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The Effect of Guest Inclusion on the Crystal Packing of p-rert-

Butylcalix[4]arenes

Salvador Leon,*®! David A. Leigh,*® and Francesco Zerbetto*!?!

Abstract: The effect of guest inclusion
in the crystal structures of p-tert-butyl-
calix[4]arene complexes has been inves-
tigated through a combination of mo-
lecular-mechanics-based solid-state cal-
culations and statistical analysis, with a
procedure previously developed and

cavity, and are similar to those obtained
for most other organics. Some differ-
ences arise only when a statistical anal-
ysis of several descriptors is performed.
The investigation of the description of
endo calix[4]arenes is extended by cal-
culating the packing coefficient of the

guest inside the calixarenes cavity,
C&™%  which shows that most of them
are well accommodated inside the host
and have coefficients that are similar to
those found in the liquid phase. Further
evaluation of the interaction energies
between guest and host shows that the

used to study a variety of classes of
organic compounds. The results indicate
that the general trends in the behavior of
calixarene crystals are very similar, irre-
spective of the presence or the absence
of a guest encapsulated in the calixarene
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Introduction

Increasing interest is being devoted to the design of artificial
molecular devices.!l Mechanically interlocked compounds!? 3!
and host—guest inclusion (endo) complexes!* have potential
for new technological applications based on the exploitation
of the presence of new degrees of freedom that originate from
the motion that one component may undergo with respect to
another. In the case of endo complexes formed by calixarenes
and other bowl-shaped compounds, possible motions range from
chemically induced changes in the orientation of the guest
inside the cavity to exchange processes between binding sites.
To date, the presence and effects of these motions are rather
well established in solution for both mechanically interlocked
compounds and endo complexes, ! but only a small number
of them have been seen in the solid phase, 8 where practical
applications of such motions are likely to find first use.
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coefficients tend to be smaller than
30 kcal mol~!. The combination of small
C™% and low interaction energies sug-
gests that guest mobility in the solid
could be rather common in endo com-
plexes of calixarenes.

host—
macrocycles
solid-state

In the crystalline state, guest motion can be “frozen” by
intermolecular crystal packing interactions. In order for such
dynamics to exist on a reasonably fast—that is, microsecond to
second—timescale, the packing forces must be optimized. The
forces bringing a molecular crystal together and the forces
governing the guest motions are strongly connected, and their
investigation can be carried out concomitantly. In a recent
paper,’) we applied to crystals of benzylic amide macrocycle-
containing (BAMC) rotaxanes the approach pioneered by
Gavezzotti and co-workers for describing the structural proper-
ties of various classes of organic crystals. The model is based on
a combination of crystal-structure analyses and molecular-
mechanics calculations and has been quite successful.'” Our
study provided clues about the description of BAMC rotaxanes
in the solid and allowed the prediction of which of these
systems were most likely to show condensed-phase dynamics
triggered by an external stimulus. The predictions were con-
firmed by subsequent Atomic Force Microscopy experiments.

An interesting question connected to that work is whether
the behavior and the properties of BAMC rotaxanes (and
mechanically interlocked compounds in general) can be
extrapolated to other inclusion complexes, and which sim-
ilarities and differences can be expected. In this work, we
extend the approach to the study of an important class of
inclusion complexes formed by bowl-shaped host molecules
with guests encapsulated in their cavities. They are one of the
most studied families of calix[4]arenes, that is, the complexes
of p-tert-butylcalix[4]arene derivatives with neutral organic
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Ref.
1 QIGBEN
2a LODNOH
2b  LODNOHO1
3 ZAHMOK
4 VEGPIG
5 NILCAM
6 NILCEQ
7 NILCIU
8 NILCOA
9 XAHMOI
10 QIGBAJ
11 GOKPEB
12 GOKQUS
13 BHPMYCO01
14 BOCZUO
15 CUPWAL
16a NAPCEM
16b NAPCIQ
16c RUFPIR

Guest

self-inclusion

carbon disulfide
carbon disulfide
acetonitrile

dimethyl sulfoxide
pentane
1-chlorobutane
1,3-dichloropropane, water
1-butanol
1,4-butanediamine
tetradecane

benzene

pyridine

toluene

fluorobenzene

anisole

nitrobenzene
nitrobenzene (propane)

nitrobenzene (xenon)

Ref.

17 SIVMOZ
18 SIVMEP
19 SOQBU
20 SOQBOP
21 KUGVUD
22  GIYTEN
23 SUVLEA
24 CUROC
25  WAZXOK
26 DUTBUP
27  GIYTOX
28 VUHDEH
29 NECVUM
30 JEGQOB
31 WOJMEN
32 JORSEO
33a JOYHAG

Chem. Eur. J. 2002,

Substituents

R'=R=R-R*=-H
R!=-H;R*=R=R'-=-OH
R!'=R’=-CH; ; R*= R*=-OH
R'=R’=-CH; ; R%*= R*= -OCH;
R'=R’= -OH : R%= R*= -OCH,CH:
R'= R’= R*= R*= -OCH,CH,CHj;

R'= R*= -OCH,CH,CH3;

R’= R*= -OCH,CH,0H

R'= R*= -OCH,CH,COOH;

R’= R*= -OCH,CH,0CH;

R'= R’= R*= R*= -OCH,CH,0CH;
R!= R%= R*= R*= -OCOOCH,CH;
R!= R’= R*= R*= -OCH,COOCH,CH;
R'= R’= R*= R*= -OCH,COOCH,CF;
R!= R’= R*= R*= -OCONHCH,CH,CH,CH;
R'= -OCH,CH,N(CH-CH3),

N_
1 R3= OH: R%= R=_
R'= R’=-OH; R’= R OCHZO

R'= R*= -OCH,COOCH,CHj;
N

R= R4=-OCH~O
PN/ N_
Rl: R2= RS: R4:7 q‘<:>
OCH, \ /

8, No. 21

Guest

pyridine, benzene

ethanol

acetonitrile

methanol

acetonitrile

acetonitrile

ethanol, water

carbon tetrachloride,

diiodotetrafluorobenzene
acetonitrile

methanol
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33b JOYHIO
34 WOHBAW
35 JIQSIL

36 KOMTAH
37 MECWUM
38 ZUDDIL
39 HEKWID
40 KEQYAG
41 KEGYEK
42 DOBBEB
43 DOBBIF
44 ROKRAK

N.

