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Quantum Mechanical Calculations of Conformationally Relevant '"H and
B3C NMR Chemical Shifts of N-, O-, and S-Substituted Calixarene Systems
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Abstract: QM GIAO calculations of *C and 'H chemical shift values of the

ArCH,Ar group in N-, O-, and S-substituted calixarene systems were performed
with a hybrid DFT functional MPW1PW91 and 6-31G(d,p) basis set. A good re-
production of experimental data was obtained for some representative calixarenes
and for a series of simplified calixarene models. This allowed the derivation of
chemical shift surfaces versus ¢ and y dihedral angles. The applicability of chemi-
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cal shift surfaces in the study of calixarene conformational features is illustrated.

Introduction

In recent years, interest for bowl-shaped calixarene macro-
cycles! has quickly grown making them ubiquitous in sever-
al areas of supramolecular chemistry, where they have
found numerous interesting applications."?! This interest is
undoubtedly related to their ready accessibility from con-
venient starting materials, to their facile chemical transfor-
mation and to their conformational versatility. In fact, owing
to the possible relative orientations of the n constitutive
phenol rings, different molecular shapes can be assumed by
each calix[n]arene macrocycle, which directly influence its
supramolecular properties. Thus, the smallest term of the
series, namely calix[4]arene, can adopt an all-syn cone con-
formation 1, which possesses a hydrophobic cavity capable
of hosting a variety of species,!l and three other ones (par-
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tial cone 3, 1,3-alternate 4 and 1,2-alternate) with one or
two anti-oriented phenol rings."" Interconversion among
these four conformations can be definitively impeded by at-
taching sufficiently bulky substituents to the phenolic OH
groups (the so-called lower or narrow rim), thus giving rise
to discrete atropisomers.

The intriguing conformational features of calixarene mac-
rocycles have long attracted much attention, and therefore
empirical rules to recognise their conformations were de-
vised since the early works. The first of these, Gutsche’s
“'H NMR A¢” rule,” is based on the chemical shift differ-
ence of each pair of ArCH,Ar protons, which can be diaster-
otopic or homotopic for symmetry reasons thus leading to
AX (AB) or A, systems, respectively. In particular, a
"H NMR A6 value of 0.7-1.0, or greater, indicates a syn ori-
entation of the two corresponding proximal phenol rings as
in the cone conformation, whereas a Ad value close to zero
(0.3-0.0) identifies an anti orientation between them, as in
the 1,3-alternate conformation. Intermediate values of 0.5—
0.3 ppm are usually attributed to an out or flattened orienta-
tion or to an averaged fast-exchanging conformation.?

A second empirical criterion, de Mendoza’s “*C NMR
single rule”,” is based on the >*C NMR chemical shift of the
ArCH,Ar carbon, which can assume a value of 30-33 ppm
for a syn orientation, whereas a 0 ~36-39 is characteristic of
an anti disposition. Again, intermediate 6 values of 33-36
can be attributed to an out orientation or to an averaged sit-
uation.”

The conformational features of the larger calix[n]arenes
become increasingly more complex by increasing the
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number n of aryl rings. In fact, an exponentially increasing
number of conformations become possible through the in-
creased number of possible combinations of syn/anti disposi-
tions of aryl rings joined to their inward/outward possible
orientations.” In addition, owing to the larger dimension of
their annulus, increasingly bulkier groups at both rims or
even intramolecular bridging are necessary to obtain dis-
crete conformational isomers.”) Furthermore, pictorial de-
scriptions and iconographical representations become in-
creasingly difficult and far less precise.*) In this regard, a
more accurate description of the calixarene conformation
can be obtained by means of ¢ and y torsion angle values of
the Ar-CH,-Ar bonds, as proposed by Ugozzoli and An-
dreetti.® Thus, when two adjacent aryl rings have a syn ori-
entation, the signs of the ¢ and y are opposite, whereas they
are the same for the anti orientation.!*”!

