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AbstractÐIn the solid state, the macrocyclic polyether, tetrabenzo[24]crown-8 (TB24C8), is an interesting molecule. When crystallized
from MeCN solution, a bis-MeCN clathrate is formed, in which the TB24C8 macroringÐby adopting a conformation with approximate
tennis-ball-seam symmetry (D2d)Ðforms C±H´´ ´p-linked supramolecular chains. However, when crystallized from CHCl3/Et2O solution,
the TB24C8 crystallizes aloneÐadopting a self-®lling `¯attened-out' conformation with Ci symmetryÐforming C±H´´ ´p-linked sheets
which stack upon one another by virtue ofÐyet again (!)ÐC±H´´ ´p hydrogen bonds. By contrast, the solid-state superstructure of the
[2]pseudorotaxane formed between TB24C8 and dibenzylammonium hexa¯uorophosphate (DBA´PF6), contains no C±H´´ ´p interactions.
However, a multitude of more enthalpically favorable C±H´´ ´F hydrogen bondsÐto a highly-ordered matrix of PF6

2 anionsÐstabilizes the
formation of the [2]pseudorotaxane array. q 2000 Elsevier Science Ltd. All rights reserved.

Introduction

The concept of hard and soft acids and bases can be
extended1 to the analysis of hydrogen bonding.2 Classically,
the X±H´´ ´Y interaction, where X and Y are heteroatoms,
can be considered3 as a hard acid/hard base combination,
which leads to relatively large binding enthalpies (2DH) in
the range 3±7 kcal mol21. The structural integrities and
functional aspects of living systems have been ascribed in
part4 to those interactions. However, in recent times, weaker
and more subtle hydrogen bonding forces have been identi-
®ed as important stabilizing interactions in biological
systems.5 These interactions take the form of: (i) weak
acid/hard base6 combinations (C±H´´ ´X); as well as (ii)
hard acid/weak base7 ones (X±H´´ ´p). Both are associated
with 2DH values of the order of 2±4 kcal mol21. Finally, a
soft acid/soft base1,8±11 combination (C±H´´ ´p) has been
estimated to be associated with 2DH values of around
1 kcal mol21. There is still considerable debate as to the
exact nature of these weaker hydrogen bonds,12 e.g. are
they electrostatic or dispersive in nature? Whatever inter-
pretation is put upon them, the interactions are attractive. In
particular, the C±H´ ´ ´p interaction has received a great deal
of attention1,8 recently in an attempt to establish its overall
importance. Some of these investigations have been
conducted for compounds in solution using ingenious
approaches,13±15 such as the molecular torsion balance14

and chemical double mutant cycles.7e,15 Moreover, attempts
have also been made to investigate the nature of C±H´´ ´p
interactions in the solid state16,17 by studying structurally
related polynuclear compounds16 and designing molecular
scaffolds17 which favor or disfavor edge-to-face T-type
geometries. It has been found18 that, although these
C±H´´ ´p interactions are weak, they can play a signi®cant
role in the assembly of crystalline organic compounds when
they operate in a cooperative manner.19 At this time, it is
becoming clear that the C±H´´ ´p interactionÐperhaps the
weakest and most subtle of hydrogen bonding inter-
actionsÐis being recognized as a signi®cant phenomenon
in the ®elds of coordination chemistry,20 stereochemistry,21

biochemistry,5,22 molecular recognition8c,23 and self-
assembly.24

A recent quantitative investigation25 of the aromatic crown
ether/dialkylammonium ion recognition motif26 prompted
us to explore27 the effect, upon this system, of varying the
number and positioning of benzo rings fused to the macro-
cyclic polyether skeleton. One of the compounds chosen
for this study was tetrabenzo[24]crown-8 (TB24C8).28

Although initially our goal was to explore this crown ether's
ability to bind27a R2NH2

1 ions, as we proceeded with our
investigations, it became apparent that TB24C8 was an
intriguing compound in its own right. Here, we report29

the solid state superstructures of solvated (MeCN)30 and
free TB24C8. Although both superstructures exhibit coop-
erative C±H´´ ´p interactions, in the latter, the superstructure
is dominated totally by these interactions involving both
faces of all the benzo rings in such a manner that the result-
ing three-dimensional superstructure is held together by an
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array of Ar-H´´´p´ ´ ´H±CHO motifs. Additionally, we des-
cribe the solid-state superstructure31 of a [2]pseudorotaxane32

array-formed during co-crystallization of TB24C8 with
dibenzylammonium hexa¯uorophosphate (DBA´PF6)