R'=R:=R*-R*=_ @
OCH, \ /

R'= R’= -OCH,CON(CH,CHs),;

R’= R“=—OCH2@

S
R'=R’=-OH; R’= R'= ocIi, C

methanol

acetonitrile

NO,
R'=R’=-OH; R*= R*=-CO

NO,
OH

R'=R’=-OH ; R*=R*=—CO OH

OH
o)
o)

S
—CHy

acetone

R'=R’=R*=R'=-OCH,

R'= R’=R’= R*=-0CH, COO 1

1_p2_ i3 pi_ — N
R'=R"=R’= R'=-0OCH,CONH CH

|
COOCH,
R'=R*=R*= R‘:—OCHZCONH\CHQ furfuraldehyde,
L thanol, wat
COOCHX metnanol, water
N

R'=R’=-OH;R*= R4=—OCH2CONHCH2@
R'= R*= .OH ; R*= R*=-OCH,CH,NHCO @N

R'= R’= -OH ; R’= R*=-OCH,CH,N=CH «j%No2
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Ref. Substituents Guest

45 CANQIR R'=R=R%:=R' co@ hexane
Ref. Substituents Guest
46 CAZCUB R=-OCH,[CH,OCH:],CH,0- chloroform
47 GILCAF R=-OCH;[CH>OCH,]sCH,0- pyridine
48 DOBFEF R=-OCH,CONH. _N._-NHCOCH,0- dichloromethane,
U methanol
N

49 DOBHAD R=-OCH,CH,NHCO__N. CONHCH,CH O~ acetonitrile

o

— 4855



FULL PAPER

F. Zerbetto, S. Leon, and D. Leigh

Ref. Substituents Guest
50 HEHzZAV R'=-0CQ  COO- chloroform
R’= R*= -OCH,COOCH,CHj;

51 TIYXOO  R's-OCH,[CH,OCH,];CH,0-;

N=
R? :R3:—0CH,O
TN\ /

Ref. Substituents

52 HEGTOC R'= R’= -OCH,[CH;OCH,]5CH,0-

Ref. Substituents

R'= R*= -OCH,0-
R'= R’= -OCH,CH,0CH,CH,0-

53  YAHVOS01
54 NIMNAY

Ref. Substituents Guest
55 CAZDAI R'=R*= -OCH;[CH,0CH,],CH,0- chloroform, methanol
COOH
56 GIZRUC R'=R’*=-OCH, CH,0- chloroform, ethanol

Guest

Ref. Substituents

57 RIRYAS R'= R*= R’= R*=-OCH,CH,0- benzene

Figure 1. Pictorial representation of the p-tert-butylcalix[4]arene derivatives considered in this work.

molecules. Comparison of the results for calixarenes and
other organics highlights differences and similarities between
host —guest systems and more standard molecular crystals.
The investigation is then extended to describe the packing
coefficients of the guest inside the calixarene cavity, C;™™.
When compared with the standard packing coefficients in
solution and with energies of interactions, C&™'¥ can be used
as a possible indicator of mobility in the solid.

Selection of the structures: Structures of p-fert-butylcalix[4]-
arene derivatives, both corresponding to “molecule-within-
molecule” or endo complexes and to “guest-free” structures
or exo complexes, were retrieved from the Cambridge
Structural Database (CSD).['!]

4856 ——
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From the data set, structures with metal atoms or ions and
those deposited without coordinates were removed. In the
case of disorder of the guest (when more than one set of
coordinates is provided, or the coordinates are incomplete),
one geometry was selected as the initial starting point (see
next section). It must be mentioned that these structures
usually have similar energies and similar crystal descriptors.
The study of disorder remains a very interesting topic, but is
outside the scope of this initial work.

The final set contained 61 structures, see Figure 1 (1-57),
19 of them corresponding to the unsubstituted (R'=, R*=, R3=,
R*=, —OH) p-tert-butylcalix[4]arene (1-164a, b, ¢); 50 corre-
sponding to calixarene molecules in a cone conformation
(either with C, or C, symmetry), six were in partial cone

0947-6539/02/0821-4856 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 21
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(paco) conformations, two in 1,2-alternate conformations, and
three in 1,3-alternate conformations.

The structures of p-tert-butylcalix[4]arene derivatives with
neutral guests or guest-free may be classified as: 1) guest-free
structures and exo complexes, 2) 1:1 and 2:1 host-guest
complexes,® 12 3) hydrogen-bonded structures with amine

guests,* 4) the recently observed self-inclusion structure, and
5) 1:1 host—guest clay-mimic structures.¥ Table 1 summa-
rizes both the conformations and the structural motifs of the

systems considered in this work, while Figure 2 shows an
example of each structural motif.

Figure 2. Examples of the structural motifs of p-fert-butylcalix[4]arene derivatives: a) guest-free structure 23; b) 1:1 host —guest complex 2a; c) 2:1 host—
guest complex 15; d) hydrogen-bonded structure 9 with an amine guest; e) self-inclusion structure 1; and f) 1:1 host—guest clay mimic structure 10.

Chem. Eur. J. 2002, 8, No. 21 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 0947-6539/02/0821-4857 $ 20.00+.50/0
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Table 1. Conformation, structural motifs, and energy contributions [kcal mol~'] for the structures of p-tert-butylcalix[4]arene derivatives.

