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Abstract: The novel trimethylene-
bridged clips 3 and 4 have been synthe-
sized by using repetitive stereoselective
Diels ±Alder reactions of the benzo-
and naphthobismethylenenorbornenes
8 and 19 as dienes and norbornadiene 9
as bisdienophile, and subsequent dehy-
drogenation of the primary cyclobisad-
ducts 10 and 20 by using 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ).
Clips 3 and 4 serve as receptors for a
variety of electron-deficient neutral and
cationic aromatic substrates, compara-
ble to the molecular tweezers 1 and 2.
The thermodynamic parameters of the

complex formation, Ka and �G, were
determined by 1H NMR titration experi-
ments and, in the case of the highly
stable complex TCNB 32@4, by the use
of isothermal titration microcalorimetry.
The finding that clip 4 forms more stable
complexes than 3 can be explained by
the larger van derWaals contact surfaces
of the naphthalene sidewalls in 4 com-

pared to the corresponding benzene
systems in 3. In the complexes with 4
as receptor, the plane of each aromatic
substrate molecule is calculated to be
oriented almost parallel to the naphtha-
lene sidewalls. However, in the com-
plexes of tweezers 2, the substrate is
usually oriented parallel to the central
naphthalene spacer unit. Due to the
more open topology of 4, most com-
plexes were calculated to consist of two
or more equilibrating noncovalent con-
formers.

Keywords: arene ± arene interaction
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Introduction

The processes of molecular recognition and self-assembly are
of central importance in many areas of biological and
supramolecular chemistry, for example in protein folding,
enzyme ± substrate binding, antigen ± antibody recognition,
and in the design of new materials by molecular self-
assembly.[1, 2] All these processes depend on specific, mostly
noncovalent receptor ± substrate interactions. Besides the
relatively strong and therefore often dominating hydrogen
bonding,[3] ion pairing,[4, 5] and the hydrophobic effect in
aqueous media,[6] the noncovalent interactions of arenes with
other aromatic units (� ±� and CH±� interactions)[7] or with
positively charged ions (cation-� interaction)[5, 8] seem to be
particularly important for the formation of supramolecules.

The design of efficient synthetic receptors with the ability to
selectively bind substrates requires precise control of their
topological and electronic properties. Besides cyclic and
hence well-preorganized receptors (e.g. cyclodextrins,[9] cyclo-
phanes,[10] carcerands,[11] and cryptophanes[12]) and the more
recently reported supramolecular capsules[13] formed by self-
assembly of suitable building blocks, noncyclic receptors with
cavities of flexible size proved to be effective.[1, 14] Recently,
we have described the synthesis of the benzene- and
naphthalene-spaced receptors 1 and 2.[15±17] These belong to
a family of molecules termed molecular tweezers[18] due to
their concave ± convex topology and their propensity to
selectively form complexes with electron-deficient aliphatic
and aromatic substrates as well as with organic cations. This is
achieved by clipping the substrate between the tweezers× tips,
comparable to the working principle of mechanical tweezers.
Tweezers 1 or 2, however, do not bind electron-rich arenes or
anions. This high selectivity has been correlated with mark-
edly negative molecular electrostatic potentials calculated for
the concave sides of 1 and 2 by using quantum-chemical
methods.[19, 20] When analogous calculations were performed
for the electron-deficient substrates, the complementary
nature of their electrostatic potentials to the electrostatic
potentials found for the inside of the cavity of 1 or 2 became
evident. This suggests that the relatively strong receptor ±
substrate binding is predominantly of electrostatic nature.
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To investigate the effect of the receptor topology on the
substrate specificity, the number of methylene bridges was
reduced from four in the molecular tweezers 1 and 2 to two in
5,[21, 22] 6,[21, 23] and 7.[24] We call the dimethylene-bridged
systems 5, 6, and 7 molecular clips because 5 and 7 form
complexes by placing the aromatic substrate inside the
receptor cavity. The molecular plane of such a substrate
molecule is almost parallel to the naphthalene or anthracene
sidewalls of the receptor. This is in contrast to the geometry of
the hitherto known complexes of the tweezers 2 as receptor,
where the plane of the substrate molecule is arranged nearly
parallel to the central naphthalene spacer-unit of 2.[15±17] Due
to their more open cavities, the clips are expected to be less
specific to the size and shape of the substrate than the
tweezers. According to single-crystal structure analyses, the
distance between the naphthalene sidewalls in 5 have to be

compressed from about 10 ä in
the empty receptor to approx-
imately 8 ä in the complex to
gain attractive noncovalent
substrate ± receptor interac-
tions.[21] The increase in steric
strain resulting from this com-
pression certainly explains why
the complexes of 5 are weaker
than those of 2. However, most-
recent results obtained with the
water-soluble diphosphonate-
substituted clip 5c showed that
it forms highly stable com-
plexes with N-alkylpyridinium
salts such as N-methylnicotina-
mide iodide or NAD� (associa-

tion constant Ka� 83100 and 9100��1, respectively) in
aqueous solution.[22] Here we report the synthesis and the
supramolecular properties of the trimethylene-bridged clips 3
and 4, the missing links between the di- and tetramethylene-
bridged systems.

Results

Synthesis of the trimethylene-bridged clips 3 and 4 : The two-
step synthesis of 3 by a repetitive Diels ±Alder reaction of
diene 8with norbornadiene 9 as bisdienophile and subsequent
dehydrogenation by using 2,3-dichloro-5,6-dicyano-1,4-ben-
zoquinone (DDQ) has already been published in a short
communication (Scheme 1).[25] The bowl-shaped structure of 3
was unambiguously determined by single-crystal structure
analysis (Figure 1) and the spectral data (see Experimental

Scheme 1. Two-step synthesis of clip 3.

Figure 1. Single-crystal structure analysis of the complex of 3 with ethanol; left: the centrosymmetric dimer with the O�H ¥¥¥O bridge at d� 2.811 ä, right:
the crystal lattice
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Section). Crystal structures could be determined for the
complexes of 3 with either ethanol only or with ethanol and
water. Heavy disorder does not allow for interpretation and
discussion of the details for the latter analysis. The complex
with ethanol, however, provided a crystal structure of a
centrosymmetric dimer with O�H ¥¥¥O bridges at d� 2.811 ä
in which only the oxygen atoms are disordered (Figure 1 left).
These dimers link the host molecules which are shifted to
form double brick steps, as shown in Figure 1 right.

