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The dynamic stereochemistry of 4,6,10,12,16,18,22,24-octamethyl-25,26,27,28-tetrahydroxycalix[4]arene (2) 
is analyzed. The measured barrier for the coalescence of the diastereotropic methylene protons (10.9 kcal mol-’) 
and the coalescence of the methyl signals (10.7 kcal mol-’) is identical. It is concluded that the dynamic pathway 
observed by NMR corresponds to a ring-inversion process which exchanges both the methylene protons and the 
symmetry nonequivalent “perpendicular” and “coplanar” aryl rings. Molecular mechanics calculations satisfactorily 
reproduce the boat conformation of 2 and indicate that the presumed transition state for the pseudorotation 
process lies 27 kcal mol-’ above the ground state. In contrast to the parent p-tert-butylcalix[4]arene (l), changing 
the solvent from CDC13 to pyridine-d5 raises the inversion barrier of 2. Calixarene 2 crystallizes from pyridine 
as a 1:l complex in which the calixarene molecule exists in a boat conformation and the pyridine molecule is 
partially included in the calix cavity. Fixation of the conformation of 2 was obtained by preparing the 1,3-dimethyl 
ether derivative 6 by alkylation of 2 under phase-transfer catalysis conditions. The conformation of 6 in the 
crystal is similar to that of 2, with the two methoxy groups located in the ”perpendicular” rings. The inversion 
barrier of 6 is higher than 24.0 kcal mol-’ as estimated by saturation transfer experiments. 

Introduction 
During the last years there has been an intense interest 

in synthetic organic host molecules.’ Cali~[n]arenes,~ 
cyclic oligomers made of n phenol and methylene units, 
occupy a privileged position in this family since by 
choosing carefully the reaction conditions they can be 
prepared in a single step by condensation of substituted 
phenols and formaldehyde under basic ~atalysis .~ 

The conformational behavior of calix[4]arenes is com- 
monly analyzed in terms of four ideal conformations: 
“cone”, ”partial cone”, “1,2-” and “1,3-alternate”.2 Spec- 
troscopic as well as crystallographic evidence indicates that 
the preferred conformation of the parent compound p -  
tert-butyl-calix[4]arene (1) is the  one".^ 

We have recently reported in a preliminary communi- 
cation the preparation and structure of the sterically 
crowded 4,6,10,12,16,18,22,24-octamethyl-25,26,27,28- 
tetrahydroxycalix[4]arene (2) abbreviated as octa- 
methyl~alix[4]arene.~ Calixarene 2 was prepared by re- 
action of either 2,6-dimethyl-4-hydroxybenzyl alcohol or 
2,4-dimethyl-6-hydroxybenzyl alcohol with A1C13 in ni- 
trobenzene at  90 oC.6 X-ray diffraction of the DMF 
solvate of 2 showed that in contrast to the parent com- 
pound 1 , 2  exists in the crystal in a “boat” conformation 
in which two opposite rings are nearly coplanar with the 
main macrocyclic plane (“coplanar” rings) whereas the 
remaining two rings are nearly perpendicular to this plane 
(“perpendicular” rings). In this paper, we report the so- 
lution conformation and dynamic stereochemistry of 2, its 

(1) For recent reviews on host guest chemistry, see: (a) Toner, J. L. 
In Updates from the Chemistry of Functional Groups: Crown Ethers 
and Analogs; Patai, S., Rappoport, Z., Eds.; Wiley: Chichester, 1989. (b) 
Molecular Inclusion and Molecular RecognitionClathrates I. Weber, E., 
Ed. Top Curr. Chem. 1987, 140. (c) Synthesis of Macrocycles: Design 
of Selectiue Complexing Agents; Izatt, R. M., Christensen, J. J., Eds.; 
Wiley: New York, 1987. 

(2) For comprehensive reviews on calixarenes, see: Gutsche, C. D. 
Calixarenes; Royal Society of Chemistry: Cambridge, 1989. Gutsche, C. 
D. ref IC, p 93. Gutsche, C. D. Top. Curr. Chem. 1984, 123, 1. 

(3) Gutsche, C. D.; Iqbal, M. Org. Synth. 1989, 68, 234. 
(4) (a) Andreetti, G. D.; Ungaro, R.; Pochini, A. J. Chem. SOC., Chem. 

Commun. 1979, 1005. (b) Andreetti, G. D.; Pochini, A.; Ungaro, R. J. 
Chem. SOC., Perkin Trans. 2 1983, 1773. (c) Ungaro, R.; Pochini, A.; 
Andreetti, G. D.; Sangermano, Y. Ibid. 1984, 1979. (d) Ungaro, R.; Po- 
chini, A.; Andreetti, G. D.; Domiano, P. J. Chem. SOC., Perkin Trans 2 
1985, 197. (d) Furphy, B. M.; Harrowfield, J. MacB.; Ogden, M. I.; 
Skelton, B. W.; White, A. H.; Wilner, F. R. J. Chem. SOC., Dalton Trans. 
1989, 2217. 

(5) Dahan, E.; Biali, S. E. J. Org. Chem. 1989, 54, 6003. 
(6) The amount of A1C13 to be added for the synthesis of 2 should be 

0.277 g and not 0.277 mg as stated in in ref 5. The calculated yield should 
be 34% and not 28% as stated. 
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solid-state inclusion behavior, and the preparation and 
crystal structure of its dimethyl ether derivative. 