Because of their higher conformational complexity, it can
be expected that unusual conformations become possible for
larger calixarenes. In such cases, their spectral characteristics
are unknown or whether Gutsche’s and de Mendoza’s rules
could still be usefully applied. Furthermore, it is not always
easy to attribute the correct conformational meaning to
some uncommon experimental 'H NMR A¢ values. For ex-
ample, we observed a AS(*H) value of 1.55 for a 1,4:2,3-cal-
ix[7]bis-crown-3 derivative,!’! and Arduini etal. found Ad
values of up to 1.86 for some bis-bridged calix[4]arenes.®!
Very recently, Abraham et al. observed AJ('‘H) values of
~1.70 for calix[4]arene derivatives bearing cyclohepta-2,4,6-
trienyl substituents on the upper rim.”’ These higher values
have often been interpreted as more flattened cone confor-
mations, to which, in contrast, should be assigned intermedi-
ate values of 0.5-0.3 ppm on the basis of the aforementioned
Gutsche’s rule.”! To investigate these aspects, we have very
recently undertaken a quantum mechanical (QM) study™”
on the “C and 'H chemical shift values of ArCH,Ar groups
of some representative calixarene systems using GIAO
(gauge-including atomic orbital)™ calculations with the
hybrid DFT functional MPWI1PW91!'” and a 6-31G(d,p)
basis set.!”! This study"” showed that the OR groups on the
lower rim influenced both the magnetic non-equivalence of
the methylene protons and the shielding variations of the
corresponding C nucleus.'"! These observations prompted
us to extend the QM GIAO studies to mercapto-"*! and ami-
nocalixarene derivatives,'” in which hydroxyl groups are re-
placed by mercapto and amino groups, to verify the influ-
ence of these groups on the conformationally relevant NMR
data of ArCH,Ar groups. Following our preliminary com-
munication, we report here a full account of these studies.

The replacement of OH groups on the lower rim of the
calix[4]arene macrocycle by mercapto™ or amino groups®
is a very interesting way of modifying the lower rim. Mer-
capto- and aminocalixarenes present a different conforma-
tional behaviour with respect to their parent phenolic calix-
arenes. In fact, literature data® show that adjacent ArSH
groups are preferably anti-oriented in mercaptocalixarenes.
Thus, p-tert-butyltetramercaptocalix[4]arene (4d) adopts a
1,3-alternate conformation in the solid state and in solu-
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tion."™ Gutsche has shown that the ?C NMR chemical shift
of the ArCH,Ar groups of 4d occurred at 45.71 ppm, dis-
placed downfield (&9.7 ppm) with respect to the oxygen-
bearing calixarenes (O-calixarenes) with anti-oriented rings.
Instead, when ArSR groups in S-calixarenes are syn-orient-
ed, a "CNMR chemical shift of 39.0 ppm was found.!'*>!
Analogous ArCH,Ar groups between syn-oriented phenol
rings resonate at ~31 ppm.*" On this basis, Gutsche has ex-
tended de Mendoza’s “*C NMR single rule” to establish the
conformation of mercaptocalixarenes by means of the
BC NMR chemical shift of their ArCH,Ar groups (Table 1).

Table 1. Empirical rules for >C NMR values of ArCH,Ar groups of S- or
O-calixarenes as derived by Gutsche.!'™

ATSR/ArSR ArSR/ArOR ArOR/ArOR
syn 39.5+0.5 36+2 31
anti 46.8+£2.0 ~45 (extrapolated) 37

A C chemical shift of ArCH,Ar groups at 39-40 ppm is in-
dicative of a syn orientation of the two ArSR rings, while 6
~46-47 is indicative of an anti orientation of the two perti-
nent groups (Table 1)."") When the methylene group is
flanked by one ArOH and one ArSR ring, a *C chemical
shift of 36 ppm is indicative of a syn orientation of the two
rings.'* In the absence of experimental data relative to the
anti orientation of ArOH and ArSR rings, Gutsche extrapo-
lated a ¢ value of ~45ppm for the pertinent ArCH,Ar
groups.™ As reported above, the *C NMR chemical shift
of the ArCH,Ar groups in the S-calixarene derivatives was
shifted downfield with respect to the corresponding O-calix-
arenes.