The high stereoselectivity of the Diels ±Alder reaction
between 8 and 9was surprising, because norbornadiene 9 does
not generally show complete exo selectivity and, for example,
gives a (60:40) mixture of the syn and anti adduct in the
Diels ±Alder reaction with 5,6-bismethylenenorbornene as
diene.[26]

Encouraged by these results, we tried to synthesize the
dinaphtho-substituted trimethylene-bridged clip 4 by an
analogous route. The hitherto unknown diene 19 could be
prepared in two different ways. The first synthesis of 19 starts
with the in situ generation of dibromo-o-quinodimethane 12
by 1,4-Br2 elimination from tetrabromo-o-xylene 11 with
sodium iodide as nucleophile (Scheme 2). This reaction has
been already described by Cava et al. in 1960.[27] In the
absence of a trapping reagent, the highly reactive o-quinodi-
methane derivative 12 undergoes an electrocyclic ring closure
yielding 3,4-dibromo-1,2-benzocyclobutene, which can also be
used as a precursor in the preparation of 12 at higher
temperature (150 �C). In the presence of a dienophile such as
maleic anhydride or N-phenyl maleic imide, 12 reacts with
these trapping reagents leading to the corresponding naph-
thalene derivatives after double HBr elimination of the
primary Diels ±Alder adducts under the given reaction
conditions. Later, in 1986, Paddon-Row and Patney[28] used
this method to annulate naphthalene units to norbornene and
norbornadiene systems. The reaction of 11 with sodium iodide

at 65 �C, in the presence of norbornene 13,[29] leads to the
corresponding naphtho-substituted norbornene 15 in 66%
yield. Product 15 is also available from a second route starting
from benzocyclobutene 16.[30] 16 undergoes an electrocyclic
ring-opening at 200 �C, yielding o-quinodimethane 17[31] which
can be trapped by norbornene 13 to produce the Diels ±Alder
adduct 18. It is not necessary to isolate 18, which can
immediately be dehydrogenated by DDQ to give the naph-
tho-substituted norbornene 15. Although the overall yield of
the second route (73%) is slightly higher than that of the first
one (66%), we preferred to prepare 15 by the first route
owing to the better availability of 11 compared to 16. Twofold
HCl elimination of 15 with potassium hydroxide in the
presence of crown ether ([18]crown-6) in THF leads to the
desired diene 19 in 74% yield.

Repetitive Diels ±Alder reactions between the diene 19
and the bisdienophile 9 in toluene at 170 �C produced an 11:1
mixture of the all-syn- and syn-anti-bisadducts 20 and 21
(Scheme 3). The syn-bisadduct 20 precipitates after cooling
the reaction mixture to room temperature, and after this to
�15 �C in the refrigerator for one night (yield of isolated 20 :
28%).[32] Compound 20 is converted into the desired tri-
methylene-bridged clip 4 by oxidative DDQ dehydrogenation
in 47% yield. The symmetric structure of 4 can be unambig-
uously assigned from its 1H NMR spectrum, displaying a
singlet at �� 2.4 ppm and an AB spectrum at �� 2.3, 2.5 ppm
for the CH2 protons of the central (C-24) and the peripheral
methylene bridges (C-23, C-25) respectively. The 1:2 splitting
of the bridgehead protons into two signals at �� 4.00 and
4.17 ppm, assigned to the central and peripheral norborna-
diene-units (8, 19-H2 and 6, 21, 10, 17-H4), respectively, and
that of the aromatic protons (singlets at �� 7.13 (7, 20, 9, 18-
H4) and 7.40 ppm (5, 22, 11, 16-H4)) and the AA�BB� spectrum
at �� 7.15, 7.44 ppm (1, 2, 3, 4, 12, 13, 14, 15-H8) assigned to
the isolated and terminal protons of the benzene- and

Scheme 2. Two possible routes for the production of compound 15, which, upon further reaction, yield diene 19.
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naphthalene units, respectively, are well in accord with the
symmetrical structure 4.

The trimethylene-bridged blips 3 and 4 as receptors for
electron-deficient substrates : Due to their ribbon-type con-
cave topology, the four arene units of the trimethylene-
bridged clips 3 and 4 define a cavity in which a substrate can
be bound by multiple noncovalent arene ± arene interactions.
This is comparable to the molecular tweezers 1 and 2 in which
the cavity is shaped by five arene units. The magnetic
anisotropy of the arene units makes 1H NMR spectroscopy
a very sensitive method for the detection of substrates bound
inside the cavity of 3 and 4.[33] In the 1H NMR spectrum of a
mixture of clip 4 and p-dicyanobenzene 23 in CDCl3 ([4]0�

0.0167 �, [23]0� 0.0067 �), the formation of the complex
23@4 can easily be detected by the upfield shift of the signal of
23 induced by the presence of 4 (��obs� �0� �obs� 1.1, �0 is
the chemical shift of the protons of 23 in the absence of 4). The
association constant Ka� [23@4]/[23] ¥ [4]� 43� 4 ��1 and the
maximum complexation-induced shift ��max� 2.8 ppm in the
complex 23@4 were determined at 24 �C from the dependence
of ��obs on the concentration of 4 at a constant concentration
[23]0 by the use of an iterative nonlinear regression analysis
(Figure 2).[34] The clips 3 and 4 are able to form host ± guest
complexes with a variety of electron-deficient substrates
(Table 1). The maximum complexation-induced shifts ��max,
the association constants Ka, and, hence, the Gibbs enthalpies
�G of association were determined by the use of 1H NMR

titration experiments as descri-
bed for the formation of 23@4.

Job-plot analyses were per-
formed to determine the stoi-
chiometry of the complexes
4@28 and 4@30 as representa-
tive examples. In both cases the
plot of the mole fraction � (��
[S]0/([R]0 � [S]0), S: substrate,
R: receptor) versus the mole
fraction multiplied by the com-
plexation-induced 1H NMR
shift of the substrate, ���obs,
shows a maximum at �� 0.5.
This provides good evidence of
a 1:1 stoichiometry for the com-
plexes 4@28, and 4@30, respec-
tively (for example, the Job plot
of 30 is shown in Figure 3).[35]

Additionally the evaluation of
the 1H NMR titration data by

Scheme 3. Synthesis of the trimethylene-bridged clip 4.
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Figure 2. The plot of ��obs of 23 as a function of the concentration of [4]0 ,
where [23]0� 6.76� 10�3 �. Iterative fitting (bold line) affords ��max� 2.9
and the association constant Ka � [23@4]/[23] ¥ [4]� 43� 4 ��1

Figure 3. The Job plot for the complex 4@30 (Proton Ha of 30 is reported.
Experimental data shown as black circles, the data as solid line is calculated
with the parameters: ��max� 3.46 and Ka � 414 ��1)

the use of the HOSTEST program[34] for various host ± guest
stoichiometries (1:1, 2:1, 1:2) lead to reasonable fits for 1:1
stoichiometries only.