RefCode Conformation®! Motifl®! PE Etvona E, Eyqw

1 QIGBEN cone F 76.7 0.0 43.2 335
2a LODNOH cone B 79.1 0.0 27.8 51.3
2b LODNOHO01 cone B 80.7 0.0 26.2 54.5
3 ZAHMOK cone B 82.3 0.0 329 49.4
4 VEGPIG cone B 80.9 0.0 30.7 50.2
5 NILCAM cone B 82.1 0.0 34.1 48.0
6 NILCEQ cone B 85.4 0.0 339 51.6
7 NILCIU cone B 80.9 0.0 29.0 51.9
8 NILCOA cone B 84.4 0.0 31.6 52.8
9 XAHMOI cone D 69.3 1.6 29.9 37.7
10 QIGBAJ cone E 70.3 0.0 29.8 40.5
11 GOKPEB cone B 82.3 0.0 41.9 40.4
12 GOKQUS cone B 84.1 0.0 41.2 429
13 BHPMYCO1 cone B 81.5 0.0 42.4 39.1
14 BOCZUO cone B 82.0 0.0 39.7 423
15 CUPWAL cone C 77.8 0.0 37.1 40.7
16a NAPCEM cone B 86.4 0.0 44 .4 421
16b NAPCIQ cone B 81.8 0.0 38.6 432
16¢ RUFPIR cone B 86.5 0.0 44.4 421
17 SIVMOZ 13 A 74.9 0.0 43.1 31.8
18 SIVMEP cone B 79.2 0.0 51.8 27.4
19 SOQBLJ 13 A 69.5 0.0 34.8 34.7
20 SOQBOP paco A 69.1 0.0 325 36.6
21 KUGVUD cone B 79.5 0.0 33.9 45.6
22 GIYTEN cone B 93.2 0.0 33.1 60.0
23 SUVLEA cone A 74.0 0.0 30.1 44.0
24 CIJROC cone A 84.5 2.1 32.4 49.9
25 WAZXOK cone A 58.8 0.0 21.6 372
26 DUTBUP cone B 89.9 0.0 39.2 50.7
27 GIYTOX cone B 110.7 0.0 39.0 71.6
28 VUHDEH cone A 99.6 0.0 28.7 70.9
29 NECVUM cone A 80.1 1.8 24.4 54.0
30 JEGQOB cone A 92.4 0.0 28.9 63.6
31 WOJMEN cone A 90.1 0.0 39.2 51.0
32 JORSEO paco B 109.2 0.0 56.5 52.8
33a JOYHAG cone A 106.2 2.1 68.5 35.6
33b JOYHIO paco A 106.8 5.6 64.0 372
34 WOHBAW cone A 101.2 0.0 62.8 38.4
35 JIQSIL cone A 103.7 0.0 77.6 26.1
36 KOMTAH paco A 97.5 0.0 51.8 45.7
37 MECWUM cone B 123.2 7.1 59.6 56.5
38 ZUDDIL cone A 178.8 0.0 134.9 439
39 HEKWID cone A 116.1 0.0 76.0 40.1
40 KEQYAG cone A 130.0 3.4 82.2 44.4
41 KEQYEK cone F 116.2 5.8 65.6 44.8
42 DOBBEB cone F 100.5 0.0 63.6 36.9
43 DOBBIF cone A 80.9 0.0 18.6 62.3
44 ROKRAK cone A 89.8 0.0 50.0 39.8
45 CANQIR paco A 94.1 0.0 59.4 34.7
46 CAZCUB cone B 90.0 0.0 22.8 67.3
47 GILCAF cone B 77.2 0.0 34.8 42.4
48 DOBFEF cone B 104.4 1.4 36.5 66.5
49 DOBHAD cone B 100.1 0.0 46.8 53.4
50 HEHZAV paco B 101.6 1.5 50.7 49.5
51 TIYXOO 1,2 A 95.5 0.0 54.8 40.7
52 HEGTOC 1,3 A 60.1 0.0 19.8 40.4
53 YAHVOSO01 cone A 70.3 0.0 34.5 35.9
54 NIMNAY 1,2 A 71.5 0.0 31.3 40.2
55 CAZDAI cone B 152.1 1.6 39.9 110.6
56 GIZRUC cone B 172.4 6.1 53.7 112.6
57 RIRYAS cone A 85.5 0.0 52.7 32.8

[a] paco = partial cone, 1,2 =1,2-alternate, 1,3 =1,3-alternate. [b] A = guest-free and exo complexes, B and C=1:1 and 2:1 host—guest endo complexes,
respectively; D = hydrogen-bonded structures with amine guests; E = clay-mimic structures; F = self-inclusion structures.
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Computational Methods

The molecular structures of the calixarenes were optimized subject to
periodic boundary conditions and starting from the coordinates reported in
the CSD. The periodic boundary conditions were applied with the
minimum image convention, except for the cases where the size of the
unit cell was too small compared to the cut-off distance of the interatomic
potential (in this case, the program replicates the cell automatically). The
minimization was necessary to avoid the effects of disorder that may be
present for some systems. As mentioned before, the treatment of disorder,
although interesting, is outside the scope of this initial work. The
minimizations, with no symmetry constrains, were carried out with the
MM3 force field!™! implemented in the TINKER package.!'”l This model
has been used in the past for calix[4]arenes® 7! (see also below).

For each of the minimized structures, the packing energy, PE, was
calculated together with the molecular van der Waals surface, S,,, volume,
V., and the Kitaigorodski packing coefficient, Cy, that is, the ratio of the
occupied to the total volume of the unit cell. The atomic radii used to
evaluate S,,, V,,, and C, were taken from the work of Gavezzotti and co-
workers on various organic systems,I'”! and were the same previously used
for the study of crystal packing in BAMC rotaxanes."!

