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The IR and Raman spectra and conformations of calix[4]arene, thiacalix[4]arene and their p-fert-butyl derivatives
have been analysed within the framework of scaled quantum mechanics (SQM). It is shown that the introduction of
four p-tert-Bu groups into the calixarene molecules influences the relative energies of their conformers and the
enthalpy of the cooperative intramolecular H-bonding (AH,,,) almost negligibly. AH,,.,, evaluated from Iogansen’s
rule, amounts to ~26-28 kcal mol~' for the calixarenes and ~20-21 kcal mol~! for the thiacalixarenes, which
essentially exceeds the enthalpies of non-cooperative H-bonds formed by related phenols. As a result of this strong
bonding, bands of stretching, bending and torsion vibrations of an eight-membered cyclic system (OH - - - ), arise,
e.g., two 6(OH), bands are observed in the IR spectra of the most highly symmetric C, cone conformations of
calix[4]arene and thiacalix[4]arene. The “duplication” of the number of OH infrared bands is a good new indicator of

cooperativity of intramolecular H-bonding of the calixarenes.

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 S atoms. The structural flexibility of the calixarene molecules
and their capacity for hydrogen bonding are important features
employed in the complexation of cations, anions and neutral
molecules."™ Vibrational spectroscopy is known to be a versatile
tool in conformational and in H-bonding studies of both liquid
and solid compounds or their solutions. However, an interpreta-
tion of the IR and Raman spectra of calixarenes and their deriva-
tives is rather complex, and this is the reason why vibrational
spectroscopy is not widely applied. Recently>® we have tried to
overcome these limitations using the scaled quantum mechanical
(SQM) method® on the basis of density functional theory
(DFT)" calculations. We were able to elucidate conformational
properties and establish a reliable interpretation of the spectra
of comparatively simple models of calixarene building blocks:
diphenylmethane® (1), bis(2-hydroxyphenyl)methane® (2), and 2-
benzylphenol’ (3). It was demonstrated that the vCH, vibrations
of the bridging methylene groups of the model compounds are
very sensitive to conformational changes thus providing a probe
to study the conformations of these kinds of molecules.

The conformations and vibrational spectra of the 2,6-
dimethylanisole (4) and n-propyl-2,6-dimethylphenyl ether (5)
molecules were also analysed.® These compounds were chosen
as the simplest models of alkyl substituted calixarenes which
are widely used in calixarene chemistry. It was shown that the
major part of the vibrational spectra of molecules 4 and 5 can
be approximated by the sum of the vibrational modes of their

@ constituent groups, these modes being transferable among the

I related molecules.
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& 1 Electronic supplementary information (ESI) available: Tables 1S—4S

2 and Fig. 1S. See http://www.rsc.org/suppdata/ob/b5/b504448k/
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In all cases, conformational distribution observed experimen-
tally was reflected by quantum chemical computations. The
vibrational frequencies calculated by the SQM method were in
good agreement with the experimental values, the high quality
of the SQM predictions being especially impressive for vOH
frequencies of the intramolecularly H-bonded systems 2 and
3. The deviations from the corresponding vOH frequencies,
measured in highly diluted CCl, solutions, did not exceed
~0.5%. On these grounds, we use the same approach in the
present work to study normal modes, hydrogen bonding and
conformational behaviour of the title compounds. It is hoped to
establish on this basis a better understanding of various factors
influencing vibrations of the calixarene molecules and relate
their frequencies to conformations of the macrocycles and to
the type of H-bonds they are able to form.

Experimental

The title compounds were synthesised by previously described
procedures.'* The solvent, CCl,, was stored prior to use on
molecular sieves, 3 or 4 A, 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 «Vector 22» (Bruker) in the 400-4000 cm™' range
at a resolution of 1 cm™. Solid samples were prepared as KBr
pellets. Spectra of CCl, solutions were recorded in 2 cm cells. The
concentrations were about 10~ M. Raman spectra were recorded
on a Coderg PHO spectrometer with a double monochromator
using a He—Ne laser (LG-36A, 1 = 632.8 nm, power 30 mW).
The samples were placed in standard glass capillaries.