1,2,4,5-Tetracyanobenzene 32 (TCNB) forms a very stable
bright yellow complex with 4. A complexation-induced up-
field shift of the TCNB protons of ��max� 4.7 ppm in the
1H NMR spectrum in CDCl3 was observed. The yellow color
of the complex results from a charge-transfer (CT) absorption
at �max� 412 nm (�� 1747, CHCl3). Since the complex 32@4 is
too stable to determine the association constant Ka by an
ordinary 1H NMR titration experiment, we measured the
heats of reaction and dilution in CHCl3 at 25 �C by the use of
an isothermal titration microcalorimeter[36] (Figure 4). From
the analysis of the calorimetric data one can derive that
besides the very stable (1:1) complex (Ka� (14.3� 0.9)�
106 ��1, �G��9.8� 0.1 kcalmol�1, �H��5.5�
0.1 kcalmol�1, �S� 14.4� 0.3calmol�1K�1), a weaker (2:1)
complex between 4 and 32 (Ka� 43500� 8800 ��2 , �G�
�6.3� 0.1 kcalmol�1, �H��5.67� 0.1 kcalmol�1, �S�
2.2� 0.8 calmol�1K�1) has to be formed.

The temperature-dependence of the 1H NMR spectrum of
the 1:1 mixture of 4 and 32 in CDCl3 indicates a rapid
exchange between the protons of the complexed and free 32.
At low temperature (�20 �C) a sharp signal at �� 3.4 ppm,
assigned to complexed 32, and the signals at �� 4.3, 4.1, 2.6,
2.4 and 2.2 ppm, assigned to the bridgehead CH and bridge
CH2 protons of complexed clip 4, are consistent with the
formation of a 1:1 complex 32@4. The signal at �� 3.4 ppm
shows broadening and a concomitant downfield shift to ��
3.5 ppm by raising the temperature from �20 �C to 25 �C
(Figure 5a and b). This finding can be explained by either the
dissociation or disproportionation of the 1:1 complex 32@4.

[32@4] � 32 � 4 or 2 [32@4] � [32@2 ¥ 4] � 32

Table 1. The comparison of��max , Ka [��1], and�G [kcalmol�1] for the formation of complexes between the clips 3 and 4 and the tweezer 2a, respectively, as
receptors and substrates 23 ± 32 in CDCl3 at 24 �C (titration experiments of 2a and 4 as receptors) and 25 �C (titration experiments of 3 as receptor)

Substrate Receptor
4 3[c] 2a

��max Ka �G ��max Ka �G ��max Ka �G

23 2.9 43 � 2.2 0.61 10 � 1.4 4.3 110 � 2.8
24 3.4 (Ha) 10 � 1.4 ± 4.4 (Ha) 40 � 2.1

3.4 (Hb) 2.6 (Hb)
25 1.5 (Ha) 39 � 2.2 ± 5.4 (Ha) 85 � 2.6

1.7 (Hb) 4.6 (Hb)
1.2 (Hc) 2.6 (Hc)

26 3.2 56 � 2.4 ± � 10 ± 5.5 45 � 2.2
27 4.3 (Ha) 48 � 2.3 3.0 (Ha) 13 � 1.5 � 1 [a]

3.8 (Hb) 2.9 (Hb)
3.3 (Hc) 0.9 (Hc)

28 3.3 2600 � 4.6 1.9 25 � 1.9 3.6 � 105 [b] ±
29[c] 1.1 (Ha) 130 � 2.9 0.2 (Ha) 10 � 1.4 ±[d]

1.5 (Hb) 0.7 (Hb)
4.6 (Hc) 2.9 (Hc)
4.0 (Hd) 3.1 (Hd)
2.1 (He) 0.9 (He)

30[c] 3.5 (Ha) 410 � 3.6 2.4 (Ha) 29 � 2.0 4.2 (Ha) 1100 � 4.1
3.4 (Hb) 1.7 (Hb) 4.1 (Hb)
1.2 (Hc) 1.4 (Hc) 1.0 (Hc)

31a[e] 0.7 (Ha) 1000 � 4.0 1.0 (Ha) 24 � 1.9 1.5 (Ha) 2500[a] � 4.6
1.0 (Hb) 1.0 (Hb) 1.7 (Hb)

32 4.7 � 105 [b] ± 5.0 200 � 3.1 5.9 � 105 [b] ±

[a] Measured with 2b as receptor. [b] Estimated value. [c] Measured at 25 �C. [d] Not measured yet. [e] Measured in CDCl3/[D6]acetone 1:1.
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Figure 4. a) The plot of the experimental data: Measured power versus the
time; b) The analysis of the experimental data: Heat of reaction versus
concentration rate [4]/[32].

Consistent with the calorimetric analysis of the second
process, the disproportionation, however, is evidently respon-
sible for the exchange of the TCNB protons, as observed in
the 1H NMR spectrum. Further support for this explanation
comes from the 1H NMR spectrum of a 2:1 mixture of 4 and
32 at 25 �C. This shows a sharp signal for the protons of 32 at
�� 3.5 ppm and averaged signals at �� 4.1, 2.5, 2.4 and
2.3 ppm for the bridgehead CH and bridge CH2 protons of 4
(Figure 5c).[37] This indicates that there is, in this experiment,
an exchange between the protons of complexed and free 4
(due to the excess of free 4), and no exchange between the
protons of complexed and free 32, due to the absence of free
32.