Additionally, a recently proposed molecular descriptor, the packing
coefficient of the host cavity (C*%),l8] was calculated for structures that
correspond to host—guest endo complexes. Its magnitude, defined as the
volume ratio of the guest molecule to the host cavity, was estimated by
calculating the volumes of the host cavities with the program Free
Volume!™ in the Cerius? software package (version 4.2).2% The calculation
involves rolling of a spherical probe along the internal surface of the
calixarene; a probe radius of 0.7 A was used, in accordance to the work of
Rebek and co-workers.!!$]

Solid-state validation of MM3 for calixarenes: In the past, models proposed
by Allinger’s group have been very successful in the description of
calixarenes either in the isolated-molecule approximation or in solu-
tion.[®> 7] Several studies have shown that the MM3 force field can
reproduce and predict the conformational properties and the energy
profiles of calixarene isomer interconversions. Less attention has been
devoted to the solid state. Recent ab initio*!! work offers the opportunity to
compare this approach with more computationally intensive data and to set
the limits of accuracy one can expect for the calculations. Table 2 gives a
comparison of the most relevant crystal parameters obtained experimen-
tally, by ab initio methods, and by MM3 calculations for 2b and 13. The
structural parameters obtained from MM3 minimizations compare well
with both the experimental ones and those obtained from ab initio
calculations; sometimes they are closer to the experimental ones than the
ab initio data. A similar table containing the comparison of experimental
and calculated structural parameters for the other systems can be obtained
from one of the authors (S.L.).

Table 2. Comparison between experimental, ab initio,”!l and MMS3 structural parameters of crystal structures of

2b and 13. Angles are in degrees, distances in A.

Results

Formation of inclusion complexes of calixarenes may modify

the crystal properties and, inter alia, give systems endowed

with “crystal plasticity” (i.e., the possibility of deformations
produced by small forces) or the presence of mobility of the
guest. The first property might enable surface patterning with
an atomic force microscopy tip, while guest mobility could be
exploited to create solid-state switches. Both these properties
can appear if some or several of the noncovalent bonding
interactions in the crystal are small. A low density of the solid
can assist the phenomena. As a rule, mobility in the solid state
is initiated by the presence or absence of shape complemen-
tarity. Within a class of similar molecules, however, other
considerations—such as the size of the packing energies, the
densities, or the value of some specific host—guest interac-
tions—may become more relevant, since shape complemen-
tarity will be similar. While every calixarene is worthy of
investigation in its own right, the issue we address here is
whether some general trend(s) can emerge from the system-
atic investigation of a comprehensive set of calixarene solid
state structures. Such trends could be exploited to provide
information on the mechanical and dynamical properties of
the crystals.

The investigation is divided in several steps:

i) Total energies and their individual components are
calculated for the crystal structures.

ii) Several correlations and fits between the energies them-
selves and the crystal properties are attempted (only the
successful ones are reported).

iii) Comparison is made between the properties of calixar-
enes and those of other organics.

iv) Several descriptors of the calixarenes crystals are eval-
uated and used for a Principal Component Analysis,
PCA, that allows to establish which quantities are
intrinsically connected in the description of the crystals
of these molecules (for instance, packing energies and
densities).

Importantly, for the endo complexes, further parameters will
be considered, the most important of which is probably the
packing coefficient of the cavity, C&™,

General trends in the crystal
packing of p-tert-butylcalix[4]-

arenes

2b Exp. Ab initio MM3 13 Exp. Ab initio MM3
Angles Angles Energies: Table 1 shows a sum-
Ar-0, 1235  124.6,1248 1205,1206 Ar-O, 1260 123,121 118, 118 mary of the calculated energles
1247,1251  120.6, 120.6 1180 127,128 125,125 for all structures. The packing
124.5,124.9  120.7, 120.7 122,123 118, 118 energies, PE, range from 58.8 to
1245, 1244 120.7,120.7 126, 126 125,125 178.8 kealmol-L. This range is
0,-CS, tilt 0.0 0.93, 1.24 0.0, 0.0 toluene tilt 0.0 1.1, 38 0.5, 0.6 mainly independent of whether
interplanar anglel®! 22.1 19.9, 24.8 185, 18.5 the structure is an endo com-
Distances Distances plex. The energies have been
C(CS,)-0, 534 575,580 562,562 CH(tol)-O, 365 364,366 363,363 divided in s interactions (both
c-S 1.55 1.58, 1.60 1.54,1.54 7wt stacking and CH ++- 1), hydro-

[a] Ar represents the substituted phenyl rings, O, is the plane defined by the four phenol oxygen atoms of the
calixarene. [b] Angle between the plane of the toluene molecule and the pseudo mirror plane intersecting two of

the methylene C atoms of the calixarene.

Chem. Eur. J. 2002, 8, No. 21
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gen-bonding interactions, and
remaining van der Waals inter-
actions.
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The m interactions and the van der Waals terms give the
largest contribution to the packing energy, as is expected from
the presence of four phenyl rings in calix[4]arenes that can
interact with their environment. On the other hand, inter-
molecular hydrogen bonding is almost negligible; this reflects
a clear preference of the calixarenes for intramolecular
hydrogen bonding. Table 1 also shows that endo complexes
do not differ substantially from exo complexes.

Fittings: Some general trends correlating the energy and its
components can be estimated simply by fitting. A fair
correlation, r=0.72, was found between PE and the w
electron energies, E, which is calculated explicitly by MM3;
no direct correlation was obtained either by fitting PE versus
E bonding OT PE with the rest of the van der Waals interactions.
The correlation probably arises from the fact that most of the
p-tert-butylcalix[4]arene derivatives have similar packing
arrangements, which are characterized by m stacking and
CH .-t interactions.

Comparison with other organics: To gain a general under-
standing of the calixarene crystals, it is important to compare
the values of several molecular descriptors with those of other
organic compounds. Figure 3a shows the variation of the
Kitaigorodski packing coefficient with the packing energy of
p-tert-butylcalix[4]arene derivatives, along with the values
reported for several organic compounds.”'” The results
indicate that calix[4]arenes display high packing coefficients,
in the range of those small organic compounds.?!

Figure 3b—e illustrates the variation of the packing energy
of calix[4]arenes with different size-related quantities such as
i) the van der Waals molecular surface,

ii) volume,
iii) the molecular weight,
iv) the number of non-hydrogen atoms.

From the set of Figure 3, it is apparent that the behavior of p-
tert-butylcalix[4]arenes is very similar to that of small organic
compounds. Correlation can be sought and a certain amount is
found between the packing energy of calixarenes and size
parameters (see Table 3). The correlation coefficients ob-
served for the subset of the endo complexes is larger than that
for the empty systems (it increases from r=0.80 to r=0.95).