There have been fewer studies on aminocalixarenes com-
pared to mercaptocalixarenes. Shinkai®*" and Bialil'%<
have shown that the substitution of a hydroxyl group with
an amino group lowered the strength of the hydrogen bond
at the lower rim. This involves a lowering of the energy bar-
rier for the cone-to-cone inversion process with respect to
that of the parent calixarene. In fact, the barrier estimated
for =~ monoamino-trihydroxy-p-tert-butylcalix[4]arene s
14.8 kcalmol 1! as opposed to 13.9 kcalmol ™' for dia-
minodihydroxy-p-tert-butylcalix[4]arene and 15.7 kcalmol ™!
for the parent p-tert-butylcalix[4]arene. These values are in
agreement with the presence of a broad signal relative to
the ArCH,Ar groups in their '"H NMR spectra at 298 K, in-
dicating a conformational mobility comparable to the NMR
time-scale. In contrast to S-calixarene and to the parent O-
calixarene systems, no rules exist for the conformational as-
signment of N-calixarenes based on the 'H and “C NMR
chemical shifts of their ArCH,Ar groups

Results and Discussion

Reliability of the method and QM calculations of the 'H
and “C chemical shifts of significant calix[4]arenes: As
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groundwork to verify the reliability of our method for the
QM calculations, we first investigated the 'H and *C NMR
shifts of some complete calixarene systems (compounds 1-
4). Subsequently, we explored the conformational diversity
of oxygen-, mercapto- and amino-calixarenes by taking into
consideration all the conformers derived by a systematic
variation of 30° of the ¢ and y angles of some simplified cal-
ixarene model structures (5, Scheme 1).

In general, we followed the strategy of a protocol recently
reported by our research group!'”! that suggests a prelimina-
ry geometry optimisation of the compound of interest at the
hybrid DFT MPW91PWO91 level™ with the 6-31G(d) basis
set followed by a calculation of the nuclear shielding with
the GTAO (gauge-including atomic orbital)!"! approach with
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Scheme 1. Structures of model compounds 1-7.
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the same functional and the 6-31G(d,p) basis set (Gaus-
sian 03 software package).'®!

As is evident from Table 2, which gives the calculated vs.
the experimental values of a number of hydroxy-, mercapto-
and aminocalixarenes, a very good performance of the ap-
plied protocol is maintained for all the different conforma-
tions and all the different patterns of substitution of the ana-
lysed calixarenes.

In particular, with respect to the oxygen-bearing calixar-
enes (O-calixarenes), the cone structure of p-tert-butylca-
lix[4]arene (1a) shows calculated 6(**C) and Ad('H) values
of 34.5 and 0.87, respectively, that are close to experimental
ones (32.7 and 0.75 ppm)."! Similarly, for the 1,3-alternate
conformation 4b, both the calculated *C value of 40.0 ppm

a) R=1Bu; R'=R"=R"=R" = OMe
b) R=Me;R'= R" =R" = R" = OMe
¢) R={Bu;R'=R"=R" =R =8H

d) R=1Bu; R, R" = SH; R", RY = OH

a) R=Me; R'=R"=0OMe

b) R=Me; R'=R"=0Me, ¢ =-90°, y = +90°
c) R=H;R'=R"=H, ¢ =-90°, x = +90°

d) R=Me; R'=R" = SMe

e) R=Me; R'=OMe; R" = SMe

f) R=Me;R'=NH,; R"=NH,

g) R=Me; R'=NH,; R" = OMe

tBu
R = CH,COOtBu
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Table 2. Experimental and calculated 6(**C) and AS(‘H) values for the
methylene groups of compounds 1-4 and 5b—c.

O(PCexp AS('H).y, 0(*C)eatea AS('H)eq

1a 327 0.75 34.5 0.87
1b2Y 31.2 1.11 34.1 0.90
1 317 0.71 34.1 0.87

1d - - 44.7 0.08
1ell! 32.7,37.6 0.67, 0.80 34.4,39.0 0.87, 0.88
22 29.7 1.07 33.5 1.47

2b - - 32.9 1.51

2¢ - - 2.1

24115 37.8 0.78 39.0 0.91

3a 37.7,30.8 0.06, 1.02 40.0, 33.6 0.03, 1.37
3plisellal 387,455 - 38.3,47.1 0.13, 0.98
4a - - 40.0 0.00
4pP 382 0.00 40.8 0.00

4c - - 43.6 0.01
44> 457 0.00 46.8 0.00

de - - 43.9,46.8 0.01, 0.27
5b - - 34.5 1.52

5¢ - - 45.1 0.07

[a] This compound exhibited an equilibrium between 1,3-alternate and
partial-cone conformation at room temperature.'*

and AS(*H) of 0.0 ppm agreeably reproduce the experimen-
tal data (382 and 0.0 ppm, respectively).’! Predicted *C
chemical shifts of 40.0 and 33.6 ppm for partial cone 3a very
closely mimic the experimental ones (37.7 and 30.8 ppm),””)
while A0('"H) values of 1.37 and 0.03 ppm are in less agree-
ment with the observed data (1.02 and 0.06 ppm), which is
probably attributable to the high conformational mobility of
this compound. The same rationalisation can be invoked to
explain the higher A6('H) values (Table 2) predicted for tet-
ramethoxycalix[4]arenes 2a-b (whose minimum energy
structures have a C,, cone conformation).

