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Conformations of calix[4]arenes — an investigation based on CSD data.
Part I. Cone conformers of methylene- and heteroatom-bridged calix[4]arenes

Conformations of calix[4]arenes with methylene and heteroatom bridges from the Cambridge Structural Da-
tabase (CSD) were investigated with the help of the previously introduced parameters o, B and 8. The useful-
ness of these parameters in describing the conformations of the scaffolds of the above mentioned compounds
was demonstrated. The dependence of the values of these parameters on inter- and/or intramolecular interac-
tions present in the structure was investigated in order to discover how the geometry of the calix[4]arene moi-
ety depends on the above listed effects. Structures with C,, symmetry in the cone group have both  and &
close to 0°. With deformation of the calix[4]arene symmetry towards C,, (flattened cone structures), the
[ parameter increases. Deformation towards C, symmetry is best reflected by increase of the parameter 8. Pa-
rameter o reflects the degree of 'opening' of the calix[4]arene cavity; structures with four OH groups at the
lower rim tend to have lower o and therefore more open structure.

Keywords: calix[4]arene, macromolecules, conformation, torsion angle, distorsion parameter, intramolecular
interactions.

Introduction

Calix[4]arenes are a class of macrocyclic compounds which has recently attracted a lot of attention be-
cause of their possible utilization in many areas of research and industry. Because of their potential, the
chemistry of calixarenes has in the last few years developed into a wide and well-explored area [1]. These
macrocycles have been used principally as spacers bearing functional groups in a well-defined arrangement,
allowing their desired cooperation [2].

The utilization of calix[4]arenes as molecular platforms possesses a few advantages. First, the synthesis
of these macrocycles can be easily accomplished by a well-known procedure in good yields. The size of the
macrocycle can be successfully controlled by the reaction conditions [3]. The starting materials (p-tert.butyl-
phenol and formaldehyde) are inexpensive and common. Calix[4]arenes can be easily modified both on their
upper and lower rim [3], which allows their chemical and physical properties to change as required. Finally,
the four possible conformations of the calix[4]arene macrocycle, easily immobilized by lower rim substitu-
tion [2], are the main reason for the advantage of using calix[4]arenes as molecular platforms.

Recently, calix[4]arenes with heteroatom bridge groups have been synthesized [4]. These compounds
contain a heteroatom (S, O) or a functional group based on a heteroatom (SO, SO,, NR, SiR,) instead of the
methylene bridge, which often results in higher conformational flexibility [5].

The conformation and symmetry of the calix[4]arene molecule is important for its function as a spacer
bearing substituents in a defined arrangement, which allows their interaction, interaction with cations, anions
or neutral molecules, cooperation in ion pair binding etc. [2, 6]. The rigidity or flexibility of the calix[4]arene
base skeleton is an important factor controlling the distances among functional groups on the calix[4]arene
upper and/or lower rim. Another important factor is the rigidity or flexibility of the substituents on the ca-
lix[4]arene skeleton. The rigidity of the calix[4]arene skeleton can be achieved by bridging the upper or low-
er rim of the calix[4]arene molecule, effectively locking its movements [2]. Furthermore, the conformation
of the calix[4]arene platform can be influenced by the interactions of its hydrophobic cavity or aromatic
rings with cations or neutral molecules by the means of cation-n interactions, T,mt-interactions or Van der
Waals interactions. The substituents on the upper or lower rim may also participate in shaping of the ca-
lix[4]arene molecule. The possible interactions (beside the above mentioned ones) may involve inter- or
intramolecular hydrogen bonding, electrostatic interactions, donor-acceptor interactions (cation complexes or
Lewis acid-base pairing) and sterical hindrance. In conclusion, the final shape of the calix[4]arene platform
results from the combination of all these effects. Effective control of the stereochemistry of the calix[4]arene
platform (e.g. fine tuning of the geometry of these molecules) is essential for its utilization in functional mol-
ecules such as allosteric receptors possessing both positive and negative allosteric effect and molecular ma-
chines [2].
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The four possible conformations for calix[4]arenes (both methylene- and heteroatom-bridged) [1] are
depicted in Figure 1.

calix[4]arenes

OH HO

1,2-alternate
OH HO
1,3-alternate L?©/

Figure 1. The four basic conformations of calix[4]arenes (X ... CH, or heteroatom/heterogroup)

To elucidate the influence of the substitution on the upper and lower rim of the calix[4]arene and inter-
or intramolecular interactions on the conformation of the calix[4]arene molecule, we decided for the Cam-
bridge Structural Database [7] as the largest source of information (more than 1,800 of calix[4]arene struc-
tures). The conformation of the calix[4]arene molecules and inter- or intramolecular interactions of these
compounds can be easily determined from the crystal structure data. Nevertheless, this information might not
fully correspond to the conformational behavior of the calix[4]arene molecules in solution.

The conformation of the calix[4]arene base frame (e.g. hydrocarbon skeleton without upper rim and
lower rim substituents) can be fully described by the values of torsion angles at the Cyrom-Corigee bonds. In the
case of calix[4]arenes, the relevant torsion angles visible on Figure 2 are the angles C28-C1-C2-C3, C24-C1-
C2-C3, C1-C2-C3-C4 and C1-C2-C3-C25. There are obviously two torsion angles at each bond Cyrom=Chridges
so there are altogether 16 (sexteen!!) relevant torsion angles to describe the conformation of the calix[4]arene
(or backbone of heteroatom-bridged one). Similar approach based torsion angles on has been recently used
by Schneider B. et al. to describe the conformation of the backbone of nucleic acids [8].