Table 3. Correlations between PE and molecular size descriptors (PE =
aX + b).
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2 Small Crganic Compounds

— Hydrocarbons
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Magnitude Series r a b

S guest free 0.80 0.09 9.93
endo complexes 0.93 0.10 16.43
guest free + endo 0.82 0.09 20.71

Vi guest free 0.77 0.07 16.68
endo complexes 0.93 0.08 25.36
guest free + endo 0.78 0.06 33.67

W guest free 0.81 0.07 19.54
endo complexes 0.95 0.09 22.79
guest free + endo 0.81 0.07 31.62

Nyontt guest free 0.83 1.00 19.06
endo complexes 0.95 1.21 2217
guest free + endo 0.82 0.94 30.98
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Figure 3. a) Variation of the Kitaigorodski packing coefficient, C,, with
the packing energy, PE; b) variation of PE with the molecular surface, S,;
c) variation of PE with the molecular volume, V,,; d) variation of PE with
the molecular weight, W,,; and e) variation of PE with the number of non-
hydrogen atoms, N,,uy-
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The origin of this effect is that the presence of a guest
promotes the formation of the cone conformation, this, in
turn, makes the subset more homogeneous and improves the
correlation.

Apart from the improved fitting, comparison of the various
kinds of descriptors for endo calix[4]arene complexes and the
“empty” structure of the set of Figure 3 shows that the
presence of a guest inside the host cage does not introduce
significant changes in the packing properties of p-fert-butyl-
calix[4]arene derivatives.

Principal component analysis: In order to gain further insight,
a principal component analysis (PCA) was performed,
following previous work." ' The scope is to follow in the
steps of the systematic work performed by Gavezzotti and co-
workers!'% and to select, from the many possible descriptors of
the crystal properties, the minimal amount that provides
nearly all the information on the crystal properties.

The properties considered were the same as beforel® 1 and
are divided into:

i) size parameters

a) the molecular weight, W,
b) the number of valence electrons, Z,
c) the molecular surface, S,
d) the molecular volume, V,
e) the packing energy, PE
f) the number of non-hydrogen atoms, N,y
ii) stoichiometry parameters
g) the ratio of the number of non-hydrogen atoms over
the number of hydrogen atoms, N, /Ny
h) the ratio of the surface of the non-hydrogen atoms
over the surface of the hydrogen atoms, S, q,1/ Sk
i) the exposure ratio, V. /S,
iii) packing parameters
j) the density, D,
k) the number of electrons per unit volume in the cell, D,
1) the Kitaigorodski packing coefficient, Cy
iv) In addition, the m-energy contribution E, to PE was
included in the PCA.

The results of this PCA for p-fert-butylcalix[4]arene deriv-
atives are summarized in Tables 4 and 5, which show the
correlations matrix and the composition of the PCA matrix
eigenvectors. In practice, of the 13 crystal descriptors, only
five of their combinations are independent: the 13-dimen-

Table 5. Composition of the factors in the PCA for p-tert-butylcalix[4]ar-
ene derivatives. Coefficients < 0.1 in absolute values are omitted.

Eigenvalues 1 2 3 4 5
Value 6.97 2.64 1.27 0.82 0.64
% of variability 54 20 10 6 5
Cumulative % 54 74 84 90 95
Vectors 1 2 3 4 5

Wa 0.37 —-0.10 0.10
Z, 0.37 -0.12 0.12
S 0.36 —0.14 -0.19

Va 0.36 —0.15 -0.13

PE 0.33 —-0.37 -0.22
Noontt 0.37 —-0.10

E, —0.27 0.76
Noontt/ Ny 0.24 0.32 0.40 0.23 0.11
Vil S 0.22 -0.11 -0.25 0.76 0.18
Soont/Su 0.15 0.29 0.60 0.23

D, 0.12 0.47 —-0.30 0.43
D, 0.57 -0.17

Cy 0.40 —0.58 0.20 -029

sional space is reduced to 5-dimensional space with only 5%
loss of information. The first three eigenvectors are very
similar to those obtained in PCA for hydrocarbons!'” and
BAMC rotaxanes.! The first eigenvector is mainly dominated
by size parameters (~70%), and the second and the third
correspond to in-phase and out-of-phase combinations of
packing and stoichiometry parameters. The fourth eigenvec-
tor is mainly related to V /S, and the fifth to E. It is worth
emphasizing that  interactions play a major role in the crystal
structure of calixarenes, and one of the quantities associated
with it, E_, is independent in the PCA and cannot be de-
scribed by a combination of the other descriptors. This
emphasizes the role of & interactions in these systems.

General trends in the crystal packing of endo complexes of
p-tert-butylcalix[4]arenes

Energy: The behavior of the structures corresponding to the
subset of the endo host—guest complexes was also inspected
separately. Table 6 shows the energy contributions to the
interaction between the host and the guest, Ey_ g, and between
the guest and the external environment, Egy,. The Eyg
interactions range from 7.1 to 20.1 kcalmol~!, while the Eg x,

Table 4. PCA correlations matrix for the structures of p-tert-butylcalix[4]arene derivatives.