2 

Results and Discussion 
Static Stereochemistry of 2. Although the crystallo- 

graphic data indicate that 2 exists in the solid state in a 
boat conformation, the solution conformation could be 
different. It was therefore of interest to determine the 
NMR spectrum under conditions in which any confor- 
mational process is frozen. Since the presence of a boat 
conformation should affect the hydrogen bonding pattern, 
we determined also the IR spectrum of 2. 

(a) NMR Spectra. The ‘H NMR spectrum of a sample 
of 2 in CDC13 at  room temperature displays single signals 
for the aromatic (6 = 6-51), methylene (6 = 3.80), methyl 
(6 = 2.25), and OH (6 = 8.19) protons. The 13C NMR 
spectrum displays four signals for the aromatic carbons 
(6 = 122.6,125.3, 135.4,152.5) and one signal each for the 
methyl and methylene carbons (6 = 24.5,20.0). The NMR 
spectra are in agreement with a species that is conforma- 
tionally mobile on the NMR time scale a t  room temper- 
ature, in contrast to 1 which exists a t  room temperature 
as a slowly inverting cone on the NMR time scale.* The 
increased flexibility of 2 compared to 1 can be ascribed to 
the increased groud-state energy of 2 due to the steric 
repulsions between the methyl groups at neighboring rings 
as well as to the presence of weaker intramolecular hy- 
drogen bonds (see below) which hold the conformation. To 
see whether the dynamic process can be frozen, a sample 
of 2 in CD2C12/CDC13 (1:l) was cooled to 192 K. Calix- 
arene 2 displays in the ‘H 200-MHz NMR spectrum two 
signals each for the OH groups (6 = 8.62,9.06), aromatic 
protons (6 = 6.52,6.56), and the methyl groups (6 = 2.04, 
2.40), and two closely spaced doublets for the methylenic 
protons in agreement with a frozen “boat” conformation 
in solution of C% symmetry. The relatively upfield position 
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of the OH groups (6 = 8.19 ppm) as compared with 1 (6 
= 10.2 ppm) can be ascribed to the weakening of the hy- 
drogen bond between the OH groups as a result of the 
presence of the boat conformation in 2.7 It is interesting 
to note that whereas there is a large chemical shift dif- 
ference for the diastereotopic methylene protons of ca- 
lix[4]arene (A6 = 0.71 ppm),8 the A6 value for 2 k relatively 
small and therefore under slow exchange conditions these 
protons appear as a somewhat unresolved AB quartet at 
200 MHz. 

(b) IR Spectrum. The IR spectrum of calix[4]arenes 
is characterized by a low stretching OH frequency (3150 
cm-’) due to the presence of a circular hydrogen bonds2 A 
marked deviation of the calixarene from the cone con- 
formation into a boat form should result in weakening of 
the hydrogen bond and a shift of the stretching frequency 
into larger wave numbers. Indeed, Bohmer and co-work- 
ersg have shown that the OH stretching frequency of ca- 
lix[4]arenes bridged a t  two para positions at  nonvicinal 
rings 3 shifts to higher frequencies with the decrease in 
length of the bridge and the progressive distortion of the 
cone conformation. For example, for systems 3 (n = 5-9) 
the OH stretching frequencies are uoH(KBr) = 3410,3340, 
3250,3250, and 3210 cm-’, respectively. For calixarene 2 
uOH (KBr) is 3290 cm-’ and is analogous to the frequencies 
found for system 3 when n = 6 or 7. & 

(CH-3” 

3 
(c) Molecular Mechanics Calculations. Molecular 

mechanics calculations of calixarene 2 were performed 
using the MM2(85) program.1° According to the calcu- 
lations, the boat and 1,3-alternate conformations are of 
similar steric energies and are the lowest energy confor- 
mations. The 1,Zalternate and symmetric cone confor- 
mations have much higher steric energies and lie 5.3 and 
31.2 kcal mol-’ above the boat conformation. I t  should be 
noted, however, that the calculations do not take into 
account properly the hydrogen bonds. Since these hy- 
drogen bonds are likely to contribute mostly to the relative 
stabilization of the boat and cone conformations, the un- 
derestimation of the strength of the hydrogen bonds should 
result in an overestimation of the steric energies of both 
conformations. Once this factor is taken into account, it 
is possible to reconcile the results of the calculations with 
the experimental result (i.e., exclusive population of the 
boat conformation). 

The calculated structure for the boat conformation of 
2 is remarkably similar to the crystallographic conforma- 
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(7) Wolff, A.; Bohmer, V.; Vogt, W.; Ugozzoli, F.; Andreetti, G. D. J. 
Org. Chem. 1990,55, 5665. 

(8) Araki, K.; Shinkai, S.; Matauda, T. Chem. Lett. 1989, 581. 
(9) (a) Goldmann, H.; Vogt, W.; Paulus, E.; Bohmer, V. J. Am. Chem. 

SOC. 1988,110, 6811. (b) Paulus, E.; Bohmer, V.; Coldmann, H.; Vogt, 
W. J .  Chem. SOC., Perkin Trans. 2 1987,1609. (c) B o h e r ,  V.; Goldmann, 
H.; Vogt, W.; Paulus, E. F.; Tobiason, F. L.; Thielman, M. J. J .  Chem. 
SOC., Perkin Trans. 2 1990, 1769. 