C28 C25

Figure 2. Torsion angles at the calix[4]arene skeleton

However, having sixteen parameters to describe the calix[4]arene conformation is rather tedious and
inconvenient. There is a need for reduction of the number of relevant parameters. The most convenient way
to achieve this seems to be the approach published by Arnaud-Neu F. et al. [9], using the plane of the four
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bridge carbon atoms as a reference plane and the values of the angles of the four phenyl rings to this
reference plane as parameters to describe the calix[4]arene conformation. A variety of other geometrical pa-
rameters can be calculated (e.g. the distances between the oxygen or carbon atoms on the lower or upper rim,
the angles of the planes of the phenyl rings etc.), but none seem to be such natural and convenient as the pre-
viously mentioned one [9].

Therefore, we have decided to describe the calix[4]arene geometry by the defining of a reference plane to
which the angles of the four phenyl rings are related. This reference plane is the plane of the four bridge groups
[9] (for the vast majority of structures from CSD [7], the deviations of the bridge atoms from this plane are be-
low 0.1 A). The angles of the phenyl rings (o, i = 1-4) are calculated in the scale 0-360° (see Fig. 3).

the angle of the phenyl ring

to the reference plane
s
A

the reference plane of the /
bridge groups R R R R

Figure 3. The definition of the phenyl ring angles o;

The previous sixteen torsion angle parameters have been successfully reduced by this approach to four
parameters o;,—0. However, the assignment of these four parameters is not unambiguous and depends on the
numbering of the calix[4]arene base frame; problems such as which calix[4]arene phenyl ring will be as-
signed as ¢, if the following numbering will run clockwise or counterclockwise etc. have to be solved.
Moreover, four parameters form a four-dimensional space, which is very difficult to imagine and work with.
It would be therefore more convenient to further reduce the number of parameters from four to three, since
3D space is much easier to describe. To achieve these two objectives, the next step in the description of the
calix[4]arene conformations is the definition of geometrical parameters o, B, & [10]:

o= 1/4*(0(1 + 0+ 03+ OC4);
B=1(0ou+o03)—(0n+oyl;
=0y —0os|+[0op—0yl

The parameter ¢ is the average value of the phenyl ring angles o — 0y (numbering reflects the order of
the phenyl rings in the calix[4]arene molecule, e.g. oy, 0O, corresponds to adjacent rings, ¢/;, 03 to opposite
rings etc.). The parameter B (for calix[4]arenes in the cone conformation) reflects the distortion of the ca-
lix[4]arene molecule towards C,, symmetry. Finally, & reflects the distortion towards C; symmetry (again,
for calix[4]arenes in the cone conformation). Some examples of model values o — o4 and of parameters o, B
and & for cone, partial cone, 1,2-alternate and 1,3-alternate calix[4]arenes are shown in Fig. S-1 in the Sup-
plementary Materials.

It is necessary to emphasize that the parameters o, B, & are independent on the 'order' of the ca-
lix[4]arene rings with respect to which of them the o angle is assigned (they do not depend on the number-
ing scheme of the molecule). However, the value of the o parameter in the case of /,2- and 7,3-alternate ca-
lix[4]arenes depends on the assignment of the 'positive’ and 'negative' angles. The dependence of the parame-
ter o on this assignment can be demonstrated on the absolute values of the sum of the "positive' and the sum
of the 'negative' angles (the 'negative' angles are taken as 0;-360° for this calculation). If for a given molecule
the absolute value of the sum of the 'negative' angles is greater than the sum of the 'positive' ones, we get
o lower than 180°; in the case of opposite assignment, o is greater than 180°. Since these numbers differ
from 180° by the same value (added to or subtracted from 180°), we decided to define the 'positive' angles as
those which sum is in absolute value greater than the absolute value of the sum of the other two. Therefore,
all o values for 7,2- and 1,3-alternate calix[4]arenes are equal to or greater than 180° according to this con-
vention . The calculation of the parameter o in the case of cone and partial cone calix[4]arenes is unambigu-
ous since there is no 'megative' angle in the case of cone and only one in the case of partial cone ca-
lix[4]arenes.

* In our previous publications [10], we did not always abide by this convention!!
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Thus, the parameters o, B, d reflect the conformation and symmetry of the calix[4]-arene scaffold and
can be used for the description of the geometry of these molecules.

The conformations of the larger calixarenes are impossible to describe by similar parameters because of
their greater conformational flexibility and therefore significant deviations of methylene bridge atoms from
the reference plane — average deviation 0.0000 A in the case of p-tert.butylcalix[4]arene (structure
BHPMYC [7]), 0.1911 A in the case of p-tert.butylcalix[5]arene (structure LAZZAN [7]), 1.5261 A in the
case of p-tert.butyl-calix[6]arene (structure KAHJUY [7]), 1.6504 A in the case of p-tert.butylcalix[7]arene
(structure YACHIT [7]) and 1.5704 A in the case of p-tert.butylcalix[8]arene (structure DOVHIF [7]), re-
spectively. The larger calixarenes were therefore not included in this investigation.

Results and discussion

The number of hits obtained from CSD [7] including the distribution of calix[4]arenes according to
their conformation is shown in Table 1. The total of 1,826 hits was obtained from [7] and their conformation
was determined. Three hits were impossible to classify and are included separately in the table. Table 1 also
shows the number of crystallographically independent molecules in complete cif files, number of incomplete
cif files (atom coordinates not included in the file) and the sums of relevant data in all groups. The sum of
complete and incomplete cif files in the described groups does not correspond to the total number because
some structures belong to more than one group.