Computations

All DFT calculations were done using the Gaussian-98
suite of programs.”® We used Becke’s three-parameter ex-
change functional™ in combination with the Lee—Yang-Parr
correlation functional®® (B3LYP) and standard 6-31G* basis set.
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All stationary points were characterized as minima by anal-
ysis of the Hessian matrices. The calculated force fields were
transformed to internal coordinates, and the scaling procedure
was applied with the use of the program described in ref. 16.
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, including the atoms H, C, O>® and S."7

Results and discussion
Conformations

The conformation of a macrocyclic receptor is a key feature,
which determines the use of such molecules in all applica-
tions of supramolecular chemistry. Therefore, the study of the
conformational behaviour of calixarenes has been in focus
since the beginning of their chemistry. Calix[4]arenes and
thiacalix[4]arenes are known to have the cone conformation both
in the solid state and in CCl, solutions!-1118.19:

R R R R
/7
A\ [
X \\x’O ﬁ/xo X
0\ \ O\ \
H Hpyg H

6: X=CHy,R=H;7: X=S,R=H; 8 X=CHy, R=¢Bu; 9: X=8,R=¢Bu

This conformation is stabilised by the very strong cooperative
intramolecular hydrogen bond, which is indicated by a strong
decrease in the vOH frequency in their IR spectra.*" According
to both published*!*?! and present ab initio computations by
Hartee-Fock and DFT methods, the cone conformations of
individual molecules 6 and 7 with C, symmetry* are much more
energetically stable than other possible conformers—partial
cone (paco), 1,3-alternate (I,3-alt) and 1,2-alternate (1,2-alt).
Our calculations of the relative electronic energies (AE) of the
conformers agree well with the corresponding averaged values*
of all the published quantum chemical estimates, obtained with
the use of 6-31G* or higher basis sets (Fig. 1). The respective
relative enthalpies (AH) and free energies (AG), which have been
calculated for the first time, more or less parallel the AE values,
although AG values are considerably lower than AE values for
the 1,2-alt and 1,3-alt conformations of molecule 6. The lowest
energy pathway for the cone — cone* interconversion proceeds
via either the former or the latter conformations."** So, the
AG7 value of about 15 kcal mol™', measured for the inversion
process by NMR spectroscopy,?* can be compared with our non-
empirical AG estimates for the /,2-alt and 1,3-alt conformers,
this comparison being much more favourable than with the
corresponding AE values (Fig. 1 and ref. 4).

The conformational properties can be influenced by sub-
stituents. It is known that different substituents in the p-positions
of calix[4]arenes have only a minor influence on the stability
of the cone conformation and on the rotational barriers,> but
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Fig. 1 Calculated stable conformations of molecules 6, 7 and 9 and
their conformational energies (AE)/free energies (AG) relative to the
electronic energies (E)/sums of electronic and thermal free energies (G)
of the cone conformations.

nothing was published that was concerned with the possible
impact of para-substitution on the conformational behaviour of
thiacalix[4]arenes. To eliminate this gap, we have calculated all
four possible conformations of the p-tert-Bu-thiacalix[4]arene
9 (Fig. 1). A comparison of the computed relative energies of
molecules 7 and 9 demonstrates that the introduction of four
p-tert-Bu groups into the thiacalix[4]arene molecules influences
the relative stabilities of their conformers almost negligibly, like
in the case of the calix[4]arenes.

So, the cone conformations of individual molecules 6-9 are
much more energetically stable than other possible conformers.
As a result, the latter conformations are not detectable at
ambient or even elevated temperatures, and experimental data
on the structure and spectra of calixarenes 6-9 are available for
the cone conformations exclusively. So, only cone conformers
will be discussed in the following subsections.

The calculated structural parameters of the cone confor-
mations (Table 2St) are in good agreement with the X-ray
data,''® except that owing to crystal packing, the experimental
X-ray structures of 6 and 7 correspond to C, symmetric cones.
Molecules 8 and 9 retain C, symmetry in the solid state, probably
because of the presence of bulky and symmetric terz-butyl
substituents, protecting them from distortions."

Vibrational spectra of calix|4]arene (6)

The conformational homogeneity of 6 facilitates the assignments
of the fundamentals. Table 1 and Fig. 2a give these assignments
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Table 1 IR spectra of calix[4]arene 6