An analogous good performance was found for the repro-
duction of the NMR properties of some significant calix[4]-
arenethiol compounds, namely 2¢, representing a flattened
cone structure, and 4d, representing a 1,3-alternate confor-
mation. The experimental C value of 45.7 ppm observed
for 4d is nicely reproduced by the calculated counterpart
46.8, in accordance with the rule proposed by Gutsche.!'™!
On the other hand, the experimental >*C NMR value of
39.0 ppm found for the syn-oriented ArSR groups of a 1,2-
alternate tetrakis((dimethylcarbamoyl)thio)calix[4]arenel'*<]
derivative is reproduced well by the theoretical value of
42.1 ppm calculated for the syn-oriented ArSH groups of 2e¢.

At this point, the calculation of the NMR shielding prop-
erties was extended to mixed S,O-substituted calixarenes.
Thus, calculations were carried out on the cone structure of
calix[4]arenemonothiol 1e, on the flattened-cone conforma-
tion of the calix[4]arenedithiol 2d, on the partial-cone 3b,
and on the 1,3-alternate 4e conformations of calix[4]arene-
trithiol. Briefly, in monothiol 1e, calculated “C values of
39.0 and 34.4 were in good agreement with the observed
values of 37.6 and 32.7, and the AJ('H) of 0.88 and 0.87
fitted well with their experimental counterpart (see Table 2).
The flattened cone 2d showed a calculated *C value of 39.0
and AS('H) of 0.91 versus 37.8 and 0.78 (experimental), re-
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spectively. Finally, the predicted values for the 3b and 4e
conformations of the trithiol compound clearly confirm the
assessment of Gutsche, who suggested a preponderance of
the partial-cone conformation 3b in solution. In fact, as
shown in Table 2, a better agreement between experimental
and theoretical data can be obtained in this case.

In accordance with literature data, our calculations on cal-
ix[4]arenes in which the para substituent is a methyl group
(1b)2Y or a proton (1c¢),”? compared with those of 1a,
showed that the different para substitution does not signifi-
cantly affect the *C chemical shift values or the AS(‘H) (see
Table 2).

On the basis of this evidence, our exploration of the con-
formational diversity was carried out taking into consider-
ation all the conformers derived by a systematic variation of
30° of the ¢ and y angles of model structures Sa, 5d-g, con-
sisting of two toluene moieties connected at C3 by a single
methylene and displaying all the significant different pat-
terns of O-, S-, and N-substitution at the lower rim. In par-
ticular, model 5a has two p-methoxy substituents and repre-
sents the most common calix[n]arene systems,” while
model 5d and 5f represent thio- and aminocalix[n]arenes,
respectively. Finally, to investigate the conformational diver-
sity of calix[n]arenes endowed with mixed substitution pat-
terns, model Se, containing O,S-substituents and model Sf,
containing O,N-substituents, were also taken into consider-
ation.

Conformational dependence of calculated "H and "*C chemi-
cal shifts of O-substituted calixarenes: In analogy with the
protocol followed for the complete systems 1-4, all the con-
formers of Sa obtained by a systematic variation of 30° of
the ¢ and y angles were optimised at the MPW1PW91/6-
31G(d) level, and the resulting geometries were used as
input data for the single-point calculation relative to the nu-
clear magnetic shielding at the MPWI1PW91/6-31G(d,p)
level. Figure 1 (top) shows the dependence of the calculated
BC methylene chemical shift on the conformational varia-
tions. In particular, Figure 1 (top) represents the contour
plot of Ar-CH,-Ar *C chemical shifts as a function of the ¢
and y angles; another parameter that is crucial for the con-
formational assessment of calix[n]arenes is the AS('H)
values of ArCH,Ar protons. Such values are reported as a
function of the ¢ and y angles in Figure 1 (bottom) as con-
tour plot (larger and coloured figures are available in the
Supporting Information).

