) is only a

little smaller than for 1 and 3 (*26–28 kcal mol–1). As a

consequence of this strong stabilization of the cone con-

formation, all other possible conformers of both the

calix[4]arenes and thiacalix[4]arenes are not detectable

spectroscopically at ambient or even elevated tempera-

tures. The introduction of four p-tert-Bu groups into the

calixarene molecules practically does not influence relative

energies of their conformers and DHintra. So, neither the

presence of the tert-Bu groups at the upper rim and the type

of interphenolic junctions results in essential changes of

conformational behaviour and the H-bonding abilities of

the calixarene molecules.

In marked contrast with the calixarenes 1–4 title com-

pound 5 adopts the 1,3-alternate conformation in the

crystalline phase [6]. Nevertheless, recent DFT computations

of the closely related molecule tetramercaptothiacalix[4]arene

6 both in vacuum [12] and in chloroform and dichloro-

methane [13] show that the calculated energy of the cone is

by *2–6 kcal mol–1 lower than the energies of other

possible conformers. These results seem to contradict the

X-ray data [6], though the conformation assumed by 5 in

the solid state does not necessarily dominate in its solutions

and, to elucidate the conformational behaviour of the

mercaptothiacalix[4]arenes, experimental spectroscopic

techniques should be applied. Regretfully, it is impossible

for the molecule 6, which has not yet been synthesised. On

these grounds we use in the present work the above-men-

tioned hyphenated spectroscopic-SQM/DFT technique, to

study hydrogen bonding and conformational behaviour of

the compound 5. It is hoped to understand on this basis how

the presence of different substituents at the lower and upper

rims and the type of interphenolic junctions influences

conformational behaviour and binding abilities of the cal-

ixarene molecules.

Experimental

The title compounds were synthesised by previously

described procedures [6]. The solvent, CCl4, was stored,

prior to use, on molecular sieves, 3 or 4 Å, to remove

traces of water. All solution preparations were carried out

in a glove box with exclusion of moisture. IR spectra of the

compounds were recorded on a FTIR spectrometer «Vec-

tor-22» (Bruker) in the 400–4,000 cm–1 range at an optical

resolution of 4 cm–1. Solid samples were prepared as KBr

pellets. Spectra of CCl4 solutions were recorded in 2 cm

cells. The concentrations were about 10–4 M.

Computations

All DFT calculations were done using the Gaussian-98

suite of programs [14]. We used Becke‘s three-parameter

exchange functional [15] in combination with the Lee–

Yang–Parr correlation functional [16] (B3LYP) and stan-

dard 6-31G* basis set. All stationary points were

characterized as minima by analysis of the Hessian matri-

ces. The calculated force fields were transformed to

internal coordinates, and the scaling procedure was applied

with the use of the program described in [17]. Transferable

scaling factors, employed for this purpose, are summarised

in Table 1S. It has been demonstrated earlier that their

application to calculated force constants allowed a priori

quantitative prediction of the IR and Raman spectra of

organic molecules [10, 18], including calixarenes [8, 9].

Computations of absolute chemical shieldings were carried

out in the GIAO approach [19].

Results and discussion

Computed conformations

The conformation of a macrocyclic receptor is a key fea-

ture, which determines the use of such molecules in all

applications of supramolecular chemistry. Therefore, the

Fig. 1 1: X = CH2, Y = O, R = H; 2: X = S, Y = O, R = H; 3:

X = CH2, Y = O, R = t-Bu; 4: X = S, Y = O, R = t-Bu; 5: X = S,

Y = S, R = t-Bu; 6: X = S, Y = S, R = H
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study of the conformational behaviour of calixarenes has

been in the focus since the beginning of their chemistry.

The calix[4]arenes and the thiacalix[4]arenes are known to

have the cone conformation both in the solid state and CCl4
solutions [1–3, 8, 9, 20, 21]. This conformation is stabilised

by the very strong cooperative intramolecular hydrogen

bond, which is indicated by a strong decrease in the mOH

frequency in their IR spectra [8, 9, 20]. According to

computations by the Hartee-Fock and DFT methods [4, 8,

9, 22–24] the cone conformations of individual molecules

1–4 with the C4 symmetry [25] are more energetically

stable than other possible conformers—partial cone (paco),

1,3-alternate (1,3-alt) and 1,2-alternate (1,2-alt)—by ca.