Table 1
The distribution of calix[4]arenes from [7] according to their conformations
Number of .
Type Conformation | T\umber of com- % independent % Number of in- %
plete cif files complete cif files
molecules
cone 1182 64.73 1442 70.07 87 -
partial cone 93 5.09 106 5.15 3 -
CH,-bridged 1,2-alternate 56 3.07 65 3.16 5 -
calix[4]arene 1,3-alternate 171 9.36 192 9.33 13 -
not determined — — — — 2 —
total 1500 82.15 1805 87.71 110 6.02
cone 112 6.13 137 6.66 3 -
Heteroatom- partial cone 11 0.60 14 0.68 1 -
bridged 1,2-alternate 26 1.42 29 1.41 3 -
. 1,3-alternate 57 3.12 73 3.55 6 —
calix[4]arene .
not determined — — — — 1 —
total 204 11.17 253 12.29 14 0.77
Total 1702 93.21 2058 100 124 6.79
total 1826 100

The group of calix[4]arenes with methylene bridges is significantly larger than the groups of ca-
lix[4]arenes with heteroatom bridges (see Table 1). There are altogether 1610 cif files belonging to this
group (88 % from the total of 1,826 cif files in [7]); the number of 218 cif files for calix[4]arenes with het-
eroatom bridges amounts to about 12 %. Therefore, almost nine tenths of all calix[4]arene structures in [7]
belong to calix[4]arenes with methylene bridges.

In the number of independent molecules, 1805 hits belong to calix[4]arenes with methylene bridges
(88 % of all 2058 hits) and 253 hits to calix[4]arenes with methylene bridges (12 %).

From these numbers, it is obvious that cone calix[4]arenes with methylene bridges are the group which
has attracted the most interest in research. Calix[4]arenes with heteroatom bridges are not so numerous prob-
ably because these molecules have emerged relatively recently compared to the methylene-bridged group;
moreover, there are difficulties in their selective substitution, their greater conformational flexibility and di-
minished stability towards aggressive chemical agents [5].

The above mentioned effect of substitution in the group of methylene- and heteroatom-bridged ca-
lix[4]arenes is given in Tables 2 and 3. Structures where conformation was not determined are not included.
Duplicite cif files (structures belonging to more than one group) are included in all relevant groups.
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Table 2
Distribution of substitution patterns of methylene-bridged calix[4]arenes
Conformation Type Number of cif files % Number of independent molecules %
symmetrically
Cone tetrasubstituted 607 475 701 48.6
other 672 52.5 741 51.4
symmetrically
Partial cone tetrasubstituted 24 251 27 253
other 72 74.9 79 74.5
symmetrically
1,2-Alternate tetrasubstituted 16 26.2 17 26.1
other 45 73.8 48 73.9
symmetrically
1,3-Alternate tetrasubstituted 42 22.8 43 224
other 142 77.2 149 77.6
symmetrically
Total tetrasubstituted 689 425 788 437
other 931 57.5 1017 56.3

From Table 2, it can be seen that in the group of cone methylene-bridged structures there is almost
50 % of symmetrically tetrasubstituted structures whereas in other conformations the percentage of symmet-
rically tetrasubstituted structures is about 25 %.

However, the underlying principle in the group of heteroatom-bridged calix[4]arenes is the presence of
a relatively large number of symmetrically tetrasubstituted structures (Table 3); even in the case of partial
cone and 1,2-alternate conformers (compared to their methylene-bridged counterparts). The reason behind
this observation is probably that the synthetic methods for selective substitution of heteroatom-bridged ca-
lix[4]arenes are less developed than in the case of methylene-bridged calix[4]arenes (for selective substitu-
tion of heteroatom-bridged calix[4]arenes, see e.g. [11]).

Table 3
Distribution of substitution patterns of heteroatom-bridged calix[4]arenes
Conformation Type Number of cif files % Number of independent molecules %
symmetrically
Cone tetrasubstituted 89 774 106 774
other 26 22.6 31 22.6
symmetrically
Partial cone tetrasubstituted 9 750 9 64.3
other 3 25.0 5 35.7
symmetrically
1,2-Alternate tetrasubstituted 23 7.3 23 .3
other 6 20.7 6 20.7
symmetrically
1,3-Alternate tetrasubstituted 40 63.5 47 64.4
other 23 36.5 26 35.6
symmetrically
Total tetrasubstituted 161 733 185 731
other 58 26.5 68 26.9

The parameters o, B, 8 were designed to reflect the conformation of the calix[4]arene molecules (see
Fig. 1); each calix[4]arene molecule represents a dot in a 3D space defined by parameters o, B, 8. The 3D
depiction of parameters o, B, & for all calix[4]arenes from [7] is given in Figure 4.
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Figure 4. 3D plot of parameters ¢, B, 8

From the above plot, it is obvious that 2D -8 plots showing the deformation of the calix[4]arene scaf-
fold are the most informative ones. The B-8 plot is illustrated on the group of calix[4]arenes with CH, bridg-
es (Fig. 5), calix[4]arenes with heteroatom bridges (Fig. 6) and all these structures (Fig. 7).
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Figure 5. The distribution of the B, 8 values in the group of calix[4]arenes with methylene bridges from [7]
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Figure 6. The distribution of the B, 8 values in the group of calix[4]arenes with heteroatom bridges from [7]
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Figure 7. The distribution of the B, 8 values in all previously mentioned structures from [7]