In this paper, we suggest the use of the obtained theoreti-
cal 'H and "C chemical shift surfaces of the simplified calix-
arene model Sa and of the following models 5d-g to derive
structural information about calix[n]arenes of unknown con-
formation whose experimental 'H and *C spectra are avail-
able. Indeed, the experimental 6("*C) and AJ('H) values for
any given calix[n]arene can be straightforwardly fitted to
the contour plots of the *C and 'H chemical shifts proposed
here to determine its conformational properties through the
clear-cut derivation of the ¢ and x torsion angle values (see
the Supporting Information). Of course, the fitting of the ex-
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Figure 1. Contour plot representations of the 6("*C)(top) and AJ('H)
(bottom) values of the ArCH,Ar group of O-calixarene model 5a versus
the ¢ and y angles [°], calculated at the MPW1PW91/6-31G(d,p) level.

perimental data will be accurate provided that the investi-
gated product exhibits a substitution pattern compatible
with model 5a or models 5d-g, that is, will be O-, S-, N-,
S,0-, or N,O-substituted. In the case of standard methoxy-
substituted calixarenes, the comparison of several sets of ex-
perimental data (including those reported in Table 2) reveals
that C chemical shifts are always well reproduced by our
calculations, indicating the suitability of the simplified
model to locally reproduce the features of a complete calix-
arene system.

Origin of the modulation of the 'H and “C chemical shifts
of O-calixarenes upon variation of the ¢ and y angles: Our
investigation of the origin of the modulation of 'H and *C
chemical shifts upon variation of the ¢ and y angles showed
that the -OR groups present on the aryl moieties are crucial
factors for both the occurrence of magnetic non-equivalence
of the methylene protons and the shielding variations of the
corresponding *C nucleus.'"”! These observations were de-
rived from the analysis of calculated *C and 'H shifts for
compounds 1d, 4¢ and Se¢, which correspond to compounds
1a, 4b and 5b without the non-influential p-substituent and
-OR moiety. The results summarised in Table 2 suggest in
fact that the AS('H) parameter decreases and is flattened to
zero when the

Chem. Eur. J. 2007, 13, 7185-7194
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-OR groups are not present.'”) Similar considerations apply
to the *C values, which in the absence of -OR groups are
predicted to resonate in a very narrow range for compounds
1c, 4¢ and Sc (44.7, 43.6 and 45.1 ppm, respectively, see
Table 2) with respect to what is observed for compounds 1a,
4b and 5b (34.5, 40.0 and 34.5 ppm, respectively, see
Table 2).

Considering the above assessments, it has to be pointed
out that the empirical rules described by Gutsche and de
Mendoza may only be applied when -OR groups are present
on the single calixarene aryl units. To extend the applicabili-
ty of our results to O-, S-, N-, S,0- or N,O-substituted calix-
arenes, we investigated the conformational variations of
models 5d-g.

Conformational dependence of calculated "H and *C chemi-
cal shifts of S-substituted calixarenes: Calixarene thiols are
a class of compounds that have attracted research interest
for the moderate complexity of their synthesis;’> however,
the low number of available examples has hampered a deep
understanding of their conformational behaviour.

For this reason, in analogy to model 5a, we propose con-
tour plots of Ar-CH,-Ar C chemical shifts and of the
ArCH,Ar proton AS(*H) values as a function of the ¢ and y
angles obtained by systematic variation of 30° of the ¢ and y
angles of 5d (Figure 2). A comparison of the Ar-CH,-Ar *C
shifts of O-substituted with the S-substituted calixarenes
gives an overall average difference of 6.8 ppm. This fairly
large value not only suggests a stronger influence of the
sulfur atom in deshielding the methylene groups, but it also
confirms the prevalent role of the lower-rim substituent in
the modulation of the 'H and *C chemical shifts of calix-
[n]arenes upon variation of the ¢ and y angles, as described
above. In order to quantitatively represent the influence of
the sulfur vs. the oxygen atom in the modulation of the
methylene C chemical shifts, we also propose the Ad(**C)
values of the S- versus the O-substituted calixarenes as a
function of ¢ and y angles (Figure 3). This surface is not flat
and the maximum differences in O('*C) are predicted for
¢p~—50° y~+50° (Ad=9.5) and for ¢p=~+50°, y=~+50°
(A0 =~8.5), corresponding to cone and 1,3-alternate confor-
mation, respectively, in fair agreement with Gutsche’s obser-
vations (Table 1). It has to be recalled that the heteroatomic
steric compression effect has been considered responsible
for the modulation of the ArCH,Ar *C chemical shifts
upon variation of the ¢ and y angles of O-substituted calix-
arenes.® Such modulation is represented in Figure 1 (top)
and may be also singled out in Figure 2 (top) for what con-
cerns the S-substituted calixarenes. A careful examination of
Figure 3 reveals an opposite pattern with respect to Fig-
ures 1 and 2. Therefore, this suggests, as expected, a minor
steric compression effect of the sulfur atom with respect to
the oxygen.