(10) Allinger, N. L. QCPE MM2(85). See also: Sprague, J. T.; Tai, J. 
C.; Yuh, Y. H.; Allinger, N. L. J. Comput. Chem. 1987, 8, 581. 

Figure 1. Possible homomerization pathways for calixarene 2. 
Methyl gruops are omitted for clarity. 

tion determined for 2.DMF (Table S1 in the supplemen- 
tary material). The main difference between the experi- 
mental and calculated structures is in the O-*O nonbonded 
distances which are overestimated by the calculations by 
0.3-0.4 A possibly due to the partial neglect of the hy- 
drogen bonds. 

Dynamic Stereochemistry of 2. Due to the lower 
ideal symmetry of the boat conformation of 2 (C2” sym- 
metry) as compared with 1 (CdU symmetry), several ho- 
momerization pathways of the macrocyclic skeleton are 
possible for 2 whereas for 1 only the inversion process need 
to be considered. The stereodynamics of the all-cis ste- 
reoisomer of resorcinol-based calixarenes 4 which according 
to the X-ray analysis also exist in a boat conformation” 
have been analyzed by Hogberg.2J2 

4 
Three processes can be considered for the dynamic 

process operating for 2. In the first process (I in Figure 
1) there is an exchange between the “perpendicular” and 
“coplanar” rings without including the passage of the OH 
groups through the macrocyclic cavity. This process does 
not exchange the “axial” and “equatorial” methylene 
protons. In the idealized transition state a cone confor- 
mation of Cqu symmetry is obtained. Since the result of 
this dynamic process is that the molecule looks as if it was 
rotated by 90°, this process is called pseud~rotation.’~J~ 
The second process (ii) involves the passage of the rings 
through the molecular cavity (a ring-inversion process)13 
and keeps the identity of the rings (“perpendicular” or 
“coplanar”) unchanged. The third process (iii) can be 
formally considered a combination of processes i and ii and 

(11) Erdtman, H.; Hogberg, S.; Abrahamsson, S.; Nilsson, B. Tetra- 
hedron Lett .  1968,1679. Nilsson, B. Acta Chem. Scand. 1968,22,732. 
Tunstad, L. M.; Tucker, J. A.; Dalcanale, E.; Weiser, J.; Bryant, J. A.; 
Sherman, J. C.; Helgeson, R. C.; Knobler, C. B.; Cram, D. J. J. Org. Chem. 
1989,54, 1305. 

(12) Hogberg, A. G. S. J. Am. Chem. SOC. 1980, 102, 6046. 
(13) Anet, F. A. L. Top. Curr. Chem. 1974, 45, 169. 
(14) It should be noted that in the initial report on the ring inversion 

barrier of a calix[4]arene (Happel, G.; Mathiasch, B.; Kbmere r ,  H. 
Makromol. Chem. 1975, 176, 3317) the ring inversion process was (in- 
correctly) dubbed ‘pseudorotation”. 
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Table I. Coalescence Data for 2 
AG,’ 
(kcal 

solvent region Av (Hz) T, (K) mol-’) 
1:l CD2C12-CDCI3 CH2 15.P 214 10.9 
1:l CD2C12CDC13 CHB 71.8’ 223.5 10.7 
pyridine-& CH3 183’ 257 11.8 

“The experiment was conducted on a 500-MHz instrument. 
‘The experiment was conducted on a 200-MHz instrument. 

involves the passage of the rings through the molecular 
cavity but with concomitant exchange of the perpendicular 
and parallel rings. Both processes ii and iii exchange the 
“axial” and “equatorial” methylene protons. The three 
processes are depicted in Figure 1. 

What is the process of lowest activation energy 
(threshold mechanism) for 2? In contrast to the resorcinol 
aldehyde condensation products studied to date, the 
uniqueness of 2 is that two probes are available: the two 
unequivalent rings and the diastereotopic methylene 
protons. In principle it should be possible to distinguish 
between the different processes by comparing the barriers 
measured from the exchange between the “perpendicular” 
and “parallel” rings (AG*,,)(measured either from the 
coalescence of the OH, aromatic protons, or methyl groups) 
and the barrier for the exchange of the diastereotopic 
methylene protons (AG*AB). If the values of AG*ph and 
AGIAB are identical, this will indicate that the threshold 
mechanism is iii, whereas if AG*ph < AG*AB or AG’ph > 
AG*- this will indicate that the threshold mechanism is 
either i or ii. 

Raising the temperature of a solution of 2 results in the 
pairwise coalescence of the methylene, methyl, aromatic, 
and OH protons (Figure 2). From the frequency differ- 
ence between methyl groups under slow exchange (71.8 Hz) 
and the coalescence temperature (214 K), a barrier of 10.7 
kcal mol-’ was calculated for the exchange process.15 Due 
to the small separation between the resonances arising 
from the two methylene protons we measured the coa- 
lescence of the protons on a 500-MHz instrument. The 
results of the coalescence experiment are collected in Table 
I, which shows that the barriers for the exchange of the 
methyl and methylene protons are identical within ex- 
perimental error (10.7 and 10.9 kcal mol-’ respectively). 
This result indicates that the threshold rotational mech- 
anism for 2 corresponds to a ring inversion, which in ad- 
dition to exchanging the “perpendicular” and “coplanar” 
rings exchanges between the diastereotopic methylene 
protons. In a molecular dynamics study Reinhoudt and 
co-workers concluded that the conformational inversion 
pathway of the cone conformation of 1 involves the step- 
wise passage of the phenolic rings through the ring annulus, 
with the partial cone and 1,2- or l,&alternate conforma- 
tions as intermediates in the inversion pathway.16 The 
DNMR results are in agreement with an inversion process 
having a symmetric intermediate in which the 
“perpendicular” and “coplanar” rings are symmetry 
equivalent (i.e., the 1,2- or 1,3-alternate conformations) 
since in these cases the inversion process should result also 
in interconversion between the “perpendicular” and 
“coplanar” rings. The DNMR data excludes a one-step 
inversion process which retains the identity of the rings. 