26b that
is stabilized by a highly ordered matrix of PF6

2 anions,
which participate in numerous C±H´´´F interactions.33,34 In
this case, it appears that the weaker C±H´´´p interactions
are superseded by more enthalpically favorable N1±H´´´O,3

C±H´´´O,6 and C±H´´´F33 hydrogen bonding interactions,
which take over and dominate the solid-state superstructure.

Results and Discussion

Crystals of TB24C8´2MeCN were grown by vapor diffusion
of Et2O into an MeCN solution of TB24C8. The X-ray
analysis (Fig. 1) of these crystals showed them to be an
acetonitrile solvate in which the crown ether has a tennis
ball seam-like conformation with approximate D2d sym-
metry. Rings A and B, and C and D have centroid´ ´ ´centroid
separations of 8.05 and 7.30 AÊ , respectively, and associated
inter-ring cleft angles of 41 (A/B) and 368 (C/D). Within
these clefts are inserted the two MeCN solvent molecules,

each of which are held in place by weak C±H´´ ´O hydrogen
bonds between one of their methyl hydrogen atoms and a
proximal catechol oxygen atom on the TB24C8 rings; the
C±H´´ ´O hydrogen bond geometries are C´ ´ ´O, H´ ´ ´O (AÊ ),
C±H´´ ´O (8), 3.35, 2.45, 153 and 3.56, 2.58, 177, respec-
tively. There are no p±p interactions involving the cyano
groups. Although the presence of the included MeCN
molecules inhibits intercomplex p±p stacking interactions,
notably there are intercomplex C±H´´ ´p interactions. In one
instance, one of the polyether methylene hydrogen atoms in
one molecule interacts with the p-system of ring A in
another (H´ ´ ´p 2.91 AÊ , C±H´´ ´p 1408), and there is also
an aromatic±aromatic edge-to-face interaction between
ring B in one molecule and ring C in another (centroid´ ´ ´
centroid separation 5.09 AÊ , with an associated C±H´´ ´p
geometry of H´ ´ ´p 2.86 AÊ and C±H´´ ´p 1578). Perhaps
the most elegant intermolecular interactions are associated
with the insertion of ring C of one molecule into the cleft
formed between rings A and B of another (the A´ ´ ´C and
B´ ´ ´C centroid´ ´ ´centroid separations are 5.12 and 4.99 AÊ ,
respectively) to form a supramolecular chain (Fig. 2), which
is stabilized by pairs of cooperative C±H´´ ´p interactions
(a: H´ ´ ´p 3.16 AÊ , C±H´´ ´p 1368 and b: H´ ´ ´p 2.93 AÊ ,
C±H´´ ´p 1428).

Crystals of TB24C8 grown by vapor diffusion of Et2O into a
CHCl3 solution of TB24C8 produced crystals free of
included solvent. Here, the crown ether adopts a conforma-
tion (Fig. 3) that is totally different from that present in
TB24C8´2MeCN, the molecule having a distinctly
`¯attened-out' and self-®lling conformation with crystallo-
graphic Ci symmetry in which rings A and B are inclined by
598 to each other. This dramatic change in conformationÐ
in comparison with that observed in the acetonitrile
solvateÐrepresents a departure from the conventional
planar geometry35 that extends from the catechol units to
include the two adjacent O-methylene groups in each
OCH2CH2O linkage in TB24C8´2MeCN to one in which
there is an approximately orthogonal relationship between
the planes of the catechol rings and one or both of the
associated O±CH2 bonds in each of the four OCH2CH2O
linkages in the unsolvated TB24C8. The absence of solvent,
coupled with the change in conformation, gives rise to a
crystal packing that is totally dominated/controlled by co-
operative C±H´´ ´p interactions that involve all four cate-
chol rings. These interactions fall into two distinct
categories: (i) those utilizing aryl-methine hydrogen atoms
meta to the catechol oxygen atoms to link (Fig. 4a) the

Figure 1. The solid-state superstructure of TB24C8´2MeCN.