Finally, from the above data, the interested reader may
extrapolate conformational information about unknown cal-
ixarenethiols in two ways: a) straightforward fitting of 'H
and "*C experimental chemical shifts to the plots reported in
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Figure 2; b) comparison of the *C experimental chemical
shifts of an unknown S-substituted calixarene with the “C

Figure 2. Contour plot representations of the 6(**C) (top) and AJ('H)
(bottom) values of the ArCH,Ar group of S-calixarene model 5d versus
the ¢ and y angles [°], calculated at the MPW1PW91/6-31G(d,p) level.

data of a known O-substituted calixarene, and fitting of the
resulting AS(**C) values in the plot reported in Figure 3. We
should note that, provided experimental data is available for
an O-substituted calixarene homologous compound, the
method b) offers the possibility of cancelling out all the sys-
tematic errors that may be caused by the use of our current
level of theory in the modelling of calixarene structures.

Conformational dependence of calculated 'H and *C chemi-
cal shifts of N-substituted calixarenes: Together with calixar-
enethiols, aminocalixarenes constitute an important class of
n-meric metacyclophanes bearing -NH, groups that substi-
tute the -OH or OR. There is little information on the rela-
tionship between their conformation and the main features
of their NMR spectra. Again, we have obtained both con-
tour plots of Ar-CH,-Ar “C shifts and of the ArCH,Ar
proton AS(*H) values as a function of the ¢ and y angles by
systematically varying by 30° the ¢ and y angles of 5f
(Figure 4). A comparison of the Ar-CH,-Ar "C shifts of O-
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Figure 3. Contour plot representation of the *C chemical shift differences
(A0) between the ArCH,Ar group of S/O-models 5d and 5a versus the ¢
and y angles [°], calculated at the MPW1PW91/6-31G(d,p) level.

with N-substituted calixarenes reveals an overall average
difference of 2.2 ppm, suggesting a moderately stronger in-
fluence of the nitrogen atom in deshielding the methylene
groups with respect to that exerted by oxygen. For a more
detailed representation of the influence of the nitrogen vs.
the oxygen atom in modulating the *C methylene shifts, we
have reported in Figure 5 the AJ(C) values of the N-
versus the O-substituted calixarenes upon variation of the ¢
and y angles. It is interesting that a comparison of Figure 5
with 3, which, besides a general weaker influence of the ni-
trogen with respect to the sulfur, indicates that the trend in
the modification of the “C chemical shifts with respect to
the oxygen is again not flat. Moreover, it is evident in
Figure 5 that only a single pair of maxima in the differences
in 6(**C) are predicted for the nitrogen pattern substitution
(p=—=75° x=—75° (Ad=4), which may be attributable to
the presence of a single lone pair on the nitrogen atom.

As seen in Figure 3 and for the calixarenethiols, the calcu-
lated AS(**C) values should be free from systematic errors
and may be used for all cases in which the experimental
data for an O-substituted calixarene homologous compound
are available.