(15) For calculating the rate of exchange at the coalescence tempera- 
ture ( k , )  we used the Gutowsky-Holm equation (k, = irAv/v’/2): Gu- 
towsky, H. s.; Holm, H. C. J. Chem. Phys. 1956,25, 1228). 

(16) Grootenhuis, P. D. J.; Kollman, P. A.; Grcenen, L. C.; Reinhoudt, 
D. N.; van Hummel, G .  J.; Ugozzoli, F.; Andreetti, G .  D. J. Am. Chem. 
SOC. 1990, 112, 4165. 
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Figure 2. ‘H 200-MHz NMR spectrum of the methyl region of 
2 in 1:l CDC13-CD2C12 at different temperatures: A, at 210 K; 
B, at 218 K; C, at 224 K; D ,  at 246 K. 

The pseudorotation process (i) must be of higher energy, 
in agreement with the molecular mechanics calculations 
that predict that the “cone” conformation (the presumed 
transition state for the pseudorotation) lies 31.2 kcal mol-’ 
above the boat conformation. 

Comparison between 2 and the Resorcinol-Derived 
Systems. The all-cis resorcinol-derived calixarenes 4 differ 
from 2 in several aspects. Since substituents are present 
a t  the benzhydrilic position of 4 only process i results in 
homomerization while processes ii and iii result in dia- 
stereomerization (Le., relocation of the substituents from 
axial to equatorial positions). For the all-cis calixarenes 
4 studied only a single species was detected by NMR.”J7 
This could be either the result of a fast inversion process 
a t  room temperat~rel’~ or the result of a strong confor- 
mational bias. For these calixarenes the DNMR data 
indicate that the pseudorotation process is operating. 
Since only a single conformer was detected, only the 
pseudorotation process could be followed by NMR. It  is 
not clear therefore whether the pseudorotation process 
indeed corresponds to the threshold mechanism of 4. 

Restricted Rotation about the Alkyl-Macrocyclic 
Bonds in the Resorcinol-Derived Calixarenes. A dy- 
namic process present exclusively in system 4 is rotation 
about the alkyl or aryl groups attached to the methine 
carbons. Two claims have been reported on the detection 
of restricted rotation of alkyl groups attached to the 
methine carbons in these systems. Rather surprisingly, 
both claims seem to imply that the barrier of rotation 
about the CH-alkyl bond in these systems is abnormally 
high. Hogbergf7a reported that the methyl signals of 4a 
broadened by cooling a sample to 241 K in the ‘H NMR 
spectrum. This process was ascribed to the slowing of the 
rotation of the methyl groups. I t  could be possible that 

(17) (a) Hogberg, A. G .  S. J. Org. Chem. 1980,45,4498. (b) Abis, L.; 
Dalcanale, E.; Du vosel, A.; Spera, S. J. Org. Chem. 1988,53,5475. (c) 
Mann, G.; Weinelt, F.; Hauptmann, S. J. Phys. Org. Chem. 1989,2,531. 
(d) Abis, L.; Dalcanale, E.; Du vosel, A.; Spera, S. J. Chem. SOC., Perkin 
Tram 2 1990, 2075. 
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the process observed corresponds to freezing the ring in- 
version and not to the methyl rotation since the barrier 
of rotation of sterically unencumbered methyl group is very 
low. It has been claimed that the appearance of the ben- 
zhydrilic methine protons in a cis-trans-cis resorcinol 
heptanal octaacetyl derivative 4b as a doublet of doublets 
by coupling with CH2 is due to hindered rotation of the 
hexyl  group^."^ The spectrum was unchanged when the 
sample was heated to 120 'C. An alternative explanation 
for the appearance of the spectrum is that, since the 
protons of the CH2 unit attached to the macrocyclic ring 
are symmetry nonequivalent (no conformation exists in 
which a mirror plane bisects the CH2 unit) they are dia- 
stereotopic on any time scale, even under fast alkyl-ring 
rotation. These diastereotopic protons are expected to be 
not only anisochronous but also anisogamous. Conse- 
quently, they should differ in their coupling constant to 
a third proton. I t  is clear therefore that, provided that 
their coupling constants to the methine proton are dif- 
ferent, the methine proton should appear as a doublet of 
doublets, as reported by Abis et al.,'7b and there is no need 
to invoke restricted rotation about the alkyl-macrocyclic 
bonds. 