The average values of parameters o, B, & and their standard deviations (in °) in the respective groups
(position of data-clusters) of four conformers (see Table 4) give us useful information, too. They reflect the
rigidity or flexibility of the calix[4]arene skeleton as well as the distribution of the parameters o, 3, d.
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Table 4

The average values of parameters o, B, d and their standard deviations (in °)

Type of bridge Conformation Parameter Average value AV Standard deviation SD SD/AV
o 59.19 6.46 0.11
cone B 55.61 43.03 0.77
) 9.29 9.59 1.03
o 119.37 7.36 0.06
partial cone B 172.99 69.20 0.40
CH, ) 248.26 21.00 0.08
o 182.73 4.34 0.02
1,2-alternate B 13.14 21.24 1.62
) 503.36 36.25 0.07
o 182.71 6.11 0.03
1,3-alternate B 408.02 44.79 0.11
) 9.10 9.28 1.02
o 59.35 6.69 0.11
cone B 56.58 4491 0.79
) 14.03 13.27 0.95
o 115.83 8.18 0.07
partial cone B 158.81 47.48 0.30
Heteroatom ) 238.46 17.08 0.07
o 180.23 0.61 0.00
1,2-alternate B 4.84 11.48 2.37
) 460.75 31.35 0.07
o 186.74 12.12 0.06
1,3-alternate B 419.76 46.90 0.11
) 7.91 8.86 1.12

From Table 4, it is obvious that the o parameter in all structures is relatively uniform because of the low
value of its standard deviation. It can be demonstrated on the group of cone structures with average value of
the o parameter of about 59° in calix[4]arenes with methylene- or heteroatom-bridged groups and its stand-
ard deviation of about 6.5°; the value of the standard deviation of o is slightly higher in calix[4]arenes with
heteroatom bridge groups because of their greater conformational flexibility caused by a larger cavity (the
C—S—C bridge in the majority of these structures is significantly longer than the C—CH,—C bridge in meth-
ylene-bridged structures). The B parameter is significantly more flexible according to higher values of its
standard deviation; the & parameter is similarly flexible as can be demonstrated on partial cone and
1,2-alternate structures of the calix[4]arenes with methylene or heteroatom bridge groups (see Table 4). The
high standard deviation of the B parameter in the group of cone methylene- and heteroatom-bridged ca-
lix[4]arenes is caused by possible deformation of the base frame towards C,, symmetry; a relatively large
number of both cone and flattened cone structures answers for the wider range of parameter .

Our next work will be dedicated to evaluation of inter- and intramolecular effects which affect the ge-
ometry (and therefore the geometrical parameters o, B, d) in the previously discussed cone group. This group
will be futher divided according to the type of the bridge into cone calix[4]arenes with methylene and het-
eroatom bridge groups. The partial cone, 1,2-alternate and 1,3-alternate groups will be discussed in a sepa-
rate article (Part II).

Methylene-bridged cone calix[4]arenes

The group of cone conformers of calix[4]arenes with methylene bridge groups is the largest one (1182
complete cif files with 1442 independent molecules, 87 incomplete cif files, see Table 1). This group con-
tains about 48 % of symmetrically tetrasubstituted structures. The substitution patterns and the corresponding
percentages of the cone group are given in Table 5 (10 duplicite hits are excluded from the total number).
Metal-coordinated structures form 44 % of these entries.

28 BecTHuk KaparaHgmHckoro yHusepcurteTa



Conformations of calix[4]arenes ...

Table 5
The substitution patterns and the corresponding percentages of the cone group
Type of substitution Nof._ of cif 9 No. of independ- %
iles ent molecules

Symmetrically tetrasubstituted 607 47.83 701 48.61
Distally substituted lower rim, symmetrically tetrasubstituted upper rim 303 23.88 332 23.02
Distally substituted upper rim, symmetrically tetrasubstituted lower rim 106 8.35 126 8.74
Distally substituted upper rim and lower rim 61 4.81 68 4.72
Proximally substituted lower rim, symmetrically tetrasubstituted upper rim 33 2.60 33 2.29
Mono/trisubstituted lower rim, symmetrically tetrasubstituted upper rim 81 6.38 90 6.24
Mono/trisubstituted upper rim, symmetrically tetrasubstituted lower rim 14 1.10 17 1.18
Other 74 5.83 75 5.20
Total 1269 100 1442 100

Since there are over 1200 hits in this group and nearly a half of these hits are complexes, uncomplexed
and metal-coordinated structures are discussed separately.

Uncomplexed methylene-bridged cone calix[4]arenes

The a-f plot for the uncomplexed structures is depicted in Figure 8. The legend to this figure is:
e symmetrically tetrasubstituted structure; e distally substituted lower rim, symmetrically tetrasubstituted
upper rim; A distally substituted upper rim, symmetrically tetrasubstituted lower rim; ¥ distally substituted
both rims; o proximally substituted lower rim, symmetrically tetrasubstituted upper rim; A mono/tri-
substituted lower rim, symmetrically tetrasubstituted upper rim; o other substitution patterns. The a-8 plot is
depicted in the Supplementary Materials (Fig. S-4). Since the B- plot contains little information beyond the
o-f and o-8 plots, this figure is not reported.