10–20 kcal mol–1. DFT computations of the molecule 6

both in vacuum [12] and in chloroform and dichloro-

methane [13] show that the cone conformation presents C2

symmetry rather than the C4 symmetry, as the Y1–Y3 and

Y2–Y4 distances (Fig. 1) are not identical. The calculated

energy of this pinched cone is only by *2–6 kcal mol–1

lower than the energies of the 1,3- and 1,2-alternates or

partial cone. The energetic ordering for the conformers

was predicted to be: cone\paco\1; 3� alt\1; 2� alt in

vacuum [12] and cone\1; 3� alt\paco\1; 2� alt in

chloroform and dichloromethane [13].

In our B3LYP/6-31G* calculations both the X-ray data

for 5 [6] and the B3LYP/6-31G* optimised structures of

parent thiacalix[4]arene 2 and p-tert-butyl-thiaca-

lix[4]arene 4 [9] were used as starting geometries for

optimisation of molecules 5 and 6. Two possible rotameric

forms of the tert-butyl groups were considered. The results

of optimisation were always the same (Fig. 2). It should be

noted that the relative electronic energies (DE) of the

conformers 6 agree well with the corresponding values of

the published quantum-chemical estimates, obtained with

the use of 6-31G** or higher basis sets and various DFT

functionals [12, 13]. The respective relative free energies

(DG), which have been calculated for the first time, more or

less parallel the DE values. The pinched-cone conformer

also adopts C2 symmetry while the cone conformation of

the C4 symmetry corresponds to the saddle point. So, the

computed energy difference E(C4�coneÞ � E(C2�coneÞ
¼ 8 kcal mol�1 may be regarded as the first non-empirical

estimate of the barrier DE 6¼ for the C2 � cone! C2 � cone

* interconversion.

The conformational properties can be influenced by

substituents. It is known that different substituents in the p-

positions of calix[4]arenes [2] and thiacalix[4]arenes [9]

have only minor influence on the stability of the cone

conformation and on the rotational barriers, but nothing

was published in concern with possible impact of the para-

substitution on the conformational behaviour of merca-

ptothiacalix[4]arenes. More than that, only p-tert-

Bu-mercaptothiacalix[4]arene 5 was synthesised, while the

compound 6 has not yet been achieved till now. So, we

have calculated all four possible conformations of 5

(Fig. 2). As in the case of 6, the pinched-cone conformer of

C2 symmetry corresponds to minimum on the potential

energy surface of 5 while the cone conformation of the C4

symmetry corresponds to the saddle point. The computed

barrier DE 6¼ for the C2 � cone! C2 � cone* intercon-

version is equal to 6 kcal mol–1 in this case which is a little

lower in comparison with 6. The dramatic difference

between the molecules 5 and 6 is in fact that the 1,3-alt

conformation of the molecule 5 is more energetically stable

than the pinched-cone. That is, introduction of four p-tert-

Bu groups into the mercaptothiacalix[4]arene molecules

essentially influences relative stabilities of their conform-

ers, as contrasted with the case of the calix[4]arenes and

Fig. 2 (a–d) Calculated stable conformations of the molecules 5 and

6 and their conformational energies (DE)/free energies (DG) relative

to the electronic energies (E)/sums of electronic and thermal free

energies (G) of the most stable conformations. E and G values for the

most stable conformers are printed in bold. Intramolecular hydrogen

bonds are shown as dotted lines. (e) the calculated structure and

corresponding computed energy differences of the ‘‘saddle points’’