Discussion and Conclusion

The comparison of the receptor properties of the clips 3 and 4
with those of the benzene and naphthalene tweezers 1a and
2a[15±17] indicates that 3 and 4 are able to form complexes with
sterically more demanding substrates than 1a and 2a. This is
due to their more open topology caused by the reduction in
number of methylene bridges from four to three. In Table 1
the data of complexation described for the clips 3 and 4 are
compared with those of the naphthalene tweezers 2a and 2b.
The substrates can be divided into two categories; one with
™small∫ substituents such as the linear sp-hybridized cyano
group or nonbranched alkyl groups, and the other one with
sterically more demanding substituents such as the trigonal
sp2-hybridized nitro group conjugated to an aromatic ring.
The substrates of the first category form complexes with clip 4
which are less stable than those with the naphthalene tweezers
2a and 2b, but more stable than those with the benzene
tweezer 1a. The complexes of 4 with the substrates of the

second category are more sta-
ble than those of both the
benzene and naphthalene
tweezers. The clip 3 forms
much weaker complexes with
the substrates 23 and 26 ± 32
than clip 4, and no complex-
ation is observed between 3 and
24 or 25 as substrates. Finally, in
the UV/Vis spectrum of the
colorless mixture of 3 and
TCNB 32 in CHCl3, no
charge-transfer interaction can
be detected, contrary to that
observed in the UV/Vis spec-
trum of the yellow complex of 4
with 32 in CHCl3 (�max�
412 nm, �� 1747, CT). These
findings can certainly be ex-
plained by the larger van der
Waals contact surfaces of the
naphthalene sidewalls in 4 com-
pared to the smaller benzene
systems in 3. In the following,
the discussion is focused on the

Figure 5. The temperature-dependent 1H NMR spectra (500 MHz, CDCl3) of 4 and 32 a) 1:1 mixture at �20 �C;
b) 1:1 mixture at 25 �C; c) 2:1 mixture at 25 �C.
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comparison of the receptor
properties of 2a, 2b and 4, and
the structures of the corre-
sponding complexes. Both re-
ceptors form highly stable com-
plexes with TCNB 32. The dif-
ference in the complex
stabilities, which cannot be easi-
ly measured in these cases, is
however not instructive for
such a comparison. The weaker
complexes of 2a or 4 with p-, o-,
and m-dicyanobenzene 23 ± 25,
TCNQ 28, Kosower salt 30, and
viologene 31 are better suited
for this purpose. The complexes
of 4 with 23 ± 25, 28, 30 and 31
are less stable than those of 2a
by ��G� 0.4 ± 1.3 kcalmol�1.
In the case of p-dinitrobenzene
26 as substrate, the complex of
4 is slightly more stable than
that of tweezer 2a by ��G�
�0.2 kcalmol�1. No complex
formation could be detected between 2b and fluorodinitro-
benzene 27 and the fluorylidene derivative 29within the limits
of NMR detection, whereas both substrates form relatively
stable complexes with 4.

The maximum complexation-induced shifts (��max) of the
guest protons provide important information on the complex
structures, as has been recently shown for the p-dicyanoben-
zene complex 23@2a.[16, 17, 39] In its solid-state 1H NMR
spectrum two signals, at �� 2.0 and 5.6, were observed, which
could be assigned to the pair-wise nonequivalent guest
protons of 23 pointing either toward the opposite benzene
rings adjacent to the central naphthalene spacer unit, or out of
the cavity (��max� 5.8 and 2.0 ppm, respectively). In the
1H NMR spectrum in CDCl3 only one signal at �� 3.5 ppm
(��max� 4.3 ppm) is observed for these protons, indicating
that in solution the exchange of the nonequivalent protons,
caused by mutual dissociation ± association and/or rotation of
the guest molecule inside the tweezer cavity, is fast with
respect to the NMR time scale. The chemical shifts of the
protons of 23, calculated by quantum-chemical ab initio
methods (�calcd� 2.5 and 5.5), for the complex 23@2a (isolated
in the gas phase), are in very good agreement with the
experimental solid-state data.[17, 39]

In this study simple force-field calculations, instead of the
more extensive time-consuming quantum-chemical methods,
were employed to calculate the complex structures and
correlate them with the measured 1H NMR data qualitatively.
Quantitative ab initio calculations are in progress.[40] Since
there are, hitherto, no X-ray data of the complexes with clip 4
as receptor available, we calibrated the force-field calcula-
tions with the known single-crystal structures of the com-
plexes 23@2a and 32@2a. With the MMFF94 force field
included in SPARTAN 02[38] we found reasonably good
agreement between the calculated and experimentally deter-
mined structures (Figure 6). In the calculated structures, the

distances between the central naphthalene spacer unit of the
receptor and the benzene ring of the substrate are slightly
larger (by about 10%, 22 ± 31 pm) than those determined
experimentally. In the complex structures calculated by the
semiempirical PM3 method these deviation are larger (about
20%, 75 pm). In the PM3 calculations the repulsive van der -
Waals interactions between the host and guest arene units are,
apparently, more overestimated than in the force-field
calculation.

The complexes of clip 4 are conformationally more flexible
than those of the tweezers 1a and 2a, due to the more open
topology of the clip molecule. For the TCNB complex 32@4
two conformers are found, the conformer with the four cyano
groups of 32 pointing out of the clip cavity is calculated to be
more stable by 12.4 kcalmol�1 than the other with the two
hydrogen atoms of 32 pointing out of the clip cavity (Fig-
ure 7a). The result of the calculation, that is, that the two
hydrogen atoms of complexed 32 are nonequivalent in the
ground-state conformation, seems to be contradictory to the
finding of only one 1H NMR signal for 32 in the complex
32@4. This would be in better agreement with the high-energy
conformation of 32@4, with the two hydrogen atoms of 32
being equivalent. Preliminary temperature-dependent
1H NMR measurements of 32@4 in [D8]toluene showed,
however, that at �105 �C the signal of 32 is split into two
signals at �� 2.9 and 4.4 ppm. This provides evidence for the
calculated low-energy conformation indeed being the ground
state of 32@4. The observation of one 1H NMR signal of 32 at
room temperature can be explained by an exchange of the
positions of the two TCNB protons. This is caused by rotation
of the TCNB molecule inside the clip cavity and/or mutual
dissociation ± association processes, which are rapid on the
NMR time scale, so that only one averaged signal is observed.
To date there is, however, no reasonable proposal for the
structure of the 2:1 complex between clip 4 and TCNB 32, as

Figure 6. Comparison of experimentally determined and calculated structures of the complexes 23@2a : a) X-ray
(ref. [16]) b) MMFF94 (ref. [38]) the distances (1) and (2) are 356, 361 (X-ray), 387, 385 (MMFF94), and 431,
441 pm (PM3) and 32@2a ; c) X-ray; d) MMFF94. The distance between the cyano-substituted C-atom of 32 and
naphthalene-C-atom of 2a is 354 (x-ray), 376 (MMFF94), and 429 pm (PM3).
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indicated by the calorimetric measurements. According to
Monte-Carlo simulations (MacroModel 7.0, AMBER*) the
2:1 complex consists of the structure of the 1:1 complex, in
which one naphthalene sidewall is sandwiched by a second
clip molecule 4.