Solvent Effect on the Inversion Barrier of 2. The 
inversion barrier of several calix[4]arenes is solvent de- 
pendent. Most notably, changing the solvent from CHC13 
to pyridine-& usually reduces the inversion barrier. For 
example, the inversion barriers for p-tert-butyl-, p-H-, 
p-cyclohexyl, and p-tert-octylcalix[4]arene are 15.7, 14.9, 
15.3, and 14.6 kcal mol-' in CDC13 and 13.7, 11.8, 12.8 and 
12.4 kcal mol-' in pyridine-d5l8 The energy reduction in 
the barrier by the change in solvent for these molecules 
is about 2.0-2.9 kcal mol-' and has been ascribed to the 
disruption in the intramolecular hydrogen bonds18 which 
are contributing factors to the rigidity of the calixarene. 
Since calixarene 2 has weaker intramolecular hydrogen 
bonds that 1 as evidenced by the IR and NMR data, it wm 
of interest to see whether a change of solvent from CDC13 
to pyridine will result in a decrease of similar magnitude 
in the inversion barrier. As shown by the NMR data 
(Table I) the use of pyridine as solvent results in an in- 
crease in the inversion barrier. One possibility for ex- 
plaining this result is that the pyridine molecules form an 
endo calix complex with 2. This complex must be dis- 
rupted during the inversion pathway, resulting in an in- 
crease of the inversion barrier. Recrystallization of 2 from 
pyridine resulted, as shown by NMR, in a 1:l complex of 
2 with pyridine. In order to determine whether this is 
indeed an endo calix complex as suggested by the dynamic 
NMR data we grew a single crystal of 2-pyridine and 
submitted it to X-ray diffraction. 

X-ray Diffraction of %.Pyridine. We have described 
in our preliminary communication the X-ray structure of 
2.DMF.5 The DMF molecule which is hydrogen bonded 
to one of the OH groups is not located inside the molecular 
cavity but between the molecules. The X-ray data of 
2mpyridine indicate that 2 exists in a boat conformation and 
that the pyridine molecule is partially included in the 
cavity of the calixarene molecule. The pyridine molecule 
showed orientational disorder and therefore the nitrogen 
atom could not be located. A stereoscopic picture of the 
complex is shown in Figure 3. Bond lengths and angles 
and positional parameters are deposited as supplementary 
material (Tables S244) .  In general, the conformation of 
the calixarene ring is similar to the one found for 2.DMF, 
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Figure 3. Stereoview of the crystal structure of 2-pyridine. 

which indicates that conformational changes as a result 
of complexation are minimal. The dihedral angles between 
the plane defined by the four methylenic carbons and the 
perpendicular rings are 71.2' and 69.2', and the angles 
with the coplanar rings are 21.6' and 25.6'. The capability 
of 2 of formihg endo calix solid-state complexes is of in- 
terest since it has been hypothesized that the solid-state 
endo calix complexes of the parent 1 with aromatic guests 
are the result of attractive interactions between the a cloud 
of the guest and the methyls of the p-tert-butyl groups (a 
CH3-7r intera~tion).'~ In the case of 2 no CH31r interaction 
is possible, since the meta methyl groups are too far away 
to interact with the pyridine a cloud (cf. Figure 3). It  
seems possible that ?T-a interactions are a t  least partially 
responsible for the formation of the solid-state endo calix 
complex. 

Fixation of the Boat Conformation. One of the 
common methods for fixation of the cone conformation 
(i.e., increasing the barrier to ring inversion) is by re- 
placement of the hydroxylic protons by bulky groups. The 
1 ,&dimethyl derivative of p-tert-butylcalix [ 41 arene (5) 
exists in a "flattened cone" (boat) conformation.16.20 In 
order to prepare the dimethyl ether derivative of 2 we 
reacted the calixarene with dimethyl sulfate and 20% 
aqueous NaOH in the presence of a phase transfer catalyst. 
The dimethyl ether 6 was obtained in 37% yield. 

M U  
I 

1-EU 

5 6 

Calixarene 6 displays in the 'H NMR spectrum (200 
MHz, CDCl,, rt) two methyl (6 = 1.69 and 2.38), two 
aromatic (6 = 6.51,6.31), one OH (6 = 5.25 ppm), and one 
OMe (6 = 3.8) signals and an AB quartet (6 = 3.6,4.1) for 
the methylene protons. The anisochrony of the methylene 
protons in the spectrum is in agreement with a frozen boat 
conformation in which the two OMe groups are located at 
distal (nonvicinal) rings. Lowering the temperature to 213 
K did not lead to any change in the 'H NMR spectrum. 
The 13C NMR spectrum (50 MHz, CDC13, rt) is also in full 
agreement with a boat conformation in solution. Two 
methyl signals (6 = 18.7, 20.1) and single methylene and 
methoxy carbon signals are observed, in addition to eight 
signals for the aromatic carbons. I t  should be noted that 
dialkylation of a boat conformation at distal hydroxyls 
should result in two diastereomeric forms, one with the 
alkoxy groups located at the perpendicular rings and the 
second form with the groups located in the coplanar rings. 

(18) Gutache, C. D.; Bauer, L. J. J .  Am. Chem. SOC. 1985,107,6052. 
(19) See for example: Andreetti, G. D.; Ori, 0.; Ugozzoli, F.; Alfieri, 

C.; Pochini, A.; Ungaro, R. J .  Incl. Phenom. 1988,6, 523. 