Experiment Computations
IR, solid (CCly) Raman, solid IR IR, Assignment®
v/em™!, 12 v/em™!, 14 v/em™!? km/mole A*/amu
3247 s 3225 vw 3240 0 122 viOH (B)?
3147 vs (3173 vs) 3197, 3197 3478 13 v,OH (E)?
3091 w (3102 w) 3102 13 263 v;OH (A)
(3067 vw) 3055 vw 3068, 3068, 3068, 3068 121 812 Ring 1
3045 sh (3047 vw) 3046, 3046, 3046, 3044 81 184 Ring 3
3030 sh (3033 w) 3017 vw 3041, 3039, 3039, 3038 0 214 Ring 2
2934 m (2951 m) 2928, 2928, 2928, 2928 31 188 Vas CHa
2868 m (2879 w) 2891, 2891, 2891, 2891 102 126 vsCH,
1609 m 1610 m 1610, 1606, 1606, 1602 20 69 Ring 4
1593 m 1590 m 1598, 1592, 1592, 1589 26 59 Ring 5
1467 vs (1469 m) 1493, 1487, 1487, 1486 73 13 Ring 6
1476, 1471, 1471, 1465 104 68 Ring 7
1450 vs (1454 m) 1463, 1461, 1459, 1459 274 6 SCH,
1412 s (1422 w) 1426 1 0 5;0H (A)?
1377 s (1384 w) 1370, 1370 104 1 8,30H (E)Y
1350 sh 1351 0 0 8, 0H (B)?
1325, 1313, 1312, 1312 4 24 »CH,
1298 m (1300 vw) 1310, 1307, 1307, 1286 4 12 Ring 8
1261 s 1265 m 1260, 1254, 1251, 1251 102 56 Ring 9
1244 s 1240 m 1245, 1234, 1234, 1221 80 16 Ring 10
1211 sh 1214 w 1203, 1203 11 3 Ring 11
1199 s 1199 w 1202, 1202 29 8 Ring 11
1152 sh 1157w 1164, 1163, 1163, 1162 0 16 Ring 12
1146 m (1145 w) 1147 w 1152, 1146, 1146, 1141 11 10 tCH,
1094 m 1095 m 1094 16 27 Ring 13, tCH,
1078 m 1082 w sh 1081, 1081, 1066 24 4 Ring 13, t1CH,
1030 m
964 w 963, 952,952 5 7 pCH,, vAr-C
942 42 1 Ring 14
951 sh 941 1 1 vAr-C
939, 939, 936 2 0 Ring 14
915 1 9 Ring 16
914 w 916s 912 51 22 pCH,
904 1 0 Ring 16
890 0 0 Ring 16
898 m 887, 887 2 1 pCH,, vAr-C
870 w 873 w 871 238 10 Tors OH
862 0 0 vAr-C, Ring 16
848 13 3 pAr-O
840 m 836, 836 56 0 Ring 17
818 w 831 0 5 Ring 17, tCH,
777 s 776 w 797 74 8 Ring 17
796, 796, 774 9 0 Ring 18
752 vs 758 w 756, 752,752 312 18 Ring 19
732 sh 731 0 0 Ring 19
697 m 708 vw 711, 711 47 0 Tors OH
691 m 697 0 1 Bending of macrocycle
665 sh 686, 682, 682 10 11 Ring 20
652 w 654 s 642 2 64 Breathing of macrocycle
629 w 610, 610 12 8 Bending of macrocycle
599 m 602 0 4 Tors OH
565 m 566 m 573, 569, 569 32 3 Ring 21
551w 561 5 3 Ring 22
530 w 528 m 543 0 1 Ring 23
525w 543, 543 2 0 Ring 21
535 0 2 Ring 22
512m 512 m 533 3 8 Ring 21
522 8 1 Ring 23
512 0 8 Ring 24
485 m 483 vw 497, 497, 496 14 1 Tors of macrocycle, Ring 25
461 m 466, 466, 454, 446 15 2 Tors of macrocycle, Ring 25
388, 388 24 0 Tors of macrocycle
362 0 0 Tors of macrocycle
328 m 322 1 4 Tors of macrocycle
318 m 317, 317 3 2 Macrocycle
306 w 288 5 0 Macrocycle
288 m 282,282 33 5 Macrocycle
268 m 270 0 9 Macrocycle
251w 258 6 0 Macrocycle
223 s 234 0 3 Macrocycle
208 w 205, 205 1 5 Macrocycle
181s 192 0 0 Macrocycle

“w, weak; m, medium; s, strong; v, very; sh, shoulder; br, broad. > SQM scaled wavenumbers. ¢ v, stretch; 8, bend; ®, wagging; t, twisting; p, rocking; s,
symmetrical; as, antisymmetrical. “Ring” is used for the vibrations of the phenyl rings. ¢ See Fig. 3. In parenthesis—symmetry type of the vibrations.
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Fig. 2 IR spectra of calix[4]arene 6 (a) and thiacalix[4]arene 7 (b) in
KBr pellets in the spectral region of 500-1650 cm™'. Assignments are
given on the basis of SQM calculations (Tables 1 and 2).

based on the present SQM computations, which demonstrate
quite good general agreement between the calculated and the
experimental frequencies of the fundamentals.”