Conformational dependence of calculated 'H and "*C chemi-
cal shifts of mixed S,0- and N,O-substituted calixarenes:
The syntheses of 1d, 2a, 3b and 4e™’ demonstrate the in-
terest of researchers toward the preparation of calixarenes
containing mixed S,0- and possibly N,O-substituted calixar-
enes. It is for this reason that, in order to complete our
work, we considered the systematic variation of the ¢ and yx
of model 5e and model 5g to verify the influence of such
substitution patterns on the conformationally relevant NMR
data of ArCH,Ar groups. In particular, Figure 6 shows the
S,0-substitution pattern while Figure 7 shows the N,O-calix-
arenes. Qualitative comparisons of the Ar-CH,-Ar “C shifts
of O-substituted calixarenes with the S,0- and N,O-substi-
tuted analogues revealed average differences of 3.5 and
1.5 ppm, respectively.
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Figure 4. Contour plot representations of the 8(**C) (top) and AS(‘H)
(bottom) values of the ArCH,Ar group of N-calixarene model 5 f versus
the ¢ and y angles [°], calculated at the MPW1PW91/6-31G(d.p) level.
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Figure 5. Contour plot representation of the *C chemical shift differences

(A0) between the ArCH,Ar group of N/O-models 5f and 5a versus the
¢ and yx angles [°], calculated at the MPW1PW91/6-31G(d,p) level.

Applications of 'H and “C chemical shift surfaces in the de-
termination of calixarene conformations: The 'H and "*C
chemical shift surfaces obtained in this work can be consid-
ered to be a useful tool in the conformational analysis of
new calixarenes with an unknown three-dimensional struc-
ture. In particular, we propose two different strategies for
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Figure 6. Contour plot representations of the &(**C) (top) and AS(‘H)
(bottom) values of the ArCH,Ar group of S,0O-calixarene model 5Se
versus the ¢ and y angles [°], calculated at the MPW1PW91/6-31G(d,p)
level.

the definition of the calixarene conformation based on the
comparison between the experimental and the calculated 'H
and “C chemical shifts. In the first strategy, the experimen-
tal 'H and "C chemical shifts of the calixarene under exami-
nation need to be fitted to the theoretical ‘H and *C chemi-
cal shift surfaces. For each methylene group, the simultane-
ous analysis of 'H and *C values will allow us to obtain a
limited number—usually a couple—of possible combinations
of ¢ and y angles.” On the basis of the so-obtained ¢ and ¥
angles, associated to all the methylenes belonging to the cal-
ixarene, it will be possible to build only a restricted number
of conformers. The first and obvious criterion to follow in
choosing the conformers is to discard arrangements that
lack closure of the calixarene macrocycle. Secondarily, if
more than a single conformation subsists, a force-field or
higher level evaluation of the energies may be used to dis-
criminate between the remaining candidate structures.

Thus, following this strategy, we used 'H and “C chemical
shift surfaces to predict the theoretical structure of the
known compound 1,2,4,5-tetrapicolyl-p-tert-butylcalix[6]ar-
ene (6).%°! This macrocycle is conformationally flexible in
solution and VT NMR studies indicated that the molecule is
frozen at 183 K in the 1,2,4,5-alternate conformation. Such a
conformation was determined in the solid state by means of
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Figure 7. Contour plot representations of the 6("*C) (top) and AJ('H)
(bottom) values of the ArCH,Ar group of N,O-calixarene model 5g
versus the ¢ and y angles [°], calculated at the MPW1PW91/6-31G(d,p)
level.

X-ray analysis and in solution by means of a detailed 2D
NMR and molecular mechanics study. Thus, the presence of
both syn and anti orientations of the aromatic rings makes 6
a very interesting candidate for testing the ability of our
strategy based on 'H and C chemical shift surfaces to pre-
dict the conformation of calixarenes. Complete assignment
for both proton and carbon spectra of 6 was obtained at low
temperature.?! Consequently, for each methylene group, the
fitting of the corresponding couple of A6(*H) and "*C values
in the contour plots allows us to obtain a couple of possible
combinations of ¢ and y angles (Table 3, and Figure S1 in
Supporting Information).

Table 3. ¢ and y torsion angles of 6 derived by fitting the experimental
6(®C) and A6('H) values for the methylene groups on the corresponding
chemical shift surface.

Atom number 6(13C)exp Aa(lH)exp Peatod> Xealed

2 and 14 30.5 0.45 —15 and —85
+15 and +85

8 and 26 38.9 0.00 —125 and —125
+125 and +125

20 and 32 30.5 1.17 +15 and —85
—15 and +85
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The theoretical torsion angles reported in Table 3 were
then used to build a calix[6]arene model by means of a mo-
lecular modelling program (MacroModel version 9.0)% (see
Supporting Information for a detailed explanation of the
steps followed in building the model). Thus, a theoretical
1,2,4,5-conformation was obtained for 6 that shows a high
degree of similarity with respect to the crystal structure
(Figure 8). This is witnessed by an rmsd value of 1.3 A ob-
tained by superimposing the theoretical model on the X-ray
structure, and by an rmsd value of 49° for the corresponding
torsion angles.