(20) Gutsche, C. D.; Dhawan, B.; Levine, J. A.; No, K. H.; Bauer, L. 
J. Tetrahedron 1983,39,403. Alfieri, C.; Dradi, E.; Pochini, A.; Ungaro, 
R. Gazr. Chim. Ital .  1989, 119, 335. 
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The NMR data at room temperature indicate that either 
a fast pseudorotation process takes place which averages 
the signals of the two diastereomers and results in two 
residua121 diastereotopic signals for the methylene protons 
or the presence of a single conformation. Since the 
pseudorotation barrier of 6 should be of similar magnitude 
as that of the barrier of 2, and the calculations predict that 
the barrier of pseudorotation is appreciable, we believe that 
a single frozen conformation is observed. 

Crystal Structure of 6. In order to see whether the 
boat conformation present in 2 is retained in 6, a single 
crystal of 6 was grown from 1,2-dimethoxyethane and 
submitted to X-ray diffraction. Lists of bond lengths and 
angles and positional parameters (Tables S5-S7) are de- 
posited as supplementary material. The crystallographic 
data show that the molecule exists in a boat conformation 
and that the substitution occurred a t  distal positions. 
Distal substitution is the usual outcome of the disubsti- 
tution of the OH groups in ~alix[4]arenes.~~ Most notably, 
the dihedral angles between the plane defined by the four 
methylene carbons and the plane of the perpendicular 
rings is 89.4' and 90.5' (the corresponding values for 2 are 
72.9' and 73.0') and the dihedral angles with the coplanar 
rings are 17.4' and 18.8'. Only one nonbonded O-.O 
distance is within the range of a hydrogen bond (2.7 (1) 
A). The two methoxy groups are located at the perpen- 
dicular rings and have their methyl groups pointing away 
from the molecular cavity. An identical orientation was 
found in the crystal structure of 5.16 

Estimation of the Inversion Barrier of 6. The in- 
version barrier for 6 can be obtained in principle from the 
coalescence of the methylene protons. However, no 
broadening of the methylene signals was observed in the 
'H NMR spectrum of 6 (200 MHz, NO2C6D,) even when 
the temperature was raised to 414 K. We therefore, de- 
cided to resort to the saturation transfer technique,% which 
has been proved useful in the past for measuring high 
barriers.24 The experiment was conducted at 414 K by 
delivering a selective 180' pulse to the low-field methylene 
doublet followed by a nonselective 180' pulse after a time 
delay which was varied progressively. No reduction of 
intensity was observed from the other methylene doublet 
and from the experiment a Tl value of 0.83 s was measured 
for the low-field doublet. Since the relaxation rate (1/ Tl 
= 1.23 s-l) must be faster than the exchange rate between 
the two protons, the exchange rate between the two sites 
must be slower than 1.23 s-l. By introducing this value 
and the temperature of the experiment into the Eyring 
equation a lower limit of 24.3 kcal mol-l can be estimated 
for the inversion barrier. It is interesting to note that 
replacement in 2 of two distal hydroxylic protons by me- 
thyls raises the inversion barrier by >13.6 kcal mol-'. 

Conclusions 
From the identity in the measured barriers for the 

coalescence of the diastereotopic methylene protons and 
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(21) Finocchiaro, P.; Gust; D.; Mislow, K. J. Am. Chem. SOC. 1974,96, 
1535. Finocchiaro, P.; Hounshell, W. D.; Mislow, K. Ibid. 1976,98,4952. 

(22) Collins, E. M.; McKervey, M. A.; Harris, S. J. J. Chem. SOC., 
Perkin Tram 1 1989,30, 2681. van Loon, J.-D.; Arduini, A.; Verboom, 
W.; Ungaro, R.; van Hummel, G. J.; Harkema, S.; Reinhoudt, D. N. 
Tetrahedron Lett. 1989,30, 2681. van Loon, J.-D.; Arduini, A.; Coppi, 
L.; Verb",  W.; Pochini, A.; Ungaro, R.; Harkema, S.; Reinhoudt, D. N. 
J. Org. Chem. 1990,55, 5639. For an example of proximal functionali- 
zation of calix[4]arenes see: Bottino, F.; Giunta, L.; Pappalardo, S. J. Org. 
Chem. 1989,54, 5407. 

(23) Dahlquist, F. W.; Longmuir, K. J.; Du Vemet, R. B. J. Magn. Res. 
1975, 17,406. 

(24) See for example: Biali, S. E.; Mislow, K. J. Org. Chem. 1988,53, 
1318. 

Table 11. Summary of X-ray Diffraction Data 
compd 

formula 
space group 
a (A) 
b (A) 
c (A) 
P v (A3) 
pede (g ~ m - ~ )  
z 
p (Mo Ka) (cm-') 
no. of unique reflections 
no. of reflections with 12244 
R 

2 
C H 0 C H N  

11.686 
26.397 
10.696 
90.19 
3299 (1) 
1.24 
4 
0.43 
4424 
2228 
0.104 

6: 4' 

6 
C38H4404 
c2/c 
31.527 
12.041 
17.916 
114.78 
6175 
1.22 
8 
0.42 
3921 
2621 
0.073 

the coalescence of the methyl signals it is concluded that 
the dynamic pathway observed for 2 by NMR corresponds 
to a ring-inversion process which exchanges both the 
methylene protons and the symmetry nonequivalent 
"perpendicular" and "coplanar" aryl rings. Changing the 
solvent from CDC13 to pyridine-d, raises the inversion 
barrier of 2 due to the presence of an endo calix complex. 
Dimethylation of 2 results in the fixation of the boat 
conformation. 