According to the calculations, each of the complexes of 4
with the dicyanobenzene derivatives 23 ± 25 as guest mole-
cules consists of a fast equilibrium between two or three
noncovalently bonded conformers, as is shown for the
example of 23@4 (Figure 7b; for the structures of 24@4 and
25@4 see Figure 2 in the Supporting Information). This
explains that the complexation-induced 1H NMR shifts of the
nonequivalent guest protons are of similar size in each
complex. However, the question remains open why, in the
case of 25@4, the complexation-induced shifts of the guest

protons are significantly smaller
than those in the other two com-
plexes (23@4 and 24@4).

Only one conformer is found in
the calculation of the 1,4-dinitro-
benzene complex 26@4, whereas
the fluorodinitrobenzene complex
27@4 is calculated to consist of an
equilibrium between two conform-
ers (see Figure 4 in the Supporting
Information). The comparison of
the calculated and the measured
1H NMR shifts is particularly in-
structive in the case of 29@4. In
this case the complexation-induced
1H NMR shifts show that the
mononitro-substituted benzene
ring is preferentially positioned
inside the clip cavity, contrary to
the force-field calculations, which
favor the conformation with the
dinitro-substituted benzene ring
inside the clip cavity. This is, how-
ever, in agreement with the semi-
empirical PM3 calculation (Fig-
ure 7c).

For the complexes of the cati-
onic guests 30@4 (see Figure 3 in
the Supporting Information) and
31b@4, each calculation only leads
to one conformer in which the
positively charged nitrogen atom
is positioned inside the cavity. The
finding of only two signals for the
protons Ha and Hb of 31a in com-
plex 31a@4, and their relatively
small complexation-induced shifts,
indicate that, on the NMR time
scale, the clip molecule moves back
and forth from one to the other
pyridinium ring of 31 fast. Only
averaged signals of the complexed
and uncomplexed pyridinium ring
are therefore observed.

The clip molecules 3 and 4 serve as receptors for electron-
deficient neutral and cationic substrates, comparable to the
molecular tweezers 1 and 2. Neither complex formation
between these receptors and electron-rich arenes such as
benzene and naphthalene or anionic substrates, nor associa-
tion between parent benzene or naphthalene and electron-
deficient guest molecules (e.g. 23 ± 32) can be observed within
the limits of 1H NMR detection in CDCl3 solution. These
findings can be explained by the electrostatic potential surface
(EPS) calculated by means of quantum-chemical methods.[38]

In agreement with analogous calculations for the molecular
tweezers 1 and 2,[20] the EPS of 3 and 4 is calculated with
various quantum-chemical methods to be highly negative on
their concave faces, whereas the EPS on their convex faces is
similar to that of alkyl-substituted arenes (Figure 8). Accord-

Figure 7. Structures and relative energies (�E) of the conformers of a) 32@4 ; b) 23@4 ; c) 29@4 ; and
d) 31b@4 calculated by force-field MMFF94 (ref [38])
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ing to these quantum-chemical calculations this seems to be a
general phenomenon of nonconjugated � systems with con-
vex ± concave topology. The results of the calculations are
largely independent of the applied theoretical methods, so
that calculations with the inexpensive AM1 method give
similar results as those with more expensive ab initio or DFT
methods.[38] When EPS calculations were performed for the
aromatic substrates, which form complexes with 3 and 4, the
complementary nature of the substrate and receptor EPSs
becomes evident (Figure 8). This suggested that the recep-
tor ± substrate interactions reported here for the clips 3 and 4
are predominantly of electrostatic nature, comparable to
those of tweezers 1 and 2.

Experimental Section

IR: Bio-Rad FTS 135. UV: Varian Cary 300 Bio. 1H-NMR, 13C-NMR,
DEPT H, H-COSY, C, H-COSY, NOESY, HMQC, HMBC: Bruker DRX
500. 1H-NMR titration experiments: Varian Gemini XL 200 and Bruker

DRX 500; the undeuterated amount of
the solvent was used as an internal
standard. Positions of the protons of
the methano bridges are indicated by the
letters i (innen, towards the center of the
molecule) and a (aussen, away from the
center of the molecule). MS: Fison
Instruments VG ProSpec 3000 (70 eV).
All melting points are uncorrected.
Thin-layer chromatography (tlc): Poly-
gram SIL G/UV254 0.2 mm silica gel with
fluorescent indicator. Column chroma-
tography: silica gel 0.063 ± 0.2 mm. All
solvents were distilled prior to use.
Ampoules were sealed in vacuo after
three freeze (2-propanol/dry ice) and
thaw cycles using argon as an inert gas.

5,6,6a,7,7a,8,9,14,15,15a,16,16a,17,18-
Tetracosahydro-5,18:7,16:9,14-trimetha-
noheptacene (10): A solution of diene
8[41] (375 mg, 2.23 mmol), bisdienophile
9 (102 mg, 1.11 mmol), and anhydrous
triethylamine (three drops) in anhydrous
toluene (1.7 mL) was heated to 170 �C
for three days in a sealed ampoule. The
reaction mixture was cooled overnight in
a refrigerator. The precipitated product
was filtered off and washed thoroughly
with cold hexane and dried in vacuo. The
colorless product 10 (136 mg, 0.32 mmol,
29%) was used for recording the spec-
tral data and the synthesis of 3 without
further purification. tlc: Rf� 0.51 (cyclo-
hexane/ethyl acetate 10:1); m.p. 229 �C;
1H NMR (500 MHz, CDCl3): �� 1.29
(bs, 6H; 6a-, 7a-, 15a-, 16a-H, 20-H2),
1.57 (s, 2H; 7-, 16-H), 1.84 ± 2.21 (m,
12H; 6-, 8-, 15-, 17-, 19-, 21-H2), 3.51 (s,
4H; 5-, 9-, 14-, 18-H), 6.82 (m, 4H; 2-, 3-,
11-, 12-H), 7.09 ppm (m, 4H; 1-, 4-, 10-,
13-H); 13C NMR (126 MHz, CDCl3):
�� 29.22 (t; C-6, C-8, C-15, C-17),
30.42 (t; C-20), 42.40 (d; C-6a, C-7a,
C-15a, C-16a), 53.54 (d; C-5, C-9, C-14,
C-18), 54.59 (d; C-7, -16), 66.50 (t; C-19,
C-21), 120.49 (d; C-1, C-4, C-10, C-13),
123.75 (d; C-2, C-3, C-11, C-12), 147.00
(s; C-5a, C-8a, C-14a, C-17a),

