
Monatshefte für Chemie 138, 735–740 (2007)

DOI 10.1007/s00706-007-0677-3

Printed in The Netherlands

Protonated Tetramethyl p-tert-Butylcalix[4]arene Tetraketone:
NMR Evidence and Probable Structures
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Summary. Both NMR spectra in nitrobenzene-d5 and high-
precision quantum mechanical DFT calculations proved that
tetramethyl p-tert-butylcalix[4]arene tetraketone binds hydrox-
onium cation H3Oþ quite strongly to form an equimolar com-
plex. Three different structures of the resulting complex
species were indicated by the NMR spectra and the DFT
calculations.
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Introduction

Calixarenes are macrocyclic compounds, which are

not easily available on a large scale, yet offer nearly

boundless possibilities for chemical modification [1].

This makes them highly attractive as building blocks

for more sophisticated and elaborate host molecules.

Calixarenes find applications as selective binders and

carriers, as analytical sensors, as catalysts, and model

structures for biomimetic studies [2].

Recently, experimental evidence for the p-tert-bu-

tylcalix[4]arenetetrakis(N,N-diethylacetamide) �H3Oþ

complex species has been advanced [3] and its com-

plex structure has been derived [4]. In the present

work, NMR evidence for protonated tetramethyl

p-tert-butylcalix[4]arene tetraketone (1 �H3Oþ) in

nitrobenzene-d5 is presented.

Results and Discussion

NMR Spectra

Similarly as in our previous studies on protonation of

some electroneutral ionophores [5–7], we used hy-

drogen bis(1,2-dicarbollyl) cobaltate (HDCC) as a

versatile proton source [8]. The protons were con-

verted to the hydroxonium ions H3Oþ by traces of

water in the system under study. In order to ensure full

ionization of HDCC we had to use a solvent with a

rather high dielectric constant, e.g. nitrobenzene

("¼ 35.6), acetonitrile ("¼ 36.6), or dimethylfor-

mamide ("¼ 38.3). Among them, nitrobenzene-d5

proved to give least equivocal results in our former

works as it does not form inclusion complexes with

calixarenes and does not compete perceptibly with

their proton binding. Therefore, we have chosen this

solvent in the present study.

After mixing equimolar amounts of HDCC and

ligand 1 (cf. Scheme 1) in nitrobenzene-d5 at 296 K,

slight changes in the NMR spectra of the mixture

set on immediately. They gradually evolved and

reached the final equilibrium state in about 48 h.

The 300.13 MHz 1H NMR spectra of a 0.01M so-

lution of 1 and of an equimolar mixture of 1 with

HDCC in the final equilibrium state are compared

in Fig. 1, the analogous 75.5 MHz 13C NMR spec-

tra are depicted in Fig. 2. The signal assignment

corresponds to Scheme 1, where the protons have� Corresponding author. E-mail: petr.vanura@vscht.cz



the same numbering as the carbons they are at-

tached to.

Closer inspection of the spectra shown in Figs. 1

and 2 suggests the presence of at least three different

structures, each of them differing from that of 1.

Using a combination of 2D 1H NOESY, 1H-
13C HSQC, and 1H-13C HMBC spectra, one can assign

the signals AþE, BþC, and D to one of three mo-

lecular structure types populated approximately in the

ratio 1:0.6:0.8. As confirmed by a PFG NMR mea-

surement, all three structure types have almost iden-

tical self-diffusion coefficients (1.96� 0.02 m2 s�1),

i.e. they not only have the same molecular weight,

but even their overall molecular shape must be simi-

lar. In the first (i.e. AþE) and second (i.e. BþC)

structure types, protons 4 and 8 are equivalent in all

four aryl groups of the calixarene part, while the two

pairs of mutually opposite aryl groups are not. On

the other hand, the four aryl groups in the last struc-

ture type (signals D) including the attached t-butyl

groups are apparently equivalent, however, protons 4

and 8 in them are not (as shown, the signals have

different chemical shifts and are split by mutual spin

coupling). Intuitively, one could conclude that the

first two molecular types (in particular AþE) adopt

a pinched cone conformation [2], in contrast to the

considered last type. The pinched cone conformation

is certainly adopted by free ligand 1, in which it is

rapidly averaged by a fast internal motion [7] so that

all four units in this macrocycle appear to be equiva-

Fig. 1. 300.13 MHz 1H NMR spectra of 0.01M 1 (A) and an equimolar equilibrium mixture of 1 with HDCC after 48 h (B)
(nitrobenzene-d5, 296 K)

Scheme 1
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lent in both 1H and 13C NMR spectra (cf. Figs. 1A

and 2A). In the three visible forms of the complex

1 �H3Oþ, such fast averaging is precluded by the

coordination of the groups (C¼O and O–Ar) at the

lower rim. There is a moderately slow internal

motion in these structures as discussed below.