Figure 2. The C±H´´ ´p-linked supramolecular chain formed by
TB24C8´2MeCN in the solid state. Figure 3. The solid-state structure of TB24C8.
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molecules to form sheets; and (ii) those involving methylene
hydrogen atoms to link adjacent sheets (Fig. 4b). Another
key feature of this C±H´´ ´p-linked superstructure is that all
four catechol rings have H´ ´ ´p approaches to both of their
faces. In each instance, there is (Fig. 5) an aryl-methine
proton approaching one face of a catechol ring, and an
O-methylene proton approaching the other (C±H´´ ´p
geometries {H´ ´ ´p, C±H´ ´ ´p}: a 2.83 AÊ , 1568; b 2.84 AÊ ,
1528; c 2.76 AÊ , 1548; d 2.82 AÊ 1458). In the case of all
four catechol rings, the pairs of H´ ´ ´p vectors (a:b 1718
and c:d 1748) are almost co-linear. It is perhaps surprising
that, for a molecule possessing four aryl ring systems, there
are no face-to-face p±p interactions.36

It is now of interest to compare and contrast the two solid-
state superstructures described above with that of the
[2]pseudorotaxane formed between TB24C8 and dibenzyl-
ammonium hexa¯uorophosphate (DBA´PF6). Although
TB24C8 has been shown27a to have a negligible af®nity

for the DBA1 cation in solution, the kinetically-controlled
crystallization of these two components affords31 a
[2]pseudorotaxane array in the solid state. Single crystals
of [TB24C8/DBA][PF6] were obtained upon slow evapora-
tion of a CHCl3/MeCN/n-C6H14 (7:3:3) solution containing
a 1:1 mixture of the `rod' and `wheel' components. The
X-ray crystallographic analysis reveals that the asymmetric
unit contains four independent 1:1 complexes, each pos-
sessing (Fig. 6) a very similar co-conformation,37 with the
only signi®cant difference being in the relative orientation
of one of the benzyl groups with respect to the plane of the
CPhCH2NH2

1CH2CPh backbone. The approximate tennis ball

Figure 4. (a) Part of one of the C±H´´ ´p (aryl-methine) linked sheets of molecules present in the solid-state superstructure of TB24C8. (b) The linking of the
adjacent sheets by means of C±H´´ ´p (O-methylene) interactions.

Figure 5. The systematic approaches of the aryl-methine and O-methylene
protons to the opposite faces of all four catechol rings (A, A 0, B and B 0) in
the solid-state superstructure of TB24C8.

Figure 6. Ball-and-stick representations of the four crystallographically
independent [2]pseudorotaxanes present in the crystals of [TB24C8/
DBA][PF6] showing the [N1±H´´ ´O] and [C±H´´ ´O] hydrogen bonding.
The hydrogen bonding geometries and inter-ring separations are given in
Table 1.
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seam symmetry (D2d) adopted by the TB24C8 macrocycle is
similar to that observed in TB24C8´2MeCN. Stabilization
of the individual 1:1 complexes is achieved (Table 1) via
the usual26c combination of [N1±H´´ ´O] (a and b) and

[C±H´´ ´O] (c and d) hydrogen bonding interactions,
which are supplemented by face-to-face p±p stacking inter-
actions whereby benzo rings A and C of the crown ether
sandwich phenyl ring B of the DBA1 cation. These super-
molecules are in turn stabilized by a wealth of C±H´´ ´F
hydrogen bonding33 interactions (Table 2) originating
from a highly ordered matrix formed by the associated
PF6

- anions. The unusual lack of disorder observed for the
PF6

- anions is perhaps indicative of their participation38 in
directing the formation of the overall three-dimensional
lattice. The PF6

- anions are embedded (Fig. 7) into layers
of the 1:1 complexes, occupying clefts (Fig. 8) formed
between each group of four supermolecules. Adjacent
layers-related by C2 symmetry-are almost in register,
thereby encapsulating the PF6

2 anions. Each anion partici-
pates in at least ®ve [C±H´´ ´F] interactions, involving no
fewer than four of its F atoms to H-bond donors located in
(i) the benzo rings or (ii) the ethyleneoxy linkages of
TB24C8 or (iii) the phenyl rings of the DBA1 cation.