As in the cases of model compounds 1-5°* the spectra
of molecule 6 may be qualitatively analysed in terms of the
vibrational modes of the methylene bridges and those of the
rings. The notation of the aromatic ring vibrations in Table 1
and Fig. 2a differs from Wilson’s notation,” 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 diagrams
of atomic displacements during normal vibrations, published
elsewhere.® It should be noted that it is not only the normal
modes but also the frequencies of the fundamentals, associated
with the vibrations of the aromatic rings, that practically
coincide for 2,6-dimethylphenol, molecules 4, 5 (Table 5 of
ref. 8) and calixarene 6 (Table 1). This is further proof of the
transferability of the vibrational modes of phenolic units among
the related molecules.®

There are two exceptions to the abovementioned rule. Firstly,
medium- and low-frequency modes of adjoining structural units
are liable to couple with each other. As a result, two “Ring
13” bands (1094 and 1078 cm™'), two “Ring 14” bands (964
and 951 cm™), etc., are observed in the spectra. Vibrational
interactions are most pronounced in the lower spectral region
~700 cm™', where assignments to “individual” vibrations of
aromatic rings become rather arbitrary. Some modes definitely
involve the whole molecule: for example, “torsions of macro-
cycle” (485 and 461 cm™), “bendings of macrocycle” (697 and
629 cm™') and “breathing of macrocycle” (652 cm™'). The line
at 652 cm™' is the strongest line in the experimental Raman
spectrum, as is often the case with breathing vibrations of cyclic
molecules, which seems to simplify their assignments.

Secondly, hydroxyl vibrational modes of calixarene 6 are
dramatically different from those of molecules 2 and 3. Because
of very strong co-operative H-bonding, four OH-groups of
calixarene interact with each other significantly. As a result,
group vibrations of an eight-membered cyclic system (O-H - - - ),
arise, which will be discussed in detail later together with
the corresponding vibrations of molecules 7-9. It should be
emphasized here that these OH interactions are dynamic in
nature in contrast to the aforementioned coupling of “ring”
modes, which is mainly kinematical.

Vibrational spectra of thiacalix|[4]arene (7)

The assignments of the fundamentals of molecule 7 are pre-
sented in Table 2 and Fig. 2b. As with calix[4]arene 6, the spectra
may be qualitatively analysed in terms of the vibrational modes
of the rings and those of the C—S—C bridges. The frequencies of

the vibrations of the phenolic residues of the thiacalixarenes
and the calixarenes diverge, sometimes appreciably, because
the masses of sulfur atoms connecting the rings in molecule
7 are much different from those of the methylene bridges of
calixarene 6. Nevertheless, the notation of the aromatic units’
vibrations, introduced for calixarene building blocks,? is still
quite suitable for normal modes of 7. The fundamentals,
associated with CSC vibrations, resemble those of Ph—-S-Ph
and Me-S-Ph molecules.”” Vibrational interactions of these
“individual” modes are less pronounced than in the case of
calixarene 6, and vibrations essentially involving the whole
macrocycle arise only at about 600 cm~' and in the spectral
region below ~300 cm™'. In particular, a “breathing” vibration
of the macrocycle does not exist, in contrast to molecule 6
Nevertheless, group vibrations of the eight-membered cyclic
system (O-H - - -), still persist, in spite of the weakening of the
co-operative intramolecular H-bonding." They are discussed in
the next subsection.

Vibrations of OH groups of calixarenes 6 and 7

Each molecule (6 and 7) has four hydroxyl groups. If these
OH groups could be regarded as independent oscillators,
the frequencies of their stretching vibrations would coincide,
because all phenolic units of the C, symmetric cone conformer
are absolutely equivalent to each other. However our compu-
tations demonstrate that owing to intramolecular cooperative
H-bonding, a strong dynamic interaction of all four oscillators
arises. As a result, their vibrations are not just vibrations of
separate OH groups. They may be thought of as four stretching
vibrations of an eight-membered cyclic system (O-H - - - ), with
four different frequencies (Fig. 3a). According to C, symmetry,
two of them are doubly degenerate, and computations predict
that the only strong IR band corresponds just right to these
vibrations of an E symmetry type (v,; in Fig. 3a). One of the
remaining two bands is very weak (v, in Fig. 3a) and another
band has zero intensity by symmetry rules (v, in Fig. 3a). So,
two W(O-H), bands should be expected in the IR spectra, one
of them being of negligible intensity. The IR spectra of diluted
CCl, solutions of calixarenes 6 and 7 (Fig. 4a, b), indeed, exhibit
a single strong band in the spectral region of OH stretching
vibrations (3173 and 3310 cm™' respectively). A weak satellite
band at 3102 cm™ in the spectrum of 6 should probably be
assigned to the vibration of an A symmetry type (v, in Fig. 3a),
though assignment to combinations or overtones cannot be
excluded.
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Fig. 3 Diagrams of atomic displacements during (a) OH stretching
vibrations of calixarenes 6-9, and (b) OH bending vibrations of
calixarenes 6 and 7. In parenthesis—symmetry type of the vibrations.
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Table 2 Vibrational spectra of thiacalix[4]arene 7