(C4 cone conformations) of 5 and 6
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thiacalix[4]arenes. First, the predicted energetic ordering

for the conformers of 5 is 1; 3� alt\pinchedcone\
paco\1; 2� alt instead of pinchedcone\paco\
1; 3� alt\1; 2� alt in case of 6. Second, the calculated

energy gaps between the conformers of 5 are even smaller

than in the case of 6: DE in vacuum does not exceed

3.4 kcal mol–1 while maximal DG value at room temper-

ature is equal to 3 kcal mol–1. To simulate solvent effects

we used the polarised continuum model (PCM) [27]. The

model employs a self-consistent reaction field (SCRF)

methodology for modelling systems in solution. According

to our SCRF computations 1,3-alt is additionally stabilised

in CHCl3 medium. As a result, the energy gap (DE)

between the 1,3-alt and the pinched-cone conformations

grows to 1.8 kcal mol–1. These results imply that the

compound 5 should preferably exist in 1,3-alt instead of

pinched cone conformation, though conformational inho-

mogeneity in solutions of 5 cannot be excluded. To

validate the reliability of our computational predictions a

comparison with available experimental data is necessary.

These are described in the subsequent section.

Structure, IR and NMR spectra, conformations

and hydrogen bonding of 5

In marked contrast with the calixarenes 1–4 which adopt

the cone conformation, and in agreement with our com-

putational predictions compound 5 adopts the 1,3-alternate

conformation in the crystalline phase [6]. The calculated

structural parameters of the 1,3-alt conformation (Table 1)

are in good agreement with the X-ray data [6].

Clearly, crystal conformation of 5 does not necessarily

dominate in its solutions. At the same time, solutions of the

compound in neutral non-polar solvents, e.g. CCl4 or

CHCl3, should be regarded as systems much closer to the

case of isolated molecules studied computationally. So, for

real validation of our computational predictions an exper-

imental analysis of conformational behaviour of 5 in the

solutions is necessary. IR spectroscopy is known to be a

versatile tool in conformational studies of both solid

compounds and their solutions. So, the IR spectra of 5 were

registered and analysed.

The experimental IR spectra of solid 5 and its CCl4
solutions are shown in Fig. 3, and the band positions are

listed in Table 2 together with assignments based on

comparison of the spectra of the related calixarenes 2, 4

and 5 and on the present SQM computations. The latter

demonstrate a good general agreement between the cal-

culated and the experimental wavenumbers of the

fundamentals (Fig. 3, Table 2). Conformational homoge-

neity of 5 in crystal facilitates the assignments of the

fundamentals because the computed frequencies of the

1,3-alt can be matched to the experimental frequencies of

the same conformer. It should be noted though that the

present SQM computations do not reveal essential differ-

ence between the calculated spectra of the 1,3-alt, pinched-

cone and paco conformers of 5. The only noticeable con-

formational sensitivity is found for stretching vibrations of

SH groups (mSH) of the 1,2-alt conformer (Table 2). So,

the absence of any ‘‘extra’’ mSH bands in the IR spectra of

the CCl4 solutions of 5 (Fig. 3, Table 2) indicates that

concentration of the 1,2-alt is too low to be detected in the

IR spectra, but does not allow to exclude a participation of

the pinched cone and paco in conformational equilibrium

with the 1,3-alt.

As in the cases of the related calixarenes 2 and 4 [9] the

spectra of the molecule 5 may be qualitatively analysed in

Table 1 Comparison of the results obtained from the B3LYP/6-31G*

geometry optimisation for the 1,3-alternate conformer of p-tert-bu-

tylmercaptothiacalix[4]arene 5 with the corresponding X-ray data

C5
C4

C3

C2
C1

C6

S1H

C8C9

C10 C11

S2
C12

C13

S H

C

C
C

C

CC

C C

S

Bond (Å) X-raya Calculation Angle (�) X-raya Calculation

C1–C2 1.413 1.414 C1–C2–C3 120.98 120.35

C2–C3 1.385 1.402 C2–C3–C4 121.61 122.43

C3–C4 1.398 1.396 C3–C4–C5 117.17 116.48

C4–C5 1.395 1.400 C4–C5–C6 121.68 122.58

C5–C6 1.382 1.396 C5–C6–C1 131.51 120.37

C6–C1 1.397 1.414 C6–C1–C2 116.93 117.34

C1–S1 1.753 1.778 S1–C1–C2 121.37 123.39

C4–C8 1.534 1.538 S1–C1–C6 121.66 119.24

C8–C9 1.678 1.547 C1–C2–S2 122.47 123.77

C8–C10 1.317 1.540 C3–C2–S2 116.3 115.72

C8–C11 1.636 1.547 C3–C4–C8 120.79 123.24

C2–S2 1.782 1.806 C5–C4–C8 122.01 120.25

C4–C8–C9 104.92 109.19

C4–C8–C10 120.4 109.56

C4–C8–C11 106.46 112.15

C2–S2–C12 104.31 104.88

C1–C2–S2-C12 63.10 66.76

C13–C12–S2-C2 –63.31 –62.89

a Ref. [6]
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terms of the vibrational modes of the para-substituted