Conclusions

In summary, it is noteworthy that in the solid-state super-
structures of both TB24C8 and TB24C8´2MeCN, although
both the O-methylene and Ar-H protons have the option
(which they avoid) of forming hydrogen bonds to oxygen
atomsÐwhich represent better hydrogen bond acceptors
than p-systems39Ðand the benzo rings have the opportu-
nity to interact in a face-to-face p±p stacking manner, the
three-dimensional superstructure is dominated solely by
C±H´´ ´p interactions. The exclusive use of this motif
could result for a number of reasons, including (i) the
phenolic nature of all of the oxygen atoms in the TB24C8
macroring which reduces their propensity to act as effective
hydrogen bond acceptors;27a (ii) edge-to-face geometries
that are favored over their face-to-face alternatives because
the small surface area of the catechol rings enhances the
electrostatic interactions in preference to dispersive
ones;36,40 and ®nally (iii) the C±H´´ ´p networks that extend
throughout each solid-state superstructure and are thus asso-
ciated with extensive positive cooperativity.18,19 Although
perhaps the weakest of hydrogen bonds, the role played by
C±H´´ ´p interactions in molecular recognition events is
undoubtedly an important one, and is highlighted in the
®rst two solid-state superstructures reported in this Paper.
If there is a take-home message from our investigations of
the idiosyncrasies of TB24C8 in the solid state, it is that the
weak C±H´´ ´p hydrogen bond should not be overlooked

Table 2. Hydrogen bond lengths (AÊ ) for the interactions between the F
atoms of the PF6

2 anions and the H atoms located on either the DBA1 cation
or the TB24C8 ring in the four independent [TB24C8/DBA][PF6] super-
molecules that exist in the solid state

Interaction Supermolecule

(i) (ii) (iii) (iv)

[F´ ´ ´H(m-Ph)] 2.60 2.45 2.47 2.55
[F´ ´ ´H(m-Ph)] 2.55 2.60 2.55 ±

2.55 ± ± ±
[F´ ´ ´H(o-cat)] 2.56 2.34 2.52 2.43
[F´ ´ ´H(polyether)] 2.55 2.45 2.47 2.35

2.59 2.54 2.55 2.57
2.49 ± 2.57 2.59
± ± 2.55 2.58

Table 1. [N1±H´´ ´O] and [C±H´´ ´O] hydrogen bonding parameters a±d
and centroid´ ´ ´centroid separations (AÊ ) for pairs of aromatic rings in the
four independent [TB24C8/DBA][PF6] supermolecules (Fig. 6) that exist in
the solid state

Interaction (H-Bonding) Supermolecule

(i) (ii) (iii) (iv)

a
[N1´ ´ ´O] (AÊ ) 2.91 2.96 2.98 2.92
[H´ ´ ´O] (AÊ ) 2.03 2.08 2.11 2.03
[N1±H´´ ´O] (8) 165 167 163 169

b
[N1´ ´ ´O] (AÊ ) 3.05 3.04 2.99 3.00
[H´ ´ ´O] (AÊ ) 2.20 2.16 2.13 2.13
[N1±H´´ ´O] (8) 158 164 159 164

c
[C´ ´ ´O] (AÊ ) 3.34 3.29 ± 3.27
[H´ ´ ´O] (AÊ ) 2.51 2.33 ± 2.31
[C±H´´ ´O] (8) 144 175 ± 178

d
[C´ ´ ´O] (AÊ ) 3.16 3.14 3.12 3.19
[H´ ´ ´O] (AÊ ) 2.32 2.33 2.18 2.43
[C±H´´ ´O] (8) 146 141 160 136
[cat´ ´ ´cat]
[A´ ´ ´C] 7.67 7.93 7.90 7.66
[D´ ´ ´E] 7.96 8.64 7.86 8.09
[cat´ ´ ´Ph]
[A´ ´ ´B] 3.86 3.71 3.86 3.55
[B´ ´ ´C] 3.96 4.23 4.22 4.12

Figure 7. (a) Ball-and-stick; and (b) space-®lling representations (hydrogen atoms omitted for clarity) showing the layer structure of [TB24C8/DBA][PF6].
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when considering noncovalent bonding interactions, as it
may be present more often than we think. As Nishio has
commented,5d a considerable portion of what in the past
may have been imprecisely de®ned as `hydrophobic inter-
actions' could well be as a consequence of the C±H´´ ´p
interaction. However, as demonstrated in the case of
[TB24C8/DBA][PF6], this weak noncovalent interaction
can be usurped easily by otherÐmore enthalpically favor-
ableÐinteractions. This solid-state superstructure appears
to be determined by a plethora of stabilizing C±H´´ ´F
hydrogen bonding interactions to highly ordered, inter-
stitially located, PF6

2 anions at the expense of an extended
C±H´ ´ ´p network.