160
L o v
140 | ° tle S
= v A:‘Ggﬁ% % A
120 A o s o Sgioy MELl Y
I a o M .gopgd: &a “‘e °©
100 |- . ° e ..3‘02?@'.0‘: 1
L N v?® Yale @S.%.o
80 fa o o’; ‘3.7535:2::“ 5 e
A o p0e ..‘é}.‘ Ao ay Q9
B I A, oo™ S
60 |- ® . .A v, ow® © . °
é (J
‘ " AT
40 |- . £5% ., .
‘ 0.@0 .ﬂ L4
I O@ralP A %o
20 + . L4 O% “%O%aﬁ’OA ° .e
| ] ..~ O¢ ® ®
X N .
0+ . :&Mﬁ ot QAD& .
l 1 l 1 l 1 l 1 l 1 l 1 l 1
40 45 50 55 o 60 65 70

Figure 8. The o-B plot for the group of uncomplexed cone calix[4]arenes

From Figure 8 (a-f plot), it can be seen that the symmetrically tetrasubstituted uncomplexed structures
form two groups: one with lower & and 8 and the other with higher a and B. The same is true for all distally
and lower rim proximally substituted structures. Lower rim mono/trisubstituted structures form similar two
groups, the one at lower o reaches beyond the 'main' group towards higher .
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Since the vast majority of structures in Figure S-4 have low 8 and the value of the & parameter seems to
depend mostly on weak inter- and/or intramolecular interactions, this parameter is not discussed in the fol-
lowing chapters unless a clear correlation is found.

Symmetrically tetrasubstituted uncomplexed methylene-bridged cone structures

These molecules form two distinct groups in Fig. 8: one at 50° < ot < 60° and B < 80° (‘cluster' 9-1; 160
cif files with 203 independent molecules), the second one at & > 60° and B > 60° (‘cluster' 9-1I; 81 cif files
with 94 independent molecules). The distribution of structures into these two groups depends primarily on
lower rim substitution (see Fig. 9).
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Structures containing four hydroxyl groups at the lower rim have solid symbols,
structures with alkylated/acylated lower rim phenolic oxygen atoms have hollow symbols,
m O structure substituted by nonpolar alkyl/aryl groups at the upper rim;

e O upper rim unsubstituted structure;

A A structure substituted by polar groups at the upper rim

Figure 9. Effect of substitution on the symmetry of the calix[4]arene scaffold
in symmetrically tetrasubstituted uncomplexed structures

The first 'cluster' at lower o and B (‘cluster' 9-1; center at [o; B; 8] of [55.43; 18.42; 6.01], standard de-
viation of [1.90; 19.79; 7.12]) is formed principally by structures with unsubstituted lower rim hydroxyl
groups. These molecules contain a cyclic array of hydrogen bonds at the lower rim; this arrangement has the
lowest energy when the molecule is symmetrical (e.g. C,, symmetry) and therefore the most symmetrical
arrangement of the calix[4]arene scaffold is preferred in these structures. Deformations of this base frame are
usually small (B < 60° for the vast majority of structures) because disruption of the lower rim hydrogen
bonds is energetically unfavorable. Moreover, because of the array of hydrogen bonds and lack of sterical
hindrance at the lower rim (no bulky lower rim substituents), more open structures are possible; these mole-
cules therefore tend to have lower o (< 60°) than structures substituted at the lower rim phenolic oxygen at-
oms (> 60°); see Figure 9.

There are also a few structures with substituted lower rim phenolic oxygen atoms close to 'cluster' 9-I;
because of the lower rim substitution and therefore the resulting sterical hindrance at the lower rim, the o
parameter is > 60° in these structures. These structures are mostly clathrates which accounts for their low 3.
Among the structures from 'cluster' 9-1, there are clathrates of 5,11,17,12-tetrakis(z-butyl)-25,26,27,28-
tetrahydroxycalix[4]arene (52 complete cif files) and of similar calixarenes containing nonpolar upper rim
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substituents (17 complete cif files). Clathrates with small, symmetrical aliphatic molecules tend to have the
most symmetrical C,, geometry (see Fig. I-1, structure ZAHMOK [7]). Clathrates containing flat aromatic
molecules inside the cavity tend to be slightly deformed in B (usually < 20°) because of the presence of in-
termolecular 7, m-interactions. However, even clathrates containing large nonsymmetrical and aromatic mol-
ecules inside the calixarene cavity have the C,, geometry in case the solvent is disordered. Because of the
symmetrical calixarene conformation the disorder in this case is probably dynamic. Specific class of
clathrates are those containing aliphatic amines; these structures tend to have larger B (< 40°) and & (< 30°)
because of deprotonation of lower rim hydroxyl groups by the basic amine and the resulting effect on the
cyclic array of hydrogen bonds at the lower rim (destabilization of the symmetrical C,, geometry). Structures
where the calixarene has no solvent inside the cavity are also slightly deformed (B, 8 < 20°); however, the
cyclic array of hydrogen bonds present at the lower rim keeps the calixarene geometry close to Ca,.

Figure I-1. Structure ZAHMOK [7]

Next group of the lower rim hydroxyl-substituted structures are clathrates of 25,26,27,28-
tetrahydroxycalix[4]arene (24 complete cif files). The rules in the previous paragraph apply also to these
clathrates; however, because of the missing 7-butyl group and therefore no sterical hindrance at the upper rim
the above-mentioned effects are more pronounced and these structures tend to be more deformed towards C,,
geometry (B < 50°).