Experiment Computations
IR, solid (CCl,) Raman, solid I ITra Assignment®
v/em™!, I¢ v/em™!, I¢ v/cm™'t km/mole A4/amu
3334 0 73 v,OH (B)4
3343 s
(3310 vs) 3309, 3309 2075 12 v,;0H (E)*
3268 vs 3263 21 251 v,OH (A)¢
(3072 vw) 3108 vw 3082, 3081, 3081, 3081 66 904 Ring 1
3062 m (3055 sh) 3073, 3073, 3073, 3072 9 210 Ring 3
(3028 vw) 3060, 3060, 3060, 3060 10 242 Ring 2
1655 w
1610 w
1568 vs 1573 m 1576, 1572, 1572, 1571 35 78 Ring 5
1563, 1563, 1563, 1561 42 60 Ring 4
1503 w
1478 w 1462, 1461, 1461, 1460 78 2 Ring 6
1439 vs (1440 m) 1445 220 4 Ring 7
1427 vs (1430 m) 1430, 1430, 1423 174 10 Ring 7
1358 s (1360 s) 1367 91 1 5,0H (A)*
1341 s (1340 sh) 1335, 1335 104 0 3,;0H (E)*
1328 0 2 8,0H (B)4
1273 m 1267 4 70 Ring 9
1256 sh 1257, 1257, 1253 71 27 Ring 9
1250 16 1 Ring 8
1239 s 1238, 1238, 1230 44 8 Ring 8
1186 s 1183 vw 1201, 1191, 1191, 1179 23 4 Ring 10
1138 m 1138 vw 1146, 1146, 1146, 1146 8 15 Ring 12
1101 m 1093 w 1096 15 42 vC-S (in-phase)
1090 m 1086, 1086, 1078 15 20 vC-S, Ring 13
1063 m 1063 m 1072, 1070, 1070, 1066 14 11 Ring 13, vC-S
1035 vw
1005 vw
988 vw
965 m 956, 955, 955, 953 2 0 Ring 14
939 vw
915m 923,919,919, 916 0 1 Ring 16
836 s 838 m 838, 833, 833 45 43 Ring 17
820 w sh 829 0 6 Ring 17
790 s 792 3 7 Ring 18
787, 787 22 0 Ring 18, vCS
782 0 6 vCS
771 m 778,775, 775, 775 2 1 v,sCS
736vs 728 vw 745, 737,737, 728 158 3 Ring 19, Ring 18
697 vw
680 vw
673 w 670 vw
663 w sh
629 s 640 254 4 Tors OH
611s 609, 607, 607 264 4 Tors OH, vCS
603 sh 603 m 601 0 1 Macrocycle
590 m 587 28 35 Macrocycle
581 sh 564, 564 131 6 Macrocycle
559 m 558, 555, 555, 553 66 16 Ring 22
544 sh 547, 547, 544, 542 4 3 Ring 21
537w 540, 540 4 0 Ring 23
527 0 1 Tors OH
494 s 491 0 0 Ring 23
429 m 433 m 439 17 11 v,CS-6CSC
412 m 422,416, 415 15 3 vCS
407 w 402, 390, 390, 382 5 6 vCS
357 0 0 Ring 26
322,322 6 0 Ring 26
288 m 288, 288, 279, 279, 270, 270 9 12 Macrocycle
243 m-w 251, 250 0 4 Macrocycle
226, 226 12 0 Macrocycle
178 m 185, 181, 181, 180 3 9 Macrocycle

“w, weak; m, medium; s, strong; v, very; sh, shoulder; br, broad. > SQM scaled wavenumbers. ¢ v, stretch; 8, bend; o, wagging; t, twisting; p, rocking; s,
symmetrical; as, antisymmetrical. “Ring” is used for the vibrations of the phenyl rings. ¢ See Fig. 3. In parenthesis—symmetry type of the vibrations.