152.33 ppm (s; C-4a, C-9a, C-13a, C-18a); IR (KBr): �� � 3068 (CH), 2978
(CH2), 2830 (CH), 1692 (C�C), 1574 (C�C), 1454 (CH), 751 cm�1 (CH);
UV/Vis (CHCl3): �max (log �)� 240 (3.50), 272 nm (3.39); MS (70 eV): m/z
(%): 428 (100) [M�], 194 (48) [M��C18H18], 116 (79) [M��C24H24]; HR-
MS (70 eV): calcd (C33H32) 428.250401; found 428.25038.

5,7,9,14,16,18-Hexahydro-5,18:7,16:9,14-trimethanoheptacene (3): DDQ
(275 mg, 1.21 mmol) was added to a solution of 10 (100 mg, 0.23 mmol)
in anhydrous toluene (7 mL). The vigorously stirred mixture was imme-
diately placed into an oil bath preheated to 110 �C and kept at 110 �C for
two hours. The reaction mixture was allowed to cool down to 50 �C. The
excess DDQ was converted to DDQH2 by reaction with added 1,
4-cyclohexadiene (0.2 mL). After stirring for 15 min at 50 �C, the mixture
was filtered and the filtrate was concentrated in vacuo. Purification of the
crude product by column chromatography (silica gel, cyclo-hexane/ethyl
acetate 10:1) followed by recrystallization from ethanol yielded 3 as a
colorless solid (57 mg, 0.13 mmol, 59%). Rf� 0.51 (cyclohexane/ethyl
acetate 10:1) ; m.p. 226 �C ; 1H NMR (500 MHz, CDCl3): �� 2.44 (s, 6H;
19-, 20-, 21-H2), 3.99 (s, 2H; 7-, 16-H), 4.07 (s, 4H; 5-, 9-, 14-, 18-H), 6.77 (m,
4H; 2-, 3-, 11-, 12-H), 7.10 (m, 4H; 1-, 4-, 10-, 13-H), 7.11 ppm (s, 4H; 6-, 8-,
15-, 17-H); 13C NMR (126 MHz, CDCl3): �� 51.22/51.25 (d; C-5, C-7, C-9,
C-14, C-16, C-18), 68.83 (t; C-19, C-21), 69.94 (t; C-20), 116.06 (d; C-6, C-8,
C-15, C-17), 121.29 (d; C-1, C-4, C-10, C-13), 124.80 (d; C-2, C-3, C-11,
C-12), 147.24 (s; C-5a, C-8a, C-14a, C-17a), 147.70 (s; C-6a, C-7a, C-15a,

Figure 8. EPSs of clips 3, 4 and substrates 23 ± 30, 31b, 32, benzene and naphthalene calculated by AM1 are
depicted. The color code spans from �25 (red) to �25 kcalmol�1 (blue) in the case of the neutral compounds
and from �6 (red) to �121 (blue) and from �138 to �183 kcalmol�1 in the case of cation 30 and dication 31b,
respectively. The most negative molecular electrostatic potentials (MEPs) on the concave and convex face of 3
and 4 calculated with AM1, ab initio, and DFT are given in parenthesis.
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C-16a), 150.70 ppm (s; C-4a, C-9a, C-13a, C-18a); IR (KBr): �� � 3067 (CH),
2968 (CH2), 2858 (CH), 1560 (C�C), 1458/1438 (CH), 800 (CH), 751 cm�1

(CH); UV/Vis (CHCl3): �max (log �)� 241 (4.02), 282 (3.89), 299 nm (3.98);
MS (70 eV): m/z (%): 420 (100) [M�], 405 (19) [M��CH3], 203 (12) [M��
C17H17]; HR-MS (70 eV): calcd (C33H24) 420.187801; found 420.187385.

trans/cis-2,3-Bis(chlormethyl)-1,4-methano-1,2,3,4-tetrahydroanthracene
(15): Powdered sodium iodide (77.1 g) was added in one portion under
argon to a stirred solution of tetrabromo-o-xylene 11 (31.65 g, 75 mmol)
and dienophile 13[29] (5.7 g, 30 mmol) in anhydrous DMF (300 mL) at 65 �C.
The mixture was stirred for 16 h, and then poured into ice water (600 mL).
Saturated aqueous NaHSO3 was added to the brownish mixture until its
color turned to light yellow. The mixture was extracted with dichloro-
methane (300 mL). The separated organic phase was washed with saturated
aqueous NaHCO3, water, and dried over anhydrousMgSO4. After removal
of the solvent the byproduct was removed by distillation in vacuo at 120 �C/
1 mbar. The residue was purified by column chromatography (silica gel,
cyclohexane/ethyl acetate 10:1) yielding 15 as a light-brown colored oily
product (5.84 g, 20 mmol, 67%). tlc: Rf� 0.69 (cyclohexane/ethyl acetate
10:1); 1H NMR (500 MHz, CDCl3): �� 1.5 (q; 11-H), 1.95 (dd, 2H; 13-H),
2.3 (sextett, 1H; 6-H), 3.62 (m, 2H; 8-H), 2.70/3.28/3.42 (s/q/t, 2H; 7-,
10-H), 3.67 (m, 2H; 9-H), 7.45 (d, 2H; 2-, 3-H), 7.60 (s, 1H; 5-H), 7.70
(s, 1H; 12-H), 7.78 ppm (m, 2H; 1-, 4-H); 13C NMR (126 MHz, CDCl3):
�� 45.36 (t; C-13), 46.52 (d; C-7), 46.92 (d; C-10), 47.98 (t; C-8, C-9), 48.78
(d; C-6), 50.02 (d; C-11), 118.71 (d; C-5), 121.50 (d; C-12), 125.28/125.37
(d; C-2/C-3), 127.77/127.81 (d; C-1/C-4), 132.56 (s; C-4a), 133.04 (s; C-12a),
141.65 (s; C-5a), 145.76 (s; C-11a).

