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Abstract: The use of a chiral solvating agent enabled the
determination of the NMR-silent ring-inversion process of
the ketocalixarene 3. Spectroscopic and crystal data indicate
that 3 adopts the unusual 1,3-alternate conformation.

The conformation of p-tert-butylcalix[4]arene (1) is
usually discussed in terms of four basic conformations:
cone, partial cone, 1,2-alternate, and 1,3-alternate (Fig-
ure 1).1 Replacement of the hydroxyl protons by bulky
groups (e.g., propyls) sterically hinders the rotation
through the annulus of the rings, and the four forms are
available as stable atropisomers on the laboratory time
scale.2 The parent tetrahydroxy derivative is conforma-
tionally flexible and adopts a cone conformation that is
stabilized by a circular array of hydrogen bonds involving
the four OH groups. Indeed, most tetrahydroxycalixare-
nes (i.e., with nonderivatized OH groups), which have
been synthesized and conformationally characterized,
prefer the cone conformation irrespective of the nature
of the para or meta substituents.3,4

An exception to this conformational rule is present
when the substituent at the bridges can successfully
disrupt the cyclic array of hydrogen bonds. According to
X-ray crystallography, some oxidized derivatives of
thiacalix[4]arenes adopt an 1,3-alternate conformation
stabilized by intramolecular hydrogen bonds between the
OH and the bridging SO (or SO2) groups.5 In this paper,
we report the determination of the conformation and

rotational barrier of the tetrahydroxycalixarene deriva-
tive 36 (where the bridging methylene groups of 1 are
replaced by carbonyl groups, i.e., a “ketocalixarene”).7
This compound is of synthetic interest since, as shown
by Görmar and co-workers, the carbonyl groups of 3 can
be further modified (i.e., by NaBH4 reduction),6a and
therefore, 3 could serve as an intermediate for the
preparation of calixarenes functionalized at the methyl-
ene groups.8,9 In contrast to 1, ketocalixarene 3 lacks
methylene protons, and due to the high symmetry of the
preferred conformation (see below), neither the preferred
conformation nor the rotation through the annulus
process can be directly determined by temperature-
dependent NMR in the usual achiral media.

p-tert-Butylcalix[4]arene tetraacetate 2 was prepared
according to the literature procedure.6a,10 NMR analysis
of the product indicated a mixture of forms, the two major
ones (in a nearly 1:1 ratio) corresponding to the partial
cone and 1,3-alternate forms.11 Ketocalixarene 3 was
prepared from 2 by the procedure of Görmar and co-
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FIGURE 1. Schematic representation of the four ideal
conformations of a tetrahydroxycalix[4]arene.
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workers.6a The 13C NMR spectrum of the product was
identical to the one reported in the literature. However,
in the 1H NMR spectrum the observed chemical shifts of
the aromatic and OH protons in CDCl3 (7.95 and 5.98
ppm) were substantially different from those reported in
the literature (7.23 and 10.33 ppm). The chemical shift
of the OH groups of 3 is shifted upfield relative to the
chemical shift of the OH groups of 1 in the same solvent
(10.2 ppm). In the IR spectrum of 3 the OH stretching
frequency appears at a higher wavenumber (3492 cm-1,
KBr) than the one of 1 (3177 cm-1) and is relatively
sharp. Both the NMR and IR data suggest that most
likely no circular array of hydrogen bonds is present in
3.

Cooling a CDCl3 solution of 3 down to 220 K did not
result in any apparent change in the 1H NMR spectrum.

Assuming that under these conditions the rotations
around the Ar-CO bonds are slow on the NMR time scale
(see below), and precluding accidental isochrony, the
observed NMR pattern is only consistent with a cone or
an 1,3-alternate conformation. On the basis of the
spectroscopic data, which indicate a highly symmetric
conformation lacking the circular array of hydrogen
bonds characteristic of a cone conformation, the solution
conformation of 3 is ascribed to the 1,3-alternate form.
This conformational assignment was corroborated by 13C
NMR spectroscopy. In the cone conformation the four
carbonyl groups are homotopic (they are symmetry
related by a C4 axis, Scheme 1). These carbonyl groups
are expected to be isochronous, in both achiral and chiral
environments. On the other hand, for an 1,3-alternate
conformation, pairs of carbonyl groups attached to a given
ring are enantiotopic (they are related by both the S4 axis
and the mirror plane bisecting the ring) and should be
rendered diastereotopic in a chiral nonracemic media.
The 13C NMR spectrum of 3 (CDCl3, 220 K) in the
presence of the chiral solvating agent (CSA) R-(-)-R-
(trifluoromethyl)benzyl alcohol displayed two carbonyl
signals, in agreement with the presence of the 1,3-
alternate conformation (Figure 2). MM3 calculations12