2562 Org. Biomol. Chem., 2005, 3, 2558-2565




von

CcCl
4

3500 3400 3300 3200 3100 3000 2900 1400 1350 1300
v, cm-!

g
g ©
S
d
=
[+
>
§ = g g
KBr > 5 ©
PR T T o T T S S S B TR
3500 3400 3300 3200 3100 3000 2900 1400 1350 1300

v, em-!

Fig. 4 IR spectra of calix[4]arenes 6 and 7 in the spectral regions of
vOH and 8OH vibrations: (a) 6 in CCl, solution; (b) 7 in CCl, solution;
(c) 6 in KBr pellet; (d) 7 in KBr pellet.

The IR spectra of the crystalline calixarenes 6 and 7 (Fig. 4c,
d) exhibit triplet bands in the spectral region of OH stretching
vibrations. The presence of three VOH frequencies cannot be
explained by Davydov splitting or other crystalline effects.”
In both cases, complex band contours seem to be a result
of the deviation of molecules 6 and 7 from the C, symmetry
affected by the crystal packing. According to X-ray data,''8 the
O - - - O distances become slightly nonequivalent, the differences
between the distances being only about 0.03 A. Nevertheless,
the symmetry decreases to C,, symmetry rules change, and all
VOH vibrations become IR active. Again, like in the case of
the IR spectra of diluted CCl, solutions, “extra” bands could
be assigned to overtones, efc. However, the former explanation
is supported by an inspection of the OH stretching region of
calixarenes 8 and 9. Their molecules in crystal form have C,
symmetry,''® and the spectra of the solid samples exhibit only
one strong vOH band (Fig. 5).

Similar to OH stretchings, OH bendings and torsions must
also be regarded as four bending and four torsion vibrations
of an eight-membered cyclic system (O-H---),. Again, by C,
symmetry rules, two of the four bending (or torsion) vibrations
are doubly degenerate, and the vibration of a B symmetry type
gives rise to an IR band of zero intensity (Fig. 3b). So, two
8(OH), and two torsion (OH), bands should be expected in
the IR spectra. According to computations, the differences in
intensities of these bands are not so dramatic as in the case of
w,; and v, (Tables 1 and 2), and the recorded IR spectra, indeed,
demonstrate two bending OH bands (Tables 1 and 2, Fig. 4). A
reliable assignment of the IR bands to torsion (OH), is hampered
by overlapping with bands of other vibrations of calixarenes
6 and 7 (Tables 1 and 2, Fig. 2), but experimental evidence
of the splitting of 3(OH), bands is especially clear because the
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Fig. 5 IR spectra of p-tert-Bu-calix[4]arenes 8 and 9 in the spectral
region of VOH vibrations: (a) 8 in CCl, solution; (b) 9 in CCl, solution;
(c) 8 in KBr pellet; (d) 9 in KBr pellet.

corresponding spectral ranges ~1350-1430 cm™~! (6) and ~1320-
1370 cm™' (7) are free from overlapping. Besides, the appearance
of bands of overtones or combinations is less probable for this
region than for a vOH spectral interval, and crystal effects can
be excluded by comparison of the solid-state and the solution
spectra (Fig. 4).

So, the most striking distinguishing feature of a C, symmetric
array of hydroxyl groups in the IR spectra of calixarenes 6 and
7 is the presence of the “doubled” number of OH infrared
bands, which is the result of dynamic interaction of the OH
vibrations, induced by the strong cooperative intramolecular
H-bonding. As was mentioned before, hydroxyl vibrational
modes of the calixarenes are dramatically different from those of
model molecules 2 and 3. Neither computations nor experiments
demonstrated any detectable splitting of VOH or 6OH bands in
the spectra of the latter,*” obviously because the intramolecular
hydrogen bonding of molecules 2 and 3 is non-cooperative
and much weaker than the H-bonding of the title compounds.
Quantitative parameters of H-bonds of calixarenes 6-9 and the
related phenols 2 and 3 will be compared and discussed in a
separate subsection.

Vibrational spectra of p-tert-Bu-calixarenes (8) and (9)
Complete interpretation of the spectra of molecules 8 and
9 is presented in Tables 3S and 4S.T The IR spectra of solid
samples and CCl, solutions of calixarenes 8 and 9 are compared
in Figs. 5and 6. As in the case of calixarenes 6 and 7, it is possible
to analyse the spectra of their p-tert-Bu derivatives in terms of
the vibrational modes of the para-substituted phenolic units
and those of the connecting methylene or sulfide bridges. The
vibrational modes of the phenolic units may be qualitatively
divided into vibrations of the aromatic rings and fert-Bu
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Bu-thiacalix[4]arene 9 (b) in KBr pellets in the spectral region of
500-1650 cm™'. Assignments are given on the basis of SQM calculations
(Tables 3S and 4S).1

moieties, but only in part. For example, stretching vibrations
of groups OH, CH and CH; do not mix with each other, but it is
difficult to separate 6OH vibrations from §,CH; and the “Ring”
vibrations.