aromatic units and those of the connecting sulphide

bridges. The vibrational modes of the thiophenolic units

may be qualitatively divided into vibrations of the aromatic

rings and tert-Bu moieties, but only in part. For example,

stretching vibrations of groups SH, CH and CH3 do not mix

with each other, but it is difficult to separate dSH vibrations

from qCH3 vibrations. The notation of the aromatic ring

vibrations in Table 2 and Fig. 3 differs from Wilson’s

notation [28], which is most frequently used to describe the

normal modes of benzene. Wilson’s notation is not suitable

for the normal modes of polysubstituted benzenes, and we

resort instead to the diagrams of atomic displacements

during normal vibrations, published elsewere [9, 29]. It

should be noted that not only the normal modes but also the

frequencies of the fundamentals, associated with the

vibrations of the aromatic rings, practically coincide for the

molecules 4 and 5. This is further proof of the transfer-

ability of the vibrational modes of aromatic units among

the related molecules [9, 29].

Vibrational interactions of these ‘‘individual’’ modes are

less pronounced than in the case of the related calixarenes 2

and 4, and vibrations essentially involving the whole

macrocycle arise only in the spectral region below

*500 cm–1. It should be noted that the dynamic interac-

tion of four OH groups of the molecules 2 and 4 is so

strong that these latter cannot be regarded as independent

oscillators: owing to strong intramolecular cooperative H-

bonding there arise group vibrations of eight-membered

cyclic system (O-H���)4 [9]. As a result, two d(OH)4 and

two m(O–H)4 bands are found in the IR spectra of the most

highly symmetric C4 cone conformations of the calixarenes

1–4 [9]. The ‘‘duplication’’ of the number of SH infrared

bands is not observed in the case of 5 because no essential

dynamic interaction of SH oscillators takes place, and

frequencies of all four separate SH vibrations just coincide

with each other. The reason of this most striking difference

between the IR spectra of 5 and the related 2 and 4 is the

non-cooperative character of the intramolecular H-bonding

of 5. The OH groups in calixarene 2 form cyclic array of

OH���O hydrogen bonds. In the thiacalixarene 4 these H-

bonds are of bifurcated character O���H���S due to the

presence of the second proton-acceptor center, viz., S atom,

connecting phenolic units. In case of mercaptothiacalixa-

renes 5 and 6 four SH groups are intramolecularly H

bonded to these bridging S atoms solely (Fig. 2). They do

not form H-bonds with each other. It should be noted that

during the course of quantum-chemical optimisation of the

molecular structure of 5 we tried various starting positions

of the SH-groups, including an alternative geometry

wherein the SH groups were suitably poised to take part in

cooperative hydrogen bonding, but this latter starting

geometry did not survive.

So, the SH���S bonding is not cooperative according both

to the computations and to the IR spectra. This results in

substantial weakening of the H-bonds as compared to 4

(see the next section). Another consequence of the above

pattern is the absence of additional stabilisation of the

pinched-cone conformation of 5 and 6. As a result, (i)