Polar substituents at the upper rim bring the possibility of intramolecular interaction between these sub-
stituents on opposite calixarene phenyl rings and therefore further deformation towards C,, symmetry. The
largest group among these structures is formed by structures of 5,11,17,12-tetrasulfonato-25,26,27,28-
tetrahydroxycalix[4]arene (39 complete cif files). These structures are clathrates with a wide range of geome-
tries; the bigger and less symmetrical molecule in the cavity, the more C,,-deformed is the structure
(Fig. 1-2). The P parameter is usually lower than 60°, three structures have this parameter above 70°.

Figure I-2. Structures RADGUZ, DALSEO [7]

Structures alkylated or acylated at the lower rim hydroxyl groups do not possess the energetically fa-
vorable arrangement of cyclic hydrogen bonds at the lower rim and can therefore have higher B values. The
majority of these structures forms the group at higher o, B in Fig. 9 (‘cluster' 9-II; centered at [66.86; 103.29;
8.00] with a standard deviation of [2.36; 20.31; 7.74]).
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All structures from 'cluster' 9-11 have substituted lower rim phenolic oxygen atoms and therefore o >
60° because of sterical hindrance of four lower rim substituents. B ranges from 60° to 150° and the
calixarene base frame is therefore significantly deformed towards C,, geometry. These structures contain no
solvent in the cavity and thus display unhindered &, m-interaction between one pair of calixarene opposite
phenyl rings. This effect is best observable in structures which do not contain any substituent at the upper
rim and especially in structures which contain polar upper rim substituents which are subject to 7w, 7- or other
interaction (NO,, CN, C=CH etc.). Such structures have > 100°. On the other hand, nonpolar and branched
upper rim substituents (z-butyl) do not allow these phenyl rings so close because of sterical reasons and such
structures have 60° <3 < 100°. An example of the above-mentioned effects is given in Fig. I-3.

)
= S I‘
LAJPAO /

:
/
%

LAGQEQ

Figure I-3. Structures LAJPAO (B ~ 80°, t-butyl groups at the upper rim), LAGQEQ (B ~ 110°, unsubstituted upper
rim) and ICTYAU (B ~ 120°, NC groups at the upper rim) [7]

There is one structure with o0 ~ 40° which has not been included in 'clusters' 9-1 and 9-1I (structure
HEMHUC [7] with a four-fold bridge at the lower rim, see Fig. 1-4). The rigid arrangement of bonds at the
phosphorus heteroatom forces the structure more open and the o parameter is therefore very low.

Figure I-4. Structure HEMHUC [7]

From the group of clathrates which contain substituted lower rim phenolic oxygen atoms (the small
group of structures at o > 60° and B < 40°) it is obvious that solvent molecule inside the calix[4]arene cavity,
which prevents the opposite calix[4]arene phenyl rings from coming to a close proximity, can have a signifi-
cant impact on the calix[4]arene geometry. This effect of a filled/empty cavity can be demonstrated in
Fig. 10 (a-B plot). The majority of structures with empty cavity and B < 60° have also unsubstituted lower
rim hydroxyl groups (compare to Fig. 9); it therefore seems that the effect of the cyclic array of hydrogen
bonds at the lower rim overrides the effect of a filled/empty cavity in calix[4]arene structures. This finding is
in accordance with the relative strength of hydrogen bonds and van der Waals interactions.

Several types of clathrates in cone calix[4]arene structures are possible: the cavity may be filled by a
small molecule (usually solvent), by a lower rim substituent from another calixarene molecule, by a upper
rim substituent from another calixarene molecule or even from the parent calixarene molecule, or, in the case
of upper rim unsubstituted calixarenes, the upper rim from one calixarene may reach into the cavity of the
other calixarene. These types are distinguished in Figure 10.
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o — solvent molecule inside the calixarene cavity; © — upper rim substituent inside the calixarene cavity;
A — unsubstituted upper rim from another calixarene molecule inside the cavity; ® — empty calix[4]arene cavity

Figure 10. Effect of a filled/empty cavity on the symmetry of the calix[4]arene scaffold
in symmetrically tetrasubstituted uncomplexed cone structures

Lower rim distally substituted, upper rim symmetrically tetrasubstituted uncomplexed
methylene-bridged cone calix[4]arenes

The group of lower rim distally substituted, upper rim symmetrically tetrasubstituted uncomplexed cone
calix[4]arenes contains 169 cif files and tends to be somewhat more deformed in parameter B than the sym-
metrically tetrasubstituted group, one reason probably being less symmetrical substitution at the lower rim.

There are two distinct groups in Fig. 8: 'cluster' 8-1 at high a (> 60°) and B (> 70°) and the second,
somewhat diffuse 'cluster' 8-II at o < 62° and < 80°. 'Cluster' 8-I contains 56 cif files with 61 independent
molecules, is centered at [64.12; 93.17; 10.30] with a standard deviation of [2.77; 12.76; 8.48]. 'Cluster' 8-11
contains 105 cif files with 120 independent molecules, is centered at [58.57; 42.45; 7.41] with a standard de-
viation of [2.07; 23.76; 5.54]. Since the lower rim hydroxyl groups of these structures are at least partially
substituted and the cyclic array of lower rim hydrogen bonds is therefore disrupted, profound deformation
towards C,, symmetry (as in 'cluster' 8-I) is possible in these molecules. As a rule of thumb, structures with
all lower rim phenolic oxygen atoms alkylated or acylated tend to be in 'cluster' 8-I; structures retaining two
lower rim hydroxyl groups and therefore some hydrogen bonds at the lower rim are usually more symmet-
rical (Fig. 11). Clathrates tend to be in 'cluster' 8-II thanks to their lower B (effect of a filled cavity, see
Fig. 12) whereas structures with empty cavity where intramolecular 7, m-interaction between two opposite
calixarene phenyl rings is not disrupted are deformed towards C,, geometry and fall into 'cluster' 8-1.