It should be pointed out that although we use the same
notation of aromatic ring vibrations for both calixarenes 6
and 7 and their p-tert-Bu-substituted derivatives 8 and 9, its
meaning in Tables 3S and 4St (and in Figs. 5 and 6) differs
from that in Tables 1 and 2 (and in Fig. 2). The diagrams of
atomic displacements during normal vibrations of the p-tert-
Bu-substituted aromatic units of calixarenes 8 and 9 are very
close to the corresponding diagrams of the aromatic ring of
2,6-dimethyl-4-tert-Bu-phenol (10) shown in Fig. 1S.f These
diagrams resemble to some extent the diagrams of the normal
modes of 2,6-dimethyl-phenols published elsewhere,® and that
is the reason why we hold the “Ring” notation for all the
title compounds. The extent to which various vibrations of the
phenolic units of calixarenes 8 and 9 are non-additive can be
evaluated by comparison of their frequencies (Tables 3S and 4S)
with the corresponding frequencies of molecule 10 (Fig. 1S).t

The abovementioned vibrational “interactions” of hydroxyl
groups with the rest of the molecule complicate the elucidation
of the effects of intramolecular H-bonds on the bending and
torsion OH vibrations. Nevertheless, it is quite possible to
analyse these effects on VOH bands, because four stretching
vibrations of an (OH), cyclic array (Fig. 3a) remain well
separated from all other vibrations of the macrocycle. It is
easily seen from Tables 3S and 4St that, like in the case of
calixarenes 6 and 7 (Tables 1 and 2), four stretching vibrations of
an eight-membered cyclic system (O-H - - - ), with three different
frequencies arise. A close similarity of the vOH region both in
the calculated and registered spectra of CCl, solutions where all
the molecules 6-9 have C, symmetry (Fig. 4 and 5) implies that
all the studied calixarenes form very similar hydrogen bonds.
This will be discussed in the next subsection.

The enthalpy of the intramolecular H-bonding of calixarenes 6-9

The very strong cooperative intramolecular hydrogen bond in
calixarenes 6-9 is indicated by a substantial red shift (Av) of the
vOH IR bands as compared to the spectra of “free” molecules of
the related phenols (v,). An extensive quantitative correlation of
spectral and thermodynamic parameters for the intermolecular
H-bonding of phenols has been published (ref. 28 and references
cited therein):

—AH = 0.3,(Av — 40)"”? (1)

Here —AH is the enthalpy of the H-bond (in kcal mol™").

Applicability of eqn. (1) to the evaluation of the enthalpy
of intramolecular H-bonds (—AH,,;,) of hydroxyl groups has
been shown.? It is suitable for large non-strained cycles, locked
by an intramolecular OH - - - A bond, where geometrical con-
ditions are very similar to the case of intermolecular hydrogen
bonding.?** In calixarenes 6-9, the intramolecular OH---O
bonds lock eight-membered cycles (Fig. 3), and O-H---O
angles are about 152-165°. Of course, eqn. (1) is not suitable
for use in the case of group (OH - - - ), vibrations. Nevertheless, it
is worth trying to apply it to a rough estimation of the —AH .
value, the more so that splitting of VOH bands because of the
dynamic interactions of four OH oscillators (Tables 1, 2 and
38, 4S) is much smaller than their shifts Av caused by hydrogen
bonding. Hence, as a first approximation, it is possible to assume
that (i) these four OH oscillators do not depend on each other;
(i1) all vibrate with a frequency equal to the peak position of the
vOH band; (iii) the overall energy of their H-bonding is equal
to the sum of four energies of “individual” OH - - - O hydrogen
bonds.

Another assumption we use is that redshifts, Av, can be
evaluated by comparison of the experimental OH frequencies
of calixarenes 69 with the v, values of related phenols. The use
of the model compounds for the measurement of frequencies
(vy) undisturbed by hydrogen bonding is inevitable because all
OH-groups of the studied calixarenes 6-9 participate in a cyclic
H-bond. A comparison of the v, values obtained for different
phenols (Table 3) demonstrates that a concrete choice of model
compound does not dramatically influence the resulting —AH .
estimates.