B3LYP/6-31G* energy of the pinched-cone conformation

of 6 is only by *2 kcal mol–1 lower than the energies of

the 1,3-alt or paco; (ii) maximal S���S distance between the

opposing SH groups of the pinched-cone conformation of 5

and 6 (6.60 and 6.83 Å, respectively) is essentially

enlarged in comparison with the corresponding O���O dis-

tance of the cone conformer of 2 and 4 (3.88 and 3.89 Å,

respectively); (iii) because of this, bulky tert-Bu groups in

para-positions to the abovementioned mercapto groups of

Fig. 3 (a) IR spectrum of p-tert-butylmercaptothiacalix[4]arene 5 in

KBr pellet (top) and stick diagrams for the SQM computed

wavenumbers of the 1,3-alternate conformer of 5 (bottom). For the

detailed comparison of the computed and registered spectra see

Table 2; (b) IR spectrum of 5 in CCl4 solution. Assignments are given

on the basis of SQM calculations (Table 2). The diagrams of atomic

displacements during vibrations of aromatic ring corresponding to

‘‘Ring* ’’ and ‘‘Ring**’’ in Table 2 are given
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5 come within short distances of each other and destabilise

appreciably the pinched-cone conformation, and the 1,3-alt

becomes a dominant conformer.

Strictly speaking, this latter statement is supported only

by the X-ray experiment [6], and cannot be proved on the

basis of present IR spectra of CCl4 solutions, because the

vibrational frequencies of the 1,3-alt, paco and pinched-

cone conformers are practically indistinguishable. So, we

have to resort instead to NMR spectra of 5 in CDCl3 solu-

tion, which were discussed in [6]. The 1H NMR spectrum at

25 �C was extremely simple and comprised a singlet

(7.84 ppm) corresponding to the aromatic protons and two

other singlets at 1.25 and 4.72 ppm corresponding to the t-

butyl and SH groups, respectively. Such an observation may

be compatible with a frozen conformer, and for symmetry

reasons this conformer cannot be paco. However, the

observation may be explained by a rapidly equilibrating

conformational process leading thus to averaged signals

between different conformations. As 1,2-alt participation in

the equilibrium may be excluded on the basis of our IR

spectroscopic results, discussed above, both the observed in

crystal 1,3-alt and a possible rapid 1; 3�alt�pinched�
cone1�pinched�cone2 conformational exchange process

seem reasonable on the basis of the 1H NMR spectrum [6].

We have tried to discern these two variants by means of

a comparison of chemical shifts computed for 1,3-alt and

pinched-cone with the experimental chemical shifts [6].

The results are presented in Fig. 4.

They demonstrate a good general agreement between

the calculated and the experimental chemical shifts for both

conformers, though the d values predicted for 1,3-alt match

the experiment [6] better. The d value, corresponding to the

proton of the SH group, is the most conformationally

sensitive (Fig. 4). In case of rapid pinched�cone1

�pinched�cone2 conformational exchange process two

computed d1H for the pinched-cone in CDCl3 solution (6.00

and 6.26 ppm) would result in the averaged value of

6.13 ppm. The deviation of this prediction from the corre-

sponding experimental value (4.72 ppm) essentially exceeds

standard deviation. So, this simple comparison suggests that

1,3-alt conformer dominates not only in crystal but also in

CDCl3 solution of 5, though a presence of the pinched-cone

conformers as minor forms in the solutions cannot be

excluded. The latter assumption fit well with our computa-

tions (Fig. 2), which predict rather small energy gap between

the 1,3-alt and the pinched-cone conformations.

The enthalpy of the intramolecular H-bonding

of the p-tert-butyl-mercaptothiacalixarene 5

The abovementioned weakening of the intramolecular

H-bonds in 5 in comparison with the related calixarenes

1–4 can be easily demonstrated on the IR bands of

stretching SH vibrations (mSH). The very strong coopera-

tive intramolecular hydrogen bond in 1–4 is indicated by a

substantial red shift (Dm) of the mOH IR bands as compared

to the spectra of ‘‘free’’ molecules of the related phenols

(m0). Namely, DmOH amounts to ca. 300 cm–1 in case of the

thiacalixarenes 2, 4 and to ca. 450 cm–1 in case of the

calixarenes 1, 3 [8, 9]. Corresponding redshifts D mSH can

be evaluated by comparison of the experimental mSH fre-

quency of the mercaptothiacalixarene 5 with m0 values of

related thiophenols in diluted CCl4 solutions where the

molecules are free from intermolecular H-bonding. This m0

value of thiophenol [30] comprises 2,590 cm–1. So,

DmSH ¼ m0 � mSH (5) = 2,590–2,530 = 60 cm–1, which is

much smaller than the abovementioned red shifts D mOH of

the related calixarenes 1–4. To evaluate quantitative

parameters of the intramolecular H-bonds of the molecule

5 we used an extensive quantitative correlation of spectral

and thermodynamic parameters for intermolecular H-

bonding of phenols ([31] and references cited therein):