C

Figure 8. Superimposition of the theoretical model (white) and the X-ray
structure (black) of calixarene derivatives 6 (left; rmsd=1.3 A, and
rmsd=49° for ¢ and y angles) and 7 (right; rmsd=0.6 A, and rmsd =23°
for ¢ and y angles).

As reported in our previous communication,'” our
method leads to accurate results for conformationally
blocked calixarene systems. Thus, we also examined the con-
formationally blocked calix[4]arene 7 containing cyclohepta-
trienyl groups on the upper rim.”! This derivative adopts a
pinched cone conformation in the solid state and in solution
with an unusual AS("H) ArCH,Ar proton value of 1.65 ppm.
The combined fitting of the experimental *C (30 ppm) and
AS(*H) (1.65 ppm) values leads to only two possible pairs
for the ¢ and y angles: 90 and —25° and —90 and +25°, re-
spectively (see Supporting Information). By imposing these
theoretical torsion angles, we obtained the pinched cone
structure shown in Figure 8 (white structure), which is good
agreement with the X-ray structure (black in Figure 8). The
efficiency of the fit can be demonstrated by both an rmsd of
0.6 A between the theoretical and the crystal structure and
by an rmsd value of 23° for the torsion angles.

In cases in which the above-proposed strategy could not
be applied, owing to the complexity of the calixarene system
or to the lack of one of the experimental 'H or °C data sets,
thus preventing a straightforward determination of the ¢
and x angles, an alternative approach can be taken into ac-
count. In particular, the second strategy is based on a con-
formational search of the calixarene and the subsequent
evaluation and validation of the resulting conformations.
This can be achieved by comparing the experimental 'H and
BC chemical shifts with those derived from the contour
plots by means of the ¢ and y angles of each conformation.
Such an approach is based on the reliable performance ex-
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hibited by Monte Carlo and/or Molecular Dynamics meth-
ods, with the use of appropriate force fields, in conforma-
tional searches and structural investigations of calixarenes.
Moreover, to simplify the problem, a set of predominant
conformations in the range of 10-20 kJmol™' can be selected
that will reasonably include the actual arrangement of the
molecule in solution. Finally, among all the best fitting struc-
tures, the most probable conformation should be the lowest
energy one. This should be even more probable if this par-
ticular conformation is a global energy minimum

Conclusion

QM GIAO calculations of *C and 'H chemical shifts of the
ArCH,Ar group in N-, O- and S-substituted calixarene sys-
tems, performed with a hybrid DFT functional MPW1PW91
and 6-31G(d,p) basis set, showed a good reproduction of ex-
perimental data for a group of representative calixarenes.
Calculations for a series of simplified N-, O- and S-substitut-
ed calixarene models allowed the derivation of chemical
shift surfaces versus ¢ and y dihedral angles. On the basis of
the presented data, a straightforward method that relies on
the comparison of the experimental and the calculated
NMR 'H and *C chemical shifts is suggested for the assess-
ment of the main conformational features of new calixar-
enes.

Experimental Section

Quantum mechanical calculations: Input structure files for the quantum
mechanical calculations were obtained from X-ray data or by molecular
modelling with the MacroModel 9.0 program (MM3 energy minimisation,
CHCI; GB/SA implicit model solvent).”? QM GIAO calculations of 'H
and *C chemical shifts were performed following the main lines of a pro-
tocol recently reported by our group.!'"”! In particular, the initial geome-
tries were optimised at the hybrid DFT MPW91PW91 level™® with the 6-
31G(d) basis set, while the nuclear shielding properties were calculated
with the same functional and the 6-31G(d,p) basis set (Gaussian03 soft-
ware package).'®! Average calculation times on a 3 GB Pentium IV pro-
cessor (workstation running on Linux Redhat 9.0) are 1-2 weeks for a
complete calix[4]arene structure and 1-2 days for the simplified (two aryl
units) systems.
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