In spite of the pinched cone form of two of

the visible structures of 1 �H3Oþ, their aromatic

cavity is markedly more open than in 1. This is

clearly documented [7] by the large shifts of signals

of equatorial 9e (0.24 and 0.16 ppm) and axial 9a

(�0.41 and �0.68 ppm) CH2 protons. The relative

opening of the calixarene cup indicates that a rather

strong coordination pulls the polar groups at the lower

rim together. This certainly concerns the C¼O

groups, as shown by the �0.87 ppm shift of the

signal 11 in 13C NMR, as well as somewhat sur-

prising shifts of 12, namely �0.20 ppm in 1H NMR

or �0.41 and even �6.14 ppm in 13C NMR. In this

context it should be emphasized that the phenoxy

oxygen atoms of 1 are also included in this co-

ordination as shown by the upfield shifts of signals

6 in the carbon spectrum.

In addition to all these features, there must be

substantial slow internal motion in the mentioned

1 �H3Oþ structures. Strong broadening is observed

both in proton and carbon spectra, obscuring some

of the signals. As seen in Fig. 2C, even part of the

signals of carbon 1 is severely broadened. Signal

10, entirely missing in the carbon spectrum, is too

weak in the proton spectrum of the 1 �H3Oþ com-

plex species; the intensity of 11 is also lowered, part

of the signal being probably extremely broadened.

All this indicates a moderately fast exchange be-

tween several H3Oþ – holding complex structures.

The corresponding conformational changes of the

aromatic part of the complex 1 �H3Oþ apparently

lag behind this motion so that we are able to see at

least some of the 1 �H3Oþ structures in the spectra.

Considering the broadening of signals and the

chemical shifts involved, the logarithm of the

correlation time of exchange (log(�ex)) between

Fig. 2. 75.5 MHz 13C NMR DEPT45 spectra of 0.01M 1 (A) and an equimolar equilibrium mixture of 1 with HDCC after 48 h
(B, methyl region expanded in C) (nitrobenzene-d5, 296 K)
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individual forms of the 1 �H3Oþ complex can be

estimated to be in the interval between �2.0 and

3.0 (�ex being in s), the lower bound applying to

the intramolecular motions of the bound H3Oþ, the

upper one corresponding to the exchange between

free and complexed 1 or different structural forms

of the complex under study.

Quantum Mechanical Calculations

The quantum mechanical calculations were carried

out at the density functional level of theory (DFT,

B3LYP functional) using the Gaussian 03 suite of

programs [9]. The 6-31G(d) basis set was used and

the optimization was unconstrained. The optimiza-

tions were done in vacuo as no reliable correction for

the influence of the solvent is at hand at this preci-

sion level. Although possible influence of a polar

solvent on the detailed structures of 1 and 1 �H3Oþ

could be imagined, our quantum calculations in

similar cases, performed in analogous way, showed

very good agreement of experiment with theory

[5–7].

Fig. 3. DFT optimized structure of free 1 (B3LYP=
6-31G(d))

2
Fig. 4. DFT optimized structures (A, B, C) of the 1 �H3Oþ

complex (B3LYP=6–31G(d)) with the lengths of the corre-
sponding hydrogen bonds. Structure A: the lengths of H-
bonds of H3Oþ to phenoxy oxygens of 1: 1.69, 1.54, 1.92,
and 2.20 Å; the length of H-bond of H3Oþ to carbonyl oxygen
of 1: 2.12 Å
Structure B: the lengths of H-bonds of H3Oþ to phenoxy
oxygens of 1: 1.54, 1.77, 2.25, and 1.75 Å
Structure C: the lengths of H-bonds of H3Oþ to phenoxy
oxygens of 1: 1.57, 2.22, and 1.79 Å; the lengths of H-bonds
of H3Oþ to carbonyl oxygens of 1: 1.77 and 2.33 Å
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In the model calculations, we optimized molecu-

lar geometry of the parent calixarene ligand 1 and

its complex with H3Oþ. The optimized structure of

1 is shown in Fig. 3. From this figure it follows that

the most stable conformation of the calixarene

ligand 1 forms a pinched cone structure [2] with a

C2 symmetry.