W Z, S Va PE Noonu E, Noonti/ Ny Vil S Soont/Su - D. D, Cy
W 1.00 1.00 0.98 0.99 0.81 1.00 —0.62 0.51 0.60 0.30 0.21 0.00 —-0.15
Z, 1.00 1.00 0.98 0.99 0.80 1.00 -0.59 0.48 0.59 0.26 0.20 —0.02 -0.15
S 0.98 0.98 1.00 0.98 0.82 0.98 -0.59 0.39 0.49 0.20 0.18 —0.05 -0.17
Vi 0.99 0.99 0.98 1.00 0.78 0.99 —0.59 0.40 0.64 0.18 0.15 —0.07 -0.13
PE 0.81 0.80 0.82 0.78 1.00 0.82 -0.72 0.51 0.27 0.30 0.43 0.22 0.08
Nionn 1.00 1.00 0.98 0.99 0.82 1.00 —0.64 0.51 0.60 0.29 0.20 —0.01 —-0.15
E, —0.62 —0.59 —0.59 —0.59 —-0.72 —0.64 1.00 —0.54 —0.34 —0.40 —-0.19 -0.13 —0.08
Noonn/ Ny 0.51 0.48 0.39 0.40 0.51 0.51 —0.54 1.00 0.32 0.77 0.53 0.46 0.01
Vil S 0.60 0.59 0.49 0.64 0.27 0.60 -0.34 0.32 1.00 0.07 0.00 —0.07 0.10
Soont/Su 0.30 0.26 0.20 0.18 0.30 0.29 —0.40 0.77 0.07 1.00 0.31 0.37 —0.06
D, 0.21 0.20 0.18 0.15 0.43 0.20 -0.19 0.53 0.00 0.31 1.00 0.72 0.38
D 0.00 —0.02 —0.05 —0.07 0.22 —0.01 -0.13 0.46 —0.07 0.37 0.72 1.00 0.70
Cy —0.15 —-0.15 -0.17 -0.13 0.08 —0.15 —0.08 0.01 0.10 —0.06 0.38 0.70 1.00

Chem. Eur. J. 2002, 8, No. 21
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Table 6. Energy contributions [kcalmol™!] to guest—host and guest—environment interactions for the endo complexes of p-fert-butylcalix[4]arene

derivatives.
RefCode Guest Eug EGx
ETolal EHI En EvdW ETolal EHbond E:v EvdW
2a LODNOH carbon disulfide 8.9 0.0 0.0 8.9 3.5 0.0 0.0 35
2b LODNOHO1 carbon disulfide 8.8 0.0 0.0 8.8 3.8 0.0 0.0 3.8
3 ZAHMOK acetonitrile 10.9 0.0 2.7 8.2 34 0.0 0.1 33
4 VEGPIG DMSO 12.4 0.0 2.4 10.0 2.3 0.0 0.1 22
5 NILCAM pentane 9.6 0.0 52 44 6.5 0.0 1.1 5.4
6 NILCEQ chlorobutane 9.4 0.0 5.1 44 83 0.0 0.4 7.9
7 NILCIU dichloropropane 10.9 0.0 2.1 8.8 7.8 0.0 0.1 7.7
8 NILCOA butanol 13.6 0.0 5.8 7.8 53 0.0 0.6 4.8
9 XAHMOI butanediamine 12.9 0.0 6.5 6.4 14.8 44 2.1 8.4
10 QIGBAJ tetradecane 9.8 0.0 5.6 43 13.0 0.0 0.8 12.2
11 GOKPEB benzene 10.7 0.0 7.3 34 44 0.0 2.0 2.4
12 GOKQUS pyridine 11.0 0.0 7.1 3.9 4.7 0.0 2.0 2.7
13 BHPMYCO01 toluene 12.3 0.0 7.0 53 5.9 0.0 2.4 35
14 BOCZUO fluorobenzene 10.9 0.0 6.7 42 5.1 0.0 1.5 3.6
15 CUPWAL anisole 20.1 0.0 11.6 8.5 14 0.0 0.4 1.0
16a NAPCEM nitrobenzene 14.0 0.0 7.3 6.7 8.1 0.0 2.0 6.1
16b NAPCIQ nitrobenzene 11.8 0.0 6.5 53 8.4 0.0 1.4 7.1
16¢ RUFPIR nitrobenzene 14.0 0.0 7.2 6.7 8.1 0.0 1.9 6.1
18 SIVMEP pyridine 12.1 0.0 8.0 4.1 5.9 0.0 2.9 3.0
21 KUGVUD ethanol 7.2 0.0 4.2 2.9 4.5 0.0 0.3 4.2
22 GIYTEN acetonitrile 12.3 0.0 22 10.1 2.6 0.0 0.0 2.6
26 DUTBUP acetonitrile 10.5 0.0 2.0 8.5 2.6 0.0 0.0 2.6
27 GIYTOX acetonitrile 12.0 0.0 2.4 9.6 3.6 0.0 0.0 3.6
32 JORSEO acetonitrile 10.2 0.0 1.1 9.1 2.4 0.0 0.1 2.3
37 MECWUM acetone 11.2 0.0 2.0 9.2 35 0.0 0.0 35
46 CAZCUB chloroform 11.8 0.0 12 10.5 4.8 0.0 0.0 4.8
47 GILCAF pyridine 13.1 0.0 8.2 4.9 3.6 0.0 1.0 2.6
48 DOBFEF dichloromethane 11.5 0.0 0.8 10.7 2.5 0.0 0.0 2.5
49 DOBHAD acetonitrile 10.9 0.0 2.2 8.7 4.5 0.0 0.2 43
50 HEHZAV methanol 10.1 1.5 45 4.1 1.4 0.0 0.1 1.3
55 CAZDAI methanol 11.5 0.0 6.6 4.9 2.9 0.0 0.0 2.9
56 GIZRUC ethanol 12.3 0.0 6.6 5.7 0.8 0.0 0.0 0.8

range from 0.8 to 14.8 kcalmol L. In general, the intracomplex
interactions are larger than the interaction between the guest
and the environment (see also below). This feature is caused
by the full embedding of the guest molecule inside the
calixarene cavity. Only for compounds 9 and 10 is the
intercomplex energy higher than the intracomplex energy.
In 9, the guest (butanediamine) forms a network of inter-
molecular hydrogen bonds in the crystal; in 10, the guest
molecule (tetradecane) is so large that part of it is not
encapsulated inside the host cage.