2,3-Bis-exo-methylene-1,4-methano-1,2,3,4-tetrahydroanthracene (19): Po-
tassium hydroxide (3 g, 54 mmol) was added in portions to a solution of
[18]crown-6 (204 mg, 0.77 mmol) and 15 (531mg, 1.84 mmol) in tetrahy-
drofuran (25 mL) under argon at 0 �C . The mixture was stirred for 30 min
at 0 �C and 36 h at 85 �C. After cooling to room temperature the mixture
was poured into ice water (30 mL). The aqueous phase was extracted with
ether (2� 30 mL), the combined organic phases were washed with water
and dried over anhydrous MgSO4. After removal of the ether the crude
product was purified by column chromatography (silica gel, hexane/
chloroform 4:1) yielding diene 19 as a colorless solid (297 mg, 1.36 mmol,
74%). tlc: Rf� 0.59 (n-hexane/CHCl3 4:1); m.p. 117 �C; 1H NMR
(500 MHz, CDCl3): �� 2.10 (dd, 2H; 2J(13a-H, 13i-H)� 9 Hz, 3J(13a-H,
11-H)� 1.5 Hz, 13a-, 13i-H), 4.00 (s, 2H; 6-, 11-H), 5.10 (s, 2H; 8a-, 9a-H),
5.22 (s, 2H; 8i-, 9i-H), 7.38 (m, 2H; 3J(3-H, 4-H)� 3 Hz, 2-, 3-H), 7.60 (s,
2H; 5-, 12-H), 7.72 ppm (m, 2H; 3J(1-H, 2-H)� 3 Hz, 1-, 4-H); 13C NMR
(126 MHz,CDCl3): �� 50.62 (t; C-13), 52.23 (d; C-6, C-11), 102.43 (t; C-8,
C-9), 118.83 (d; C-5, C-12), 125.11 (d; C-2, C-3), 127.73 (d; C-1, C-4), 132.93
(s; C-4a, C-12a), 144.75 (s; C-7, C-10), 148.60 ppm (s; C-5a, C-11a); IR
(KBr): �� � 3059 (CH), 2990 (CH), 2933 (CH2), 1504 (C�C), 900 (CH),
757 cm�1 (CH); UV/Vis (CHCl3): �max (log �)� 259 nm (4.00), 308 nm
(3.06), 323 nm (3.10); MS (70 eV): m/z (%): 218 (100) [M�], 203 (18) [M��
CH3], 202 (16) [M��CH4], 165 (26) [M��C4H5]; HR-MS (70 eV): calcd
(C17H14) 218.109551; found 218.1096.

6,7,7a,8,8a,9,10,17,19,21-Tetracosahydro-6,21:8,19:10,17-trimethanonona-
cene (20): A solution of diene 19 (375 mg, 1.72 mmol), bisdienophile 9
(73 mg, 0.79 mmol), and anhydrous triethylamine (three drops) in anhy-
drous toluene (3.5 mL) was heated to 170 �C for three days in a sealed
ampoule. The reaction mixture was cooled over night in a refrigerator. The
precipitated product was filtered off and washed thoroughly with cold
toluene and dried in vacuo. The colorless product 20 (122 mg, 0.24 mmol,
28%) was used without further purification. At room temperature 20 is
unstable and decomposes within 24 h. Therefore, 20 has to be used for the
next step immediately. It can be stored for a short period of time in the
refrigerator without decomposing. 1H NMR (500 MHz, CDCl3): �� 1.25
(m, 6H; 7a-, 8a-, 18a-, 19a-, 24-H) , 1.55 (m, 2H; 8-, 19-H), 1.89 (m, 4H; 7-,
9-, 18-, 20-H), 2.12 ± 2.25 (m, 8H; 7�-, 9�-, 18�-, 20�-, 23-, 25-H), 3.60 (s, 4H;
6-, 10-, 17-, 21-H), 7.28 (m, 4H; 1-, 4-, 12-, 15-H), 7.40 (s, 4H; 5-, 11-, 16-, 22-
H), 7.60 ppm (m, 4H; 2-, 3-, 13-, 14-H); 13C NMR (126 MHz, CDCl3): ��
28.97 (t; C-7, C-9, C-18, C-20), 30.50 (t; C-24), 42.26 (d; C-7a, C-8a, C-18a,
C-19a), 52.82 (d; C-8, C-19), 54.54 (d; C-6, C-10, C-17, C-21), 62.97 (t; C-23,
C-25), 118.04 (d; C-2, C-3, C-13, C-14), 124.78 (d; C-1, C-4, C-12, C-15) ,
127.41 (d; C-5, C-11, C-16, C-22), 132.00 (s; C-4a, C-11a, C-15a, C-22a),
146.35 (s; C-6a, C-9a, C-17a, C-20a), 149.27 (s; C-5a, C-10a, C-16a, C-21a).

6,8,10,17,19,21-Hexahydro-6,21:8,19:10,17-trimethanononacene (4): DDQ
(280 mg, 1.23 mmol) was added to a solution of 20 (79 mg, 0.15 mmol) in

anhydrous toluene (10 mL). The vigorously stirred mixture was immedi-
ately placed into an oil bath preheated to 110 �C and kept at 110 �C for three
hours. The reaction mixture was allowed to cool down to 50 �C. The excess
DDQwas converted to DDQH2 by reaction with added 1,4-cyclohexadiene
(0.2 mL). After stirring for 15 min at 50 �C the mixture was filtered and the
filtrate was concentrated in vacuo. Purification of the crude product by
column chromatography (silica gel, n-hexane/chloroform 4:1) yielded 4 as a
colorless solid (35 mg, 0.07 mmol, 47%). tlc: Rf� 0.48 (n-hexane/CHCl3
4:1); m.p. �300 �C; 1H NMR (500 MHz, CDCl3): �� 2.43 (m, 6H; s, 2H;
24-H2; superimposed with an AB spectrum: d, 4H; 2J(23a-H, 23i-H)�
2J(25a-H, 25i-H)� 8 Hz, 23-H2, 25-H2;), 4.00 (s, 2H; 8-, 19-H), 4.17 (s, 4H;
6-, 10-, 17-, 21-H), 7.13 (s, 4H; 7-, 9-, 18-, 20-H), 7.15 (m, 4H; 2-, 3-, 13-, 14-
H), 7.40 (s, 4H; 5-, 11-, 16-, 22-H), 7.44 ppm (m, 4H; 1-, 4-, 12-, 15-H);
13C NMR (126 MHz, CDCl3): �� 51.10 (d; C-6, C-10, C-17, C-21), 51.64 (d;
C-8, C-19), 66.59 (t; C-23, C-25), 70.29 (t; C-24), 116.42 (d; C-7, C-9, C-18,
C-20), 119.44 (d; C-1, C-4, C-12, C-15), 125.40 (d; C-2, C-3, C-13, C-14),
127.90 (d; C-5, C-11, C-16, C-22), 132.34 (s; C-6a, C-9a, C-17a, C-20a),
146.68 (s; C-4a, C-11a, C-15a, C-22a), 147.89 (s; C-5a, C-10a, C-16a, C-21a),
148.39 ppm (s; C-7a, C-8a, C-18a, C-19a); IR (KBr): �� � 3057 (CH), 2972
(CH2), 2936 (CH2), 2864 (CH), 1609 (C�C), 1504 (C�C), 1454 (CH2),
1427(CH2), 888 (CH), 748 ppm (CH); UV/Vis (CHCl3): �max (log �)� 250
(4.19), 279 (4.09), 310 (3.57), 324 (3.51); MS (70 eV): m/z (%): 520 (90)
[M�], 505 (12) [M��CH3], 260 (13) [M��C20H20], 28 (52) [M��C39H24];
HR-MS (70 eV): calcd. (C41H28) 520.2191; found 520.2191.