Fig. 4 Experimental chemical shifts of p-tert-butylmercaptothiaca-

lix[4]arene 5 versus calculated for pinched-cone and 1,3-alternate

conformers in vacuum (top) and in chloroform (bottom)
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�DH ¼ 0:33ðDm� 40Þ1=2 ð1Þ

Here –DH is the enthalpy of H-bond (in kcal mol–1).

Applicability of the Eq. 1 to evaluation of the enthalpy

of intramolecular H-bonds (–DHintra) of hydroxyl groups

has been shown [32]. Of course, the Eq. 1 is not supposed

for use in the case of mSH vibrations. Nevertheless, we

apply it to rough estimation of the –DHintra value of the

SH���S bond in 5, which according to (1) amounts to ca.

1.5 kcal mol–1. For comparison, the enthalpy per one

OH���O hydrogen bond of the calixarenes 1-4 is about four

times greater than this value.

Conclusions

We have demonstrated for the first time that the introduc-

tion of p-tert-butyl groups dramatically influences the

conformational behaviour of the mercaptothiacalix[4]arene

molecules. Application of quantum-chemical computations

in combination with IR and NMR spectroscopy has

allowed to prove that the 1,3-alternate becomes a dominant

conformer of p-tert-butyl-mercaptothiacalix[4]arene not

only in crystal, but also in solutions and in vacuum. The

comparison of the computed and experimental IR and

NMR spectra also reveals simple spectroscopic markers of

the 1,2-alternate (IR), cone and 1,3-alternate conformers

(NMR) of mercaptothiacalix[4]arenes.

Essentially non-cooperative character of the intramolec-

ular H-bonding of p-tert-butyl-mercaptothiacalix[4]arene 5

was for the first time demonstrated. In contrast to

calix[4]arenes and thiacalix[4]arenes, the molecules 5 do

not form cyclic array of intramolecular hydrogen bonds:

their SH groups are intramolecularly H-bonded solely to

the sulfide groups, bridging thiophenolic residues. The

enthalpy of the intramolecular SH���S bonding of 5,

evaluated from Iogansen’s rule, amounts to ca. 1.5 kcal

mol–1, which is about four times smaller than the

enthalpies of cooperative H-bonds formed by related

calixarenes and thiacalixarenes. As a consequence of this

weakness and the non-cooperative character of the intra-

molecular H-bonding no essential dynamic interaction of

SH oscillators takes place, and frequencies of all four

separate SH stretching vibrations of 5 just coincide with

each other. This is the most striking difference between

the IR spectra of 5 and the related molecules 2 and 4

where the ‘‘duplication’’ of the number of OH infrared

bands is observed.

In summary, present studies reveal the role of different

substituents at the lower and upper rims and the type of

interphenolic junctions in conformational behaviour and

binding abilities of the calixarene molecules: (i) for the

thiacalixarenes the replacement of methylene bridging

groups by sulphur atoms increases the number of

H-bonding acceptor sites leading thus to a bifurcated

character of the intramolecular hydrogen bonds of OH

groups; (ii) further replacement of OH groups by SH

groups in mercaptothiacalixarenes results in essential lost

of cooperativity of the intramolecular H-bonding: four SH

groups are intramolecularly H bonded to the bridging S

atoms solely; (iii) as a result, the SH���S bonding almost

equally stabilises all the conformations, and the energy gap

between the cone and other conformations of 6 is much

smaller than in the case of calixarenes 1–4; (iv) another

consequence of the replacement of OH groups in the thi-

acalixarenes by SH groups in the mercaptothiacalixarenes

is a transformation of cone conformation to pinched-cone

conformer; (v) owing to these changes in the shape of the

cone conformer, introduction of four tert-butyl groups into

upper rim of the molecule 5 increases destabilization of the

cone, which, in turn, results in domination of the 1,3-

alternate conformer where the repulsion of the tert-butyl

groups is minimal.
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