Of the various energy terms, the m interactions and the
van der Waals interactions provide, as before, the largest
contributions. This is in agreement with the important role
generally attributed to s stacking and CH-.--7 energies in
endo complexes of calixarenes.® 23

Fittings: A very good correlation, r=0.98, is found between
the PE of the endo complex and the intermolecular energy of
the host calix[4]arene molecule. Similar good correlations are
found if one considers PE, the energy of interaction of the
host with its environment, versus the three energy compo-
nents (hydrogen bond energy, m energies, and other van der
Waals energy). In practice, the PE of the endo complexes of
calix[4]arenes is mainly due to the intermolecular energy of
the host calixarene.
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Principal component analysis: A second PCA, which included

some additional parameters, was performed just for the endo

complexes of p-tert-butylcalix[4]arene. The new parameters

were:

i)  Eyg, the interaction energy of the host calixarene with
the guest,

ii) Eg.x, the interaction energy of the guest with the rest of
its environment,

ili) Eqner), the intercomplex m energy of the complex;

iV)  Ei ), the  energy for the interaction between the host
and the guest,

V) Egues, the intercomplex & energy of the guest,

vi) C&% the packing coefficient of the host cavity (this term
is described more in detail below).

The results of the PCA on the descriptors of the crystals of the
endo complexes are shown in Tables 7 and 8. Of the 18 crystal
descriptors only seven of their combinations suffice to
describe the crystal properties: the 18-dimensional space is
reduced to 7-dimensional space with 6 % loss of information.
The first eigenvector is very similar to the first one of the
former PCA, being mainly related to size parameters. The
other six eigenvectors basically correspond to a complex
mixing of the other parameters; in particular, energy param-
eters are rather important components in all these eigenvec-
tors.
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Table 7. PCA correlations matrix for the endo complexes of p-tert-butylcalix[4]arene derivatives.

PE  Epc  Eoxt Exgnen Expor) Ea@ey  Wa o Zy S Vi Noott Nooait/Nu - Vil S SponlSu - De Dy G G

PE 1.00 -0.12 -036 029 —0.13 —-037 093 092 066 067 093 —0.15 035 025 057 018 001 —-048
Ey g -012 1.00 —0.06 —-019 058 021 002 002 035 036 003 015 018 —0.07 0.00 0.07 028 026
Eg x -036 —-006 100 —029 023 052 -039 —-037 -035 —-042 —-039 005 -041 -018 —-029 —-0.08 —023 0.69
Einter) 029 -019 -029 100 —0.18 010 014 012 —-0.09 —-0.01 016 —0.17 031 037 028 047 024 —-0.29
Eipny —013 058 023 -018 1.00 0.65 —-0.02 003 028 029 0.03 -0.18 018 —043 —0.17 —-005 014 048
Erguesy —037 021 052 010 065 1.00 —040 —-038 —036 —-032 —036 0.03 000 —-030 —-020 006 011 0.62
Wi 093 002 -039 014 —0.02 —-040 100 1.00 082 083 1.00 —0.11 041  0.11 045 0.00 —0.12 —0.46
Z, 092 002 -037 012 003 -038 100 1.00 083 084 100 —0.15 0.40  0.08 041 —-0.02 —-013 —045
S 066 035 —035 —0.09 028 —-036 082 083 1.00 097 083 —0.24 034 —-0.10 0.17 —0.18 —0.07 —0.36
Vi 0.67 036 —042 —-001 029 —-032 083 084 097 100 083 —0.16 0.54 —0.13 027 —0.08 0.03 —0.36
Noonn 093 003 -039 016 003 —-036 100 100 083 083 100 —0.15 041 010 043 001 —-011 —-045
Nyon/Nyg —0.15 015  0.05 —-0.17 —-018 0.03 —-011 —-0.15 —-024 —-016 —0.15 1.00 025  0.09 0.44 024 009 026
Vil S 035 018 —-041 031 018 000 041 040 034 054 041 025 1.00 —0.14 048 033 037 —0.11
Sont! Sk 025 -0.07 -018 037 —-043 -030 011 0.08 —-0.10 —-0.13 010 0.09 -0.14 100 031 038 005 —0.26
D, 0.57 000 -029 028 —-0.17 —-020 045 041 017 027 043 044 048 031 1.00 075 050 —0.09
D, 0.18 0.07 —-008 047 —0.05 006 000 —0.02 —0.18 —0.08 0.01 024 033 038 075 100 0.78 0.12
Cy 0.01 028 -023 024 014 011 -012 -013 —-0.07 003 —-011 0.09 037 0.05 050 078 1.00 0.03
ceiy —-048 026 069 —029 048 062 —046 —045 —-036 —036 —045 026 —-011 —-026 —-0.09 012 0.03 1.00

Table 8. Composition of the factors in the PCA for the endo complexes of p-tert-butylcalix[4]arene derivatives. coefficient in the ]iquid phase.
Coefficients < 0.1 in absolute values have been omitted.

Figure 4 shows the variation of

Eigenvalues 1 2 3 4 5 6 7 C&™ with the molecular vol-
Value 6.59 3.08 2.82 138 132 0.97 073 ume of the guest, Vi<, for the
% of variability 37 17 16 8 7 5 4 set of endo p-tert-butylcalix[4]-
Cumulative % 37 54 69 77 84 90 94 arene complexes. Values calcu-
Vectors 1 2 3 4 5 6 7 lated for the endo complexes of
PE 0.35 0.29 010 calixarene range from 0.29 to
Eng -0.11 0.40 -035 0.47 —029  0.64. This is similar to what was
EG.x -023 -0.14 0.10 0.17 0.53 0.12 0.18  reported in the literature for
Exiner 0.32 —051 0.21 -0.13 —042 several inclusion compounds
Enin) ~026 0.48 ~021 ) . ;
Entguesy ~020 035 -023 034 ~0.13 _o2s (including also Cal}x[“] ar
a 037 0.18 enes),?*fel both in solution and
Z, 037 —0.11 0.19 in the solid state. C™ increas-
S 032 —0.25 0.11 0.16 es with the size of the guest, and
Y 034 -0 017 —0.13 a fair correlation between the
Noontt 0.37 0.19 : ;
Nt/ Nig 0.22 013 0.67 —017 _037 two,r=0.75, is found. The sim-
VS 0.20 0.14 0.29 -0.14 —0.51 —-024 ple interpretation is that the
Snontt/ St 0.31 -020 0.12 0.61 —-0.38  guest molecules encapsulated
D. 0.20 0.39 0.16 0.27 0.13 017 in cavities modify the calixar-
D, 0.48 0.23 0.10 0.15 0.24 .
C 036 031 — 019 0926 045 enes’ conformations. As stated
Cemiy —023 033 0.22 0.30 before, structure 10 differs from
the other complexes because
the large tetradecane guest can-
not be completely encapsulated
The conclusion is that formation of endohedral complexes in the calixarene cage, and a considerable portion of it is found
does affect the crystal description, but in a way that is outside of the cavity. When this structure is excluded, the
recognized only by a statistical analysis, and that & inter- correlation between Ci™ and V& increases from r=0.75 to
actions, stoichiometry, and packing become intrinsically r=0.83.

entangled upon inclusion.