Experimental

Crystal data for TB24C8´2MeCN

Crystals of TB24C8´2MeCN were grown by vapor diffusion
of Et2O into MeCN solution of TB24C8. C32H32O8´2MeCN,
M�626.7, monoclinic, P21/c (no. 14), a�16.018(1), b�
10.200(2), c�21.394(2) AÊ , b�108.24(1)8, V�3319.7(7) AÊ 3,
Z�4, r c�1.254 g cm23, m(CuKa)�7.28 cm21, F(000)�
1328, T�173 K; clear plates, 0.93£0.47£0.10 mm, Siemens
P4 rotating anode diffractometer, v-scans, 5198 independent
re¯ections. The structure was solved by direct methods and
the non-hydrogen atoms were re®ned anisotropically using
full matrix least-squares based on F2 to give R1�0.063,
wR2�0.150 for 3570 independent observed re¯ections
[uFou.4s(uFou), 2u#1248] and 416 parameters. CCDC
132743.41

Crystal data for TB24C8

Crystals of TB24C8 were grown by vapor diffusion of Et2O
into CHCl3 solution of TB24C8. C32H32O8, M�544.6,
monoclinic, P21/c (no. 14), a�9.585(2), b�18.931(2),
c�7.297(1) AÊ , b�94.29(1)8, V�1320.3(3) AÊ 3, Z�2 (the
molecule has crystallographic Ci symmetry), r c�
1.370 g cm23, m(CuKa )�8.07 cm21, F(000)�576, T�
293 K; clear plates, 0.50£0.47£0.13 mm, Siemens P4/PC
diffractometer, v -scans, 2077 independent re¯ections. The
structure was solved by direct methods and the non-
hydrogen atoms were re®ned anisotropically using full
matrix least-squares based on F2 to give R1�0.049,

wR2�0.134 for 1713 independent observed re¯ections
[uFou.4s (uFou), 2u#1248] and 182 parameters. CCDC
132744.41

Crystal data for [TB24C8/DBA][PF6]

Crystals of [TB24C8/DBA][PF6] were grown by slow
evaporation of a CHCl3/MeCN/n-C6H14 solution (7:3:3)
containing an equimolar mixture of TB24C8 and
DBA´PF6. [C46H48NO8][PF6]´0.5MeCN´0.125CH2Cl2, M�
919.0, triclinic, space group P1Å (no. 2), a�14.182(1),
b�23.357(2), c�28.107(2) AÊ , a�91.51(1), b�90.51(1),
g�104.37(1)8, V�9015(1) AÊ 3, Z�8 (there are four crystal-
lographically independent 1:1 complexes in the asymmetric
unit), r c�1.354 g cm23, m(CuKa )�13.7 cm21, F(000)�
3842, T�183 K; clear platy prisms, 0.43£0.20£0.07 mm,
Siemens P4 rotating anode diffractometer, graphite-mono-
chromated CuKa radiation, v -scans, 24143 independent
re¯ections. The structure was solved by direct methods
and all the full occupancy non-hydrogen atoms were re®ned
anisotropically. Disorder was found in the thread com-
ponent of one of the four crystallographically independent
[2]pseudorotaxanes and in one of the included acetonitrile
solvent molecules; in each case two partial occupancy
orientations were identi®ed with only the non-hydrogen
atoms of the major occupancy orientations being re®ned
anisotropically (the rest being re®ned isotropically). Re®ne-
ments were by blocked full matrix least-squares based on F2

to give R1�0.089, wR2�0.216 for 12765 independent
observed re¯ections [uFou.4s (uFou), 2u#1158] and 2264
parameters. CCDC 132801.41
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