There are 13 structures in this group which contain two calix[4]arene molecules connected by covalent
bonds; one structure with distal upper rim — lower rim bridge and 12 structures with distal lower rim —
lower rim bridge. The geometry of the calixarene base frame in these structures is mostly governed by the
effect of filled/empty cavity (see above).

There are also 41 structures which contain one lower rim distal bridge (two lower rim distal bridges
were not observed because of sterical reasons). The geometry of the calixarene base frame in these structures
is again mostly dependent on the effect of filled/empty cavity. The vast majority of these structures contain
long and flexible crown ether bridges at the lower rim and the geometry of the calix[4]arene molecules is
therefore little affected by the presence of lower rim bridge.

The rest of this chapter will deal exclusively with nonbridged structures. First, the effect of the upper
rim substituent will be discussed. There are 80 structures which contain #-butyl groups at the upper rim, 33
structures with unsubstituted upper rim and only two structures which contain other substituents at the upper
rim.
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0 — structures with two remaining hydroxyl groups at the lower rim;
m — structures with all lower rim phenolic oxygen atoms alkylated or acylated

Figure 11. The effect of lower rim substitution on the symmetry of the calix[4]arene scaffold)
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o — small solvent molecule inside the cavity; o — lower rim substituent from another calixarene molecule
inside the cavity; A — unsubstituted upper rim from another calixarene molecule inside the cavity;
m — empty calixarene cavity

Figure 12. The effect of a filled/empty cavity on the symmetry of the calix[4]arene

The structures with unsubstituted upper rim have somewhat bigger flexibility due to lack of sterical
hindrance at the upper rim. All these structures have o < 60° and B < 90° and belong therefore to 'cluster' 8-I1
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in Figure 8. The parameter B seems to depend on the type of clathrate the structure belongs to (see Fig. S-5 in
the Supplementary Materials), no dependence on the lower rim substituent was observed.

Similar dependence can be plotted for the group of upper rim #-butyl-substituted structures (Fig. 13).
It can be seen that the group of calixarenes with empty cavity forms the majority of 'cluster' 8- in Figure 8
(high o and B). Structures which have all lower rim hydroxyl groups alkylated or acylated belong entirely
into this group along with some structures which are substituted on two distal hydroxyl groups only. On the
other hand, clathrates belong entirely to 'cluster' 8-II with lower o and B in Fig. 8; clathrates which contain
large and/or aromatic molecules inside the cavity tend to be more deformed towards C,, symmetry than
clathrates with small aliphatic molecules.

Since these structures contain bulky #-butyl groups at the upper rim, clathrates in which one upper rim
of calixarene molecule reaches into the cavity of another calixarene molecule were not observed.

As in the group of upper rim unsubstituted calix[4]arenes, no distinct dependence of parameters o, B on
the type and size of the lower rim substituents was observed for the group of upper rim #-butyl substituted
structures.
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m — no molecule inside the cavity; o0 — small solvent molecule inside the cavity;
o — lower rim substituent from another calixarene molecule inside the cavity

Figure 13. The dependence of the parameter B on the type of clathrate in upper rim #-butyl substituted structures

In the group of lower rim distally substituted, upper rim symmetrically tetrasubstituted uncomplexed
calix[4]arenes, the vast majority of structures has & < 25° and is therefore little deformed towards C, sym-
metry. However, there are five structures with 8 > 30°; the C,-deformation in these structures is caused by
nonsymmetrical inter- and/or intramolecular CH-wt and m, m-interactions (Fig. I-5).

Figure I-5. C,-deformed structure AZOMIL [7]
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Upper rim distally substituted, lower rim symmetrically tetrasubstituted uncomplexed
methylene-bridged cone calix[4]arenes

This group contains 89 cif files with 104 independent molecules. From Figure 8, it can be clearly seen
that the vast majority of upper rim distally substituted, lower rim symmetrically tetrasubstituted uncom-
plexed cone calix[4]arenes tends to cluster at high o (> 60°) and B (> 80°). This result is no surprise because
the vast majority of structures in this group has substituted all lower rim phenolic oxygen atoms. However,
there are several structures with lower o and B and therefore less Cy,-deformed calixarene scaffold; these
structures are clathrates and those with unsubstituted lower rim hydroxyl groups. Because of less symmet-
rical substitution and because the majority of the structures from this group contain polar substituents at the
upper rim these effects are slightly blurred. Furthermore, all structures from this group have & < 30°
(Fig. S-4) and are therefore little deformed towards C, symmetry.