Experimental Section 
Crystallography. Data were measured on a PW 1100/20 

Philips four circle computer-controlled diffractometer. Intensities 
were corrected for Lorentz and polarization effects. All non- 
hydrogens atoms were located by using the results of the SHELXS-S 
direct method anal~sis.2~ All carbon atoms were refined iso- 
tropically. After several cycles of refinements the positions of 
the hydrogens atoms were calculated and added with a constant 
isotropic temperature factor of 0.05 Az to the refinement process. 
A summary of the X-ray data is collected in Table 11. Atomic 
coordinates, bond lengths, and angles are deposited as supple- 
mentary material. 
2,6-Dimethyl-4-hydroxybnzyl Alcohol. The compound was 

prepared by reaction of a formaldehyde solution and 3,5-xylenol 
according to the procedure of ref 26 (yield 27%, lit. 50%) mp 166 
"C (lit. mp 170-171 "C): 'H NMR (CDC13) 6 2.38 (CH3, 6 H), 
4.67 (CH2, 2 H), 6.53 (2 H, Ar-H). 
2,4-Dimethyl-6-hydroxybnzyl Alcohol. The compound was 

prepared by LiAlH4 reduction of the corresponding diacetate 
according to the literature procedure2' (yield 30%, lit. 8%): mp 
88 "C; 'H NMR (CDC13) 6 2.23 (3 H, Me), 2.46 (3 H, Me), 4.91 
(2 H, CHJ, 6.54 (1 H, Ar-H), 6.56 (1 H, Ar-H), 7.26 (OH); 13C 
NMR (CDC13) 6 18.97 (Me), 20.94 (Me), 60.09 (CH,), 114.89, 
119.99, 123.09, 138.72, 155.99 (6 aromatic C). 
4,6,10,12,16,18,22,24-0ctamethylpentacyclo[ 19.3.1.13s7.- 

19~13.115~19]octacosa-1(25),3,5,7(28),9,1 1,13(27),15,17,19- 
(26),2 1,23-dodecene-25,26,27,28-tetrol (2). To a solution of 
2,4-dimethyl-6-hydroxybenzyl alcohol (0.2 g, 1.3 mmol) in 22 mL 
of C6H,N0, at 90 "C was added 0.11 g of AlCl,, and the mixture 
was stirred at room temperature for 1 h. After the reaction 
mixture was poured on water, the phases were separated, and the 
organic phase was filtered through a sintered glass funnel (no. 
3). The filtrate was washed twice with water, and the organic 
phase was dried (MgSO,). Evaporation of the solvent under low 
pressure yielded 94.1 mg (54%) of 2. Recrystallization from DMF 
or pyridine afforded 2.DMF or %.pyridine, respectively. A sol- 
venbfree sample could be obtained by sublimation under reduced 
pressure: mp 330-332 "C; 'H NMR (CDC13, rt) 6 2.25 (s, Me, 24 
H), 3.38 (s, CH2, 8 H), 6.51 (s, Ar-H, 4 H), 8.19 (s, OH, 4 H); IR 
vOH = 3290 cm-', UV (CHClJ e = 2749 (ha = 280 nm); MS (EI, 
70 eV) m/z 536 (M, 36), 135 (M - 2,3,5-Me3C6H20H-H, B). Anal. 
Calcd for CSHNO4: C, 80.56; H, 7.51. Found: C, 80.70; H, 7.38. 

(25) Sheldrick, G. M. Crystallographic Computing 3; Oxford Univer- 

(26) Auwers, K. Ber. 1907, 40, 2524. 
(27) Finn, S. R.; Musty, J. W. G. J. Appl. Chem. 1951. Caldwell, W. 

sity Press: Oxford, 1985; pp 175-189. 

T.; Thompson, T. R. J. Am. Chem. SOC. 1939,61, 765. 
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26,28-Dimethoxy-4,6,10,12,16,18,22,24-octamethyl- 
pentacyclo[ 19.3.1.1 3*7.  1 9,13. 115~'~]octacosa- 1 (25) ,3,5,7- 
(28),9,11,13(27),15,17,19(26),21,23-dodecene-25,27-diol (6). To 
a solution of 0.421 g (0.746 mmol) of 2 in 300 mL CHzClz were 
added 10 mL of a solution of NaOH (lo%), 1.8 mL of dimethyl 
sulfate, and 0.4 g (1.24 mmol) of tetrabutylammonium bromide. 
The mixture was refluxed overnight with stirring. The phases 
were separated, and to the organic phase was added a dilute 
solution of ammonium hydroxide. The phases were separated, 
and the organic phase was washed once with water and dried. 
Recrystallization of the residue from 1,Zdimethoxyethane afforded 
0.165 g of 6 (37%): mp 330 "C dec; 'H NMR (CDC13, rt) b 1.69 

H), 3.74 (8, OCH3, 6 H), 4.15 (d, J = 15.2 Hz, CHz, 4 H), 5.25 (s, 
OH, 2 H), 6.31 (8, Ar-H, 2 H), 6.51 (s, Ar-H, 2 H); I3C NMR 
(CDC13, rt) 6 18.70, 20.10, 24.62, 62.36 (OMe), 122.85, 123.95, 