In Fig. 4, the structures A, B, and C of the

1 �H3Oþ complex obtained by DFT optimization

are illustrated together with the lengths of the corre-

sponding hydrogen bonds (in Å). Compared to free

ligand 1 (Fig. 3), the calixarene part of the complex

1 �H3Oþ is more open and very close to the C4 sym-

metry. The hydroxonium ion H3Oþ, placed in the co-

ordination cavity formed by the calixarene lower-rim

groups, is bound by strong hydrogen bonds to the

phenoxy oxygen atoms of 1 (structures A, B, and

C) and also to one carbonyl oxygen of 1 (structure

A) or two carbonyl oxygens of 1 (structure C).

Finally, the calculated stabilization energy of the

1 �H3Oþ complex, 406.7 kJ mol�1, is the same for all

three optimized structures depicted in Fig. 4 and

besides, this value unambiguously confirms the very

high stability of the considered complex species.

In conclusion, both NMR spectra and high-preci-

sion quantum mechanical DFT calculations confirm

that hydroxonium ion H3Oþ is bound very strongly

to the keto-modified calixarene ligand 1 to form the

1 �H3Oþ complex. At least three different structures

of the resulting complex 1 �H3Oþ are indicated by

the NMR spectra and the DFT calculations. In very

good agreement of experiment with theory, the hy-

droxonium ion H3Oþ is bound especially to phenoxy

oxygen atoms or carbonyl oxygens of the calixarene

ligand 1, thus forcing the calixarene cup to open into

a less pinched cone conformation. In a slight contrast

to the calculations, the NMR spectra show that the

calixarene parts in two of the considered structures

of 1 �H3Oþ still adopt a slightly pinched cone con-

formation in spite of their wider openness relative to

free ligand 1. The NMR spectra also give evidence

for a moderately fast exchange between individ-

ual structures of the 1 �H3Oþ complex. This motion

is faster at the lower rim part of this complex, the

conformation changes of the calixarene cup some-

what lagging behind it. This conclusion is in good

agreement with the calculations finding all three

optimal complex structures to be on the same energy

level. Although the large stabilization energy of the

1 �H3Oþ complex (406.7 kJ mol�1) precludes easy

liberation of the hydroxonium cation H3Oþ out of

the lower rim coordination cavity, this does not hin-

der concerted motions of H3Oþ within it.

Experimental

Tetramethyl p-tert-butylcalix[4]arene tetraketone (1) was
synthesized by the procedure described in Ref. [10]. Nitro-
benzene-d5 was supplied by Fluka, Buchs, Switzerland and
was used as obtained. Cesium bis(1,2-dicarbollyl) cobaltate
(CsDCC) was prepared in the Institute of Inorganic Chemis-
try, �RRež, Czech Republic, using the method published by
Hawthorne et al. [11]. In order to obtain its hydrogen ana-
logue, HDCC, an 0.2M solution of CsDCC in nitrobenzene
was twice shaken with equal volumes of 15% v=v n-propanol in
1M H2SO4 in distilled H2O, followed by tenfold equilibrium
shaking with equal amounts of 1M H2SO4 and two equilibra-
tions with distilled H2O. After separation of the phases, nitro-
benzene was removed by distillation. The product was dried
under high vacuum to a constant weight for two weeks.

1H and 13C NMR spectra were measured in a quadrature
detection mode at 300.13 and 75.45 MHz with an upgraded
Bruker Avance DPX300 spectrometer; 32 and 64 kpoints were
carried out for 1H and 13C NMR collecting 64 and 25000 or
more scans, respectively. 13C NMR measurements were per-
formed in an inverse-gated (NOE uninfluenced) mode, with a
�=6 pulse and 10.8 s repetition time; exponential weighting
(lb¼ 1 Hz) was used before Fourier transform. In homonuc-
lear 2D 1H spectra (COSY, LR-COSY, DQF-COSY, NOESY)
and heteronuclear 1H–13C 2D (HSQC and HMBC), 1028
points in F2 and 256 increments in F1 dimensions were mea-
sured using a z-gradient inverse-detection probe.

All NMR measurements were carried out at a temperature
of 296 K.
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