For comparison purposes, —AH,,. of the closely related
molecule 2 was also evaluated employing eqn. (1), the estimate
being equal to 3.2 kcal mol~'. The enthalpy per one OH---O
hydrogen bond of calixarenes 6-9 (Table 3) is about twice as large
as this value. The duplication of the enthalpy of the H-bonding
is indicative of a strong cooperativity effect: the hydrogen bond
of the first hydroxy group to a second hydroxy group polarizes
the OH bond in this second hydroxy group, so that its hydrogen
bond to a third oxygen atom is strengthened.® As a result, the
enthalpy of the whole cyclic array of H-bonds amounts to ca.
20-30 kcal mol~' (Table 3).

The data presented in Table 3 demonstrate that —~AH,,;,
of calixarenes 6 and 8 is half as much as the —AH,,, of
thiacalixarenes 7 and 9. The weakening of the H-bond in the
thiacalixarenes, at least partly, can be ascribed to the bifurcated

Table 3 Redshifts (Av) of peak positions of OH stretching bands in the IR spectra of CCl, solutions of calixarenes 6-9 (v*) relative to CCl, solutions
of model phenols (v,) and enthalpies of intramolecular H-bonding (—AH,,,) of calixarenes 6-9 evaluated with the use of logansen’s rule:®® —AH,,,, =

0.33(Av — 40)"?

Compound AvOH/cm™! —AH,,, per one OH group (kcal/mole) —AH,,, per molecule® (kcal/mole)
6 439¢, 4404, 429¢ 6.6°, 6.69, 6.5¢ 26.4¢,26.4, 26.0¢
7 302¢, 3037, 292¢ 5.3¢,5.44,5.2¢ 21.4¢,21.4% 21.0¢
8 483¢, 4844, 473¢ 6.9¢,7.04, 6.9 27.8¢,27.84,27.5¢
9 273¢, 2744, 263¢ 5.0¢, 5.04, 4.9¢ 20.1¢,20.14,19.7¢

“ Measured as a wavenumber corresponding to the strongest peak of the vVOH band. * —AH,,,, per molecule is determined as 4-(—AH ., per one OH
group). ¢ Relative to phenol (v, = 3612 cm™").3* 4 Relative to 3,5-dimethylphenol (v, = 3613 cm™').3! ¢ Relative to 2 (v, = 3602 cm™').¢

2564

Org. Biomol. Chem., 2005, 3, 2558-2565




character of this O---H---S bonding due to the presence of
the second proton-acceptor center, viz., S atom, connecting
phenolic units.” The introduction of four p-tert-Bu groups into
the calixarene molecules results in practically negligible changes
of the enthalpy of the hydrogen bonds.

Conclusions

We have demonstrated that SQM in B3LYP/6-31G* formula-
tion successfully reproduced the conformational behavior and
vibrational spectra of calixarenes 6-9. The computations reveal
that the normal modes of phenolic residues of molecules 6 and
7 rather closely resemble those of 2,6-disubstituted phenols
or their alkyl ethers. Nevertheless, integration of the four
aromatic units into one macrocycle gives rise to a vibrational
interaction of their “individual” modes. The interaction is
especially strong for low-frequency vibrations of the heavy
atoms and the vibrations of the hydroxyl groups. In both
cases, separate structural units cannot be regarded as individual
oscillators. Instead, either stretching, bending and torsion
vibrations of the whole macrocyclic backbone or stretching,
bending and torsion vibrations of the eight-membered cyclic
hydrogen bonded system (O-H - - - ), arise. Because of symmetry
rules, the number of (O-H - --), IR bands and their intensities
are very sensitive to small conformational reorganisations of
molecules 6 and 7. Even for the most highly symmetric C,
cone conformation of the calixarenes, the number of OH
infrared bands is “doubled”, which is a good new indicator of
cooperativity of the intramolecular H-bonding of calixarenes.

It is shown that the introduction of four p-tert-Bu groups
into calixarene molecules results in a rather pronounced mixing
of vibrations of aromatic rings, hydroxyl groups and tert-Bu
moieties. Nevertheless, vibrational modes and frequencies of
stretching vibrations of an eight-membered cyclic system (O—
H--.), practically do not depend on para-substitution. The
same is true for the relative energies of all conformers of
calixarenes and the enthalpy of their cooperative intramolecular
H-bonding (AH ). —AH ., evaluated from logansen’s rules,
amounts to ~21-26 kcal mol™' for calixarenes and ~15-
21 kcal mol™' for thiacalixarenes, which essentially exceeds
the enthalpies of non-cooperative H-bonds formed by related
phenols.
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