support the stability reversal between the cone and 1,3-
alternate conformation. Whereas according to MM3
calculations in 1 the 1,3-alternate form is 11.2 kcal mol-1

less stable than the cone form,13 in 3 the 1,3-alternate
conformation is 0.7 kcal mol-1 more stable than the cone
form.

In the 1,3-alternate conformation of 3, under slow
exchange conditions, pairs of aromatic protons on a given
ring are enantiotopic (they are related by the mirror
plane perpendicular to the ring). A 1,3-alternate-to-1,3-
alternate inversion process will result in the mutual
exchange of enantiotopic sites (Figure 3). Although in the
1H NMR spectrum this inversion process is silent in
achiral media (due to the isochrony of the enantiotopic
protons), addition of a CSA renders pairs of the enan-

FIGURE 2. 13C NMR spectrum of 3 at 220 K (carbonyl region)
after addition of the CSA.

SCHEME 1

FIGURE 3. Topomerization of the ketocalixarene 3. The filled and empty circles represent enantiotopic aromatic protons. A
1,3-alternate-to-1,3-alternate inversion process (“a”) mutually exchanges pairs of enantiotopic protons. This can be visualized by
reorienting the molecule by a rigid 180° rotation (“b”) after the inversion process. As readily seen by comparing the structures of
the top and bottom left, the filled and empty circles had exchanged places.
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tiotopic protons anisochronous, thus enabling monitoring
their mutual exchange by dynamic NMR.14

To achieve a 0.033 ppm separation of the signals, a
large excess of the CSA was necessary.15 The 1H NMR
spectrum at 260 K (400 MHz, CDCl3) in the presence of
the CSA displayed a pair of doublets (J ) 2.6 Hz) for the
aromatic protons, their mutual coupling indicating that
the signals correspond to a pair of aromatic protons on
the same ring. Upon raising the temperature, the aro-
matic signals broadened and coalesced (Figure 4). The
exchange rates at different temperatures were obtained
by simulation of the experimental spectra with the gNMR
program.16 From the simulation, a barrier of 15.2 kcal
mol-1 was determined for the inversion process (at 290
K), a value fortuitously similar to the one determined for
1 in CDCl3 (15.7 kcal mol-1).17

A single crystal of 3 was grown from the CDCl3 NMR
solution in the presence of the CSA. The crystals of 3
were very sensitive to the X-ray radiation and the
intensities of the reflections decreased dramatically in a
very short time. Although the crystal structure was
solved and refined, the quality of the geometric data is
poor (R ) 0.16).18 Nevertheless the overall conformation
of the macrocycle is unequivocally the 1,3-alternate

(Figure 5). The conformation is somewhat more “flat”
than the 1,3-alternate form calculated by the MM3
program for either 113,19 or 3, with the carbonyl groups
oriented in a nearly mutual coplanar arrangement.

In conclusion, the solution conformation of the tetrahy-
droxy ketocalixarene 3 and the barrier of its “NMR silent”
inversion process were determined by means of a chiral
solvating agent. In principle, the use of a chiral solvating
agent should enable the determination of the solution
conformation and rotational barrier of other calixarenes
derivatives lacking bridging methylene protons (e.g.,
thiacalixarenes).20 Although the carbonyl groups are not
involved in intramolecular hydrogen bonds, the preferred
conformation is the 1,3-alternate. It seems likely that
repulsive dipole/dipole interactions in the cone form as
well a larger Ar-CO conjugation in the 1,3-alternate
form are responsible in part for the reversal in the usual
stability order.
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FIGURE 4. Experimental (left) and calculated (right) 1H
NMR spectrum (400 MHz, CDCl3) of 3 in the presence of a
CSA at different temperatures.

FIGURE 5. Side view of the crystal structure of 3. The CSA
molecule which cocrystallized was omitted for clarity.
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