The above-mentioned effects of substitution and filled/empty cavity are summarized in Figures 14, 15.
It is obvious that structures retaining lower rim hydroxyl groups and clathrates tend to have lower B, as ob-
served for previously discussed groups.
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0 — nonpolar groups at the upper rim, lower rim 0 — no molecule inside the cavity;
hydroxyl groups; m — nonpolar groups at the upper rim, m — solvent molecule inside the cavity;
substituted lower rim phenolic oxygen atoms; A — polar e — upper rim substituent inside the cavity

groups at the upper rim, lower rim hydroxyl groups;
A — polar groups at the upper rim, substituted lower
rim phenolic oxygen atoms
Figure 14. Effect of substitution on the geometry Figure 15. Effect of a filled/empty cavity
of the upper rim distally disubstituted, on the geometry of the upper rim distally disubstituted,
lower rim symmetrically tetrasubstituted calix[4]arenes lower rim symmetrically tetrasubstituted calix[4]arenes

There are 11 structures in this group where two or more calixarene units are connected by covalent
bonds: one lower rim — upper rim connected structure and 10 upper rim — upper rim connected structures.
There are also 17 structures which contain a distal upper rim bridge. Linear dependence of the symmetry of
the calix[4]arene scaffold on the length and rigidity of this bridge in structures containing aliphatic bridges is
depicted in Figure 16. Short upper rim bridges force the calix[4]arene opposite phenyl rings closer and the
structure is therefore significantly deformed towards C,, geometry (large B).

The rest of this chapter deals with nonbridged structures. There are altogether eight clathrates in this
group (structures in Figure 8 with ot < 65°, B < 80°). The rest of the structures contain no molecule in the
calixarene cavity and are strongly deformed towards C,, geometry (B > 90°). The majority of these structures
possesses polar upper rim substituents and have B > 100°; however, in the case of nonpolar bulky substitu-
ents on the upper rim of the closer pair of the calixarene phenyl rings the resulting sterical hindrance pre-
vents these rings from coming to such a close proximity and the parameter B is usually between 90° and 100°
in this type of structures.
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Figure 16. The dependence of parameter B on the length (number of atoms)
of the upper rim distal bridge (aliphatic bridges only)

The majority of structures with > 90° which are distally substituted on only one pair of upper rim p-
positions have these substituents on the more distant pair of the calixarene phenyl rings which minimizes
sterical hindrance at the upper rim (intramolecular wt,n-interaction is present between the pair of upper rim
unsubstituted calixarene phenyl rings); however, in the case of substituents capable of some interaction
(NO,, COOH, C=C etc.) these substituents may be present on the closer pair of the calixarene phenyl rings
and further enhance the intramolecular 7t,t-interaction (see Fig. 1-6).

IXAKOH

Figure I-6. Upper rim formyl-substituted structures IXAKOH (B = 115°) and QADVAT (B = 138°) [7]

There are altogether 39 structures with empty cavity (B > 90°) which contain 1-propoxy groups at the
lower rim; however, no correlation between parameters o, f and the type and size of upper rim substituents
was found.

Uncomplexed methylene-bridged cone calix[4]arenes distally substituted at both rims

This group contains 34 hits with 39 independent molecules. As in the group of lower rim distally substi-
tuted, upper rim symmetrically tetrasubstituted uncomplexed cone calix[4]arenes, this group of structures
tends to be somewhat more deformed in parameter B than the symmetrically tetrasubstituted group, probably
because of less symmetrical substitution at the upper and lower rim. All structures from this group have
0 < 20° and are therefore little C,-deformed.

From Figures 8 and S-4 it can be seen that this group is very diffuse (varying greatly in ) and does not
form any distinct 'clusters' as observed in previous chapters.
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There is one structure which contains two calix[4]arene units with covalently connected lower rims, one
structure with covalently connected upper rims and one structure with two calix[4]arene units distally ap-
pended by their lower rims to another calix[4]arene upper rim. There are also four distally bridged structures:
one at upper rim, one at lower rim and two at both rims (on the same phenyl rings).

The dependence of parameter B on the type of the clathrate in nonbridged structures is depicted in Fig.
S-6 in the Supplementary Materials.

Since there are only a few structures in this group and these structures vary widely in substitution, no
correlation between the size and type of upper/lower rim substituents and parameters o, B was found. How-
ever, structures with no solvent molecule inside the cavity and only one pair of upper rim p- positions substi-
tuted tend to have these substituents on the more distant pairs of calixarene phenyl rings and thus minimize
sterical hindrance at the upper rim (see previous chapter).

An interesting effect was observed among structures with no solvent molecule inside the cavity. Struc-
tures with all lower rim hydroxyl groups substituted have B > 105° whereas structures with only one distal
pair of hydroxyl groups substituted have B < 95° and less deformed calixarene base frame. Similar effect has
been observed in the lower rim distally substituted, upper rim symmetrically tetrasubstituted group. It seems
that although the cyclic array of lower rim hydrogen bonds in these structures is broken, its remnants in
structures which retain some hydroxyl groups at the lower rim contribute to stabilization of the less deformed
conformation.

Lower rim proximally substituted, upper rim symmetrically tetrasubstituted uncomplexed
methylene-bridged cone calix[4]arenes

This group contains 28 cif files with 28 independent molecules. From Figures 8 and S-4 it can be seen
that these structures form two very diffuse groups: one with B < 40° and the second one with f > 60°. The
structures in these groups vary widely in parameter o (especially in the second one). Molecules from the first
group are mostly clathrates with less deformed calixarene base frame whereas molecules from the second
group have usually empty cavity.

There is also a very large number (78 %) of lower rim proximally bridged structures (18 out of 23 com-
plete cif files). Structures with short (one atom) proximal bridges tend to have or < 60° compared to struc-
tures with longer aliphatic bridges which have o > 60°. The parameter B depends on whether the structure is
a clathrate or n