The packing coefficient of the host cavity, Ci™, deserves Discussion and Conclusion

special attention: This descriptor is defined as the ratio of the

guest volume to the host-cavity volume, and was recently The description of the crystal properties of “empty” and endo
introduced by Mecozzi and Rebek.!'¥! In their study, they complexes of p-tert-butylcalix[4]arene derivatives has been
showed that the volumes of the guest and the host play an developed and discussed in terms of a combination of
important role in molecular encapsulation. They found that molecular modeling and statistical analysis, in analogy with
the inclusion of the guest is most favorable when C&% what has previously been done for various classes of organic
approaches a value of 0.55, which corresponds to the packing molecules. Total energies and their components, correlation
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Figure 4. Variation of the packing coefficient of the host cavity, C{*™, with
the molecular volume of the guest, V&' for the endo p-tert-butylcalix[4]-
arene complexes (red diamonds). Values for BAMC rotaxanes (black stars)
are also displayed for comparison.

between different crystal descriptors, and the results of two
principal component analyses have been presented and
compared with similar data for other molecules. Of the two
fundamental structural motifs present in calixarenes crystals,
m interactions and H bonding, the first emerges as prominent,
while the second hardly enters the description of the crystal
properties.

One of the questions that arise is whether the calculations
can provide information on guest mobility in the calix[4]arene
cavities. There are several reports of this property for
different complexes® for unsubstituted p-tert-butylcalix[4]ar-
ene with acetone, chloroform, p-xylene, benzene, pyridine,
and nitrobenzene. Only the structures of the three last systems
(11, 12, and 16a-c) were available in the CSD. Acetone,
chloroform, and pyridine endo complexes are also present in
the CSD, but with different substituted p-tert-butylcalix[4]ar-
enes (structures 18, 37, 46, and 47). Guest mobility requires
a) weak interactions between the guest and its surrounding
molecules and b) low CZ™¥; this implies a large amount of
space available for the guest to move. Figure 5a shows a 3D
plot of C™¥, the host—guest interaction energy, the inter-
action energy of the guest and the crystal environment,
Figure 5b displays the variation of C{*" versus the sum of
both energy components. It can be seen that many complexes
present low values for the three quantities (C™Y, Ey; g, and
E;.x), and that the sum of the total energy of interaction of
the guest and host is always lower than 30 kcalmol~'. In
particular, the triangles embedded in circles in Figure 5b
correspond to systems for which guest mobility in a crystal has
been observed. Since they do not show any remarkable
difference from the others for which mobility has not yet been
observed, the calculations suggest that guest mobility in the
crystal can be a general property of endo complexes of
calix[4]arenes.

A second question that arises, also in view of previous
work® is how a different arrangement of some of the
structural motifs of calixarenes can influence the outcome of
the analysis. The structural motifs shared by calixarenes and
the previously investigated BAMC rotaxanes are: a) H
bonding, b) m stacking, c) presence of a macrocyclic ring,
and d) presence of a guest inside this macrocyclic ring. Notice
that in most endo-complexed calixarenes the host is entirely
encapsulated inside the cavity, while in BAMC rotaxanes a
rather large portion of the guest is outside and is in contact
with other molecules.
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Figure 5. a) 3D plot of C* versus the interaction energy the host —guest,
Ey, and versus the interaction energy of the guest-crystal environment,
Eg.x.; b) variation of C2*"" with the sum of both energy components. Points
corresponding to structures with a guest for which mobility within a crystal
has been observed (11, 12, 16a—c, 18, 37, 46, and 47) are circled.

The comparison is best carried out in points:

i) The Kitaigorodski packing coefficients of calix[4]arenes
are markedly higher than those of BAMC rotaxanes,
which are intermediate between those of organic crystals
and protein.??

ii) Packing energies of calixarenes tend to be comparatively
higher than those of BAMC rotaxanes.

iii) Packing energies of calixarenes and size parameters tend
to correlate, as is observed in organic compounds, while
this does not occur for BAMC rotaxanes.

iv) The correlation between packing energies and m-electron
energies observed in calixarenes is not observed in
BAMC rotaxanes, in which the dominant role is played
by H bonds rather than & interactions.

v) In the endo complexes of calixarenes, the PE is mainly
due to the interaction of the calixarene with its environ-
ment. This is true to a much smaller extent for BAMC
rotaxanes and reflects the difference in magnitude of the
interaction between the guest and the environment for
the two sets of compounds.

vi) A correlation exists in endo-complexed calixarenes
between the packing coefficient of the cavity, C{*"%, and
the size of the guest—a similar correlation does not exist
for the rotaxanes.

vii) C&% for calixarenes are in the range 0.29 —0.64, while for
rotaxanes they are in the interval 0.51-0.74 (the liquid-
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viii)

phase value of 0.55 is therefore best achieved by
calixarenes).
The macrocycle —guest interaction energy is rather sim-
ilar for calixarenes and for those BAMC rotaxanes for
which solid-state mobility was proposed,” and is below
30 kcalmol .

The approach presented in this paper is based on a static
picture of the crystals. The effect of disorder, although
important, has been neglected both as a first approximation
and because the crystal descriptors considered here are
usually not influenced by it. Future work will have to include
disorder and dynamics explicitly.
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