(A, = 280 nm); MS m/z 564 (M, 15.8), 147 (B, loo), 91 (41); IR 

(8, CH3, 12 H), 2.38 (8, CH3, 12 H), 3.56 (d, J = 15.2 Hz, CH2, 4 

128.88,129.12,134.17,135.62,154.19,156.66, UV (CHC13) t = 3148 

Y OH = 3540 cm-'. Anal. Calcd for C38H4404: C, 80.82; H, 7.85. 
Found: C, 80.66; H, 7.95. 
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The synthesis of the per-3,6-anhydro derivatives of a- and 8-cyclodextrins (CDs) is described starting from 
the corresponding per-6-tosylates. These could only be obtained as pure compounds following repeated HPLC 
under reversed-phase conditions of the crude products isolated after tosylation of a-CD and 0-CD in pyridine 
with p-toluenesulfonyl chloride. Treatment of the per-6-0-tosyl-a- and B-CDa with warm aqueous sodium hydroxide 
solutions (50-60 OC) afforded the per-3,6-anhydro-a- and 8-CDs in good yields. The development of an alternative 
and successful strategy for the synthesis of per-3,6-anhydro-a-CD from the known per-2,3-di-O-benzoyl-6-0- 
tosyl-a-CD relies upon the use of triethylamine as base in refluxing aqueous methanol. The per-3,6-anhydro-CDs 
have been fully characterized by FABMS and NMR spectroscopy. Their specific optical rotations, which are 
solvent dependent, codm the chiral nature of these molecules. The anhydrides are soluble in such widely different 
solvents as dichloromethane and water. There is evidence from FABMS that per-3,6-anhydro-a-CD forms a 
complex with the triethylammonium cation while per-3,6-anhydro-&CD solubilizes nitrobenzene in deuterium 
oxide solutions. 

Introduction The vast majority of the well-characterized derivatives 
In the 100 years since they were first isolated, but es- 

pecially during the last 25 years, cyclodextrins have been 
the subject of much detailed investigation.2 It is now well 
established3 that these cyclic oligosaccharides, which are 
composed of a(l-4) linked &(+)-glucopyranose units, have 
the overall molecular shape of a truncated cone. The most 
characteristic aspect of their chemistry is their ability to 
form inclusion complexes with a wide variety of substrates. 
As a result, they have been investigated extensively as 
enzyme mimics: as well as finding varied applications in 
chemical te~hnology.~ 

Many research workers have sought to modify the 
binding properties and catalytic behavior of cyclodextrins 
through their chemical modification.6 Unfortunately, 
because of problems associated with their chemoselective 
and regioselective functionalization and the subsequent 
purification of the derivatives, many reports have appeared 
that include highly exaggerated claims of selectivities op- 
erating in reactions and of the purities of the CD deriva- 
tives isolated. Although these problems were addressed 
a number of years ago in an excellent paper by Lehn,' the 
standards that were set by this research are still not being 
practiced universally. 
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that have been isolated have structures very similar to 
those of the parent compounds.6 It has been our aim to 
synthesize CD derivatives whose gross structures differ 
significantly from those of the parent compounds. Such 
derivatizations of CDs would be expected to have a pro- 

(1) The work described in this paper was presented in part a t  the 
Royal Society of Chemistry Carbohydrate Group Spring Meeting, Cardiff, 
UK, 25-28 Mar 1990, at  the Fifth International Symposium on Cyclo- 
dextrins, Park, France, 27-30 Mar 1990, and at  the Smith Kline Beecham 
Pharmaceutical Research Symposium on "Chirality in Drug Design and 
Synthesis", Cambridge, UK, 27-28 Mar 1990. Subsequently, lecture 
reviews of the Symposia in Paris and Cambridge were published see (a) 
Ellwood, P.; Stoddart, J. F. In Minutes oj  the FiPh International Sym- 
posium on Cyclodextrins; DuchBne, D., Ed.; Editions de SantB: Paris, 
1990; pp 86-89. (b) Stoddart, J. F. In Chirality in Drug Design and 
Synthesis; Brown, C.,  Ed.; Academic Press: London, 1990; pp 5-22. A 
preliminary publication has also been published. See: Ashton, P. R.; 
Ellwood, P.; Staton, I.; Stoddart, J. F. Angew. Chem., Int. Ed. Engl. 1991, 
30, 80-81. 

(2) Stoddart, J. F. Carbohyd. Res. 1989, 192, xii-xv. 
(3) Saenger, W. In Inclusion Compounds; Atwood, J. L., Davies, J. E. 

D., MacNicol, D. D., Eds.; Academic Press: London, 1984, Vol. 2, pp 

(4) Bender, M. L.; Komiyama, M. Cyclodextrin Chemistry; Spring- 
er-Verlag: Berlin, 1978. 

(5 )  (a) Cyclodextrins and their Industrial Uses; DuchBne, D., Ed.; 
Editions de Sans Paris, 1987. (b) Szejtli, J. Cyclodertrin Technology; 
Kluwer: Dordrecht, 1988. 

(6) Croft, A. P.; Bartach, R. A. Tetrahedron 1983, 39, 1417-1474. 
(7) Boger, J.; Concoran, R. J.; Lehn, J.-M. Helo. Chim. Acta 1978,61, 

231-259. 
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