Determination of Ka : 1H NMR titration method : Receptor R and substrate
S are in equilibrium with the 1:1 complex RS (R� S�RS). The association
constant Ka is then defined by Equation (1). [R]0 and [S]0 are the starting
concentrations of the receptor and the substrate, respectively.

Ka�
�RS�
�R��S� �

�RS�
��R�0 � �RS�	��S�0 � �RS�	 (1)

The observed chemical shift �obs of the substrate in the 1HNMR spectrum is
an averaged value between free (�0) and complexed substrate (�RS),
assuming that the exchange is fast on the NMR time scale [Eq. (2)].

�obs�
�S�

�S� � �RS��0 �
�RS�

�S� � �RS��RS (2)

Combination of Equations (1) and (2) and the use of differences in
chemical shift (��� �0��obs ; ��max� �0 � �RS) leads to Equation (3).

�����max

�S�0
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�
�

�������������������������������������������������������������������������������
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�
�R�0 � �S�0 � 1

Ka

�2

� �R�0 
 �S�0
�

(3)

In the titration experiments, the total substrate concentration [S]0 was kept
constant, whereas the total receptor concentration [R]0 was varied. This
was achieved by dissolving a defined amount of the receptor R in 0.6 mL of
a solution containing the substrate concentration [S]0. �� was determined
from the chemical shift of the pure substrate and the chemical shift of the
substrate measured in the 1H NMR spectrum (500 MHz, 25 �C for R� 3
and 200 MHz, 24 �C for R� 4) of this mixture. Successive addition of
further solution containing [S]0 leads to a dilution of [R]0 in the mixture
while [S]0 is kept constant. Measurement of the chemical shift of the
substrate dependent on the concentration [R]0 afforded the data pairs ��
and [R]0. Fitting of these data to the 1:1 binding isotherm by iterative
methods[34] delivered the parameters Ka and ��max.
In the case of substrates possessing more than one kind of nonequivalent
protons, the determination of the association constants Ka sometimes lead
to different values of Ka. This may result from increasing errors caused by
decreasing ��max values. To minimize such errors the association constants
Ka were determined for that proton of the substrate S displaying the largest
value for ��max. The ��max values of the other kind of substrate protons are
calculated by the use of Equation (5); which is derived from Equation (4).

[RS]� [S]0
��1

��1�max

� [S]0
��2

��2�max

� [S]0
��n

��n�max

(4)

���n,max���n

��1

��1�max

(5)
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From the corresponding relationship between the concentrations of the
receptor [R]0 and the complex [RS], the maximum complexation-induced
shifts ��R,max for the protons of the receptor R can be calculated by the use
of Equation (7), which is derived from Equation (6). .

[RS]� [S]0
��S

1

��S
1�max

� [R]0
��R

1

��R
1�max

(6)

���R
1�max�

�R�0
�S�0

��R
1

��S
1�max

��S
1

(7)

Crystal structure determinations

Complexes of 3 with water and ethanol : C33H24 ¥C2H6O ¥H2O, crystal
dimensions 0.27� 0.22� 0.17 mm3, crystal color: yellow; measured on a
Siemens P4 diffractometer with MoK�-radiation. T� 293 K. Cell dimen-
sions a� 8.651(3), b� 29.017(5), c� 18.077(2) ä, �� 91.87(2)�, V�
4535(2) ä3, monoclinic crystal system, Z� 6, �calcd� 0.993 gcm�3, space
group P21/m, due to high disorder of the water and ethanol in the cavities,
the refinement was unsatisfactory.

Complexes of 3 with ethanol : C33H24 ¥C2H6O, crystal dimensions 0.42�
0.37� 0.22 mm3, crystal color: yellow, measured on a Siemens SMART-
CCD diffractometer with MoK�-radiation. T� 203 K. Cell dimensions a�
8.843(3), b� 13.465(5), c� 21.341(8) ä, �� 97.698(7)�, V� 2518.2(16) ä3,
monoclinic crystal system, Z� 4, �calcd� 1.231 gcm�3, 	� 0.072mm�1, space
group P21/n, data collection of 32067 intensities, 6275 independent (Rmerg�
0.0256, 4.45��
� 28.36�), 5245 observed [Fo� 4�(F)], absorption correc-
tion with Bruker AXS SADABS program multiscan V2.03: Rmerg before/
after: 0.0987/0.0354, max/min transmission 1.00/0.92; structure solution
with direct methods (SHELXS) and refinement on F 2 (SHELXTL 5.10)
(334 parameters). The hydrogen atom positions were calculated and
refined as riding groups with the 1.2 fold of the corresponding C atoms.
R1� 0.0589, wR2 (all data)� 0.1623, w�1��2(F 2

o	 � (0.0953P)2� 0.595P,
where P� [max F 2

o 	 � (2F 2
c 	]/3, maximum residual electron density

0.549 eä�3. Ethanol oxygen atom O1 disordered over two sites with
occupancies 0.5.
CCDC-218210 and CCDC-218211 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax:
(�44)1223-336-033; or deposit@ccdc.cam.uk).
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