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Introduction

Efficient synthetic receptors with the capability for selective
substrate binding are important for understanding of molec-

ular recognition in chemical and biological systems.[1–4] We
have recently described the syntheses and some supramolec-
ular properties of benzene- and/or naphthalene-spaced re-
ceptors of types 2,[5] 3,[6] and 4.[7–11] The dimethylene- and tri-
methylene-bridged compounds 2 and 3 were called molecu-
lar clips, because they form complexes by “clipping” an aro-
matic substrate inside the receptor cavity, with its plane of
molecule almost parallel to the naphthalene side walls. The
tetramethylene-bridged compounds of type 4 have been
named molecular tweezers, because the substrates are usual-
ly taken up through the receptor tips (made by the terminal
benzene rings), similarly to the working principle of me-
chanical tweezers, and are moved inside the receptor cavity
to a position in which the plane of molecule is arranged
nearly parallel to the central naphthalene spacer unit of 4.[12]

All three types of receptors selectively bind electron-defi-
cient aromatic neutral and cationic substrates by multiple at-
tractive noncovalent CH–p and p–p interactions. Electron-
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rich arenes or anions are not
complexed by these receptors
within the limits of experimen-
tal detection. This high selectiv-
ity toward electron-deficient
substrates was correlated with
markedly negative electrostatic
potential surfaces (EPSs) calcu-
lated for the concave faces of
2–4 by quantum-chemical meth-
ods.[13,14] When analogous calcu-
lations were performed for the
substrates binding to 2–4 the
complementary nature of their
EPSs became evident, suggest-
ing that the substrate–receptor binding in these complexes is
predominantly electrostatic in nature. The complexes of di-
methylene-bridged clips of type 2 with many substrates,
however, turned out to be less stable than the corresponding
ones of the tri- and tetramethylene-bridged receptors 3 or
4.[15] There are two possible explanations for this finding: ac-
cording to single-crystal structure analyses of, for example,
the complex between 1,2,4,5-tetracyanobenzene (TCNB; 14)
and clip 2 b,[5] 1) the van der Waals contact surfaces of the
naphthalene side walls of 2 b are relatively small to embrace
the substrate molecule completely, and 2) the naphthalene
side walls of 2 b have to be compressed so that both naph-
thalene units can enter into attractive p–p interactions with
the substrate molecule. To improve the properties of the di-
methylene-bridged receptors it was of great interest to in-
crease the van der Waals contact surfaces of the aromatic
sidewalls. Here we report the synthesis and supramolecular
properties of the dimethylene-bridged clips 1 a–c with an-
thracene side walls. Since anthracenes usually show strong
fluorescence these clips are also of further interest as poten-
tial chemical sensors for various substances.

Results and Discussion

Synthesis of the dimethylene-bridged anthracene clips 1 a-c :
We first tried to prepare 1 a by starting from 2,3-bis(dibro-
momethyl)naphthalene (5)[16,17] and bisdienophile 8 a[18] as
building blocks, analogously to the successful synthesis of
the corresponding naphthalene clips 2 a–c.[5] The one-pot re-
actions shown in Scheme 1, however, do not lead to clip 1 a.
The observation of dibromonaphthocyclobutene 7 as final
product suggests that the 1,4-Br2 elimination of 5 on treat-
ment with NaI does indeed proceed to generate o-naphtho-
quinodimethane 6 as a reactive intermediate, but that this
undergoes monomolecular electrocyclic ring closure to 7
more rapidly than it does the desired bimolecular Diels–
Alder cycloaddition to bisdienophile 8 a. Since the aromatic-
ity of both rings has to be given up in o-naphthoquinodime-
thane (6), this intermediate is certainly less stable, and

hence more reactive, than the corresponding o-quinodime-
thane derivative (generated from bis(dibromomethyl)ben-
zene under similar conditions).[19–21] Evidently the bimolecu-
lar Diels–Alder reaction (which is limited in its rate by dif-
fusion) cannot compete with the intramolecular electrocycli-
zation in the case of 6.

The anthracene clips 1 a–c could be prepared in four to
six steps as shown in Scheme 2. The tetrabromo-o-quinodi-
methane 10 (generated by 1,4-Br2 elimination from hexabro-
mo-o-xylene 9)[22] reacted with bisdienophile 8 a[18] to afford
the Diels–Alder bisadduct 11 a, which spontaneously elimi-
nated HBr under the reaction conditions, producing the tet-
rabromodiacetoxy-substituted naphthalene clip 12 a. The
acetoxy groups in 12 a were converted into methoxy groups
by basic ester hydrolysis and subsequent methylation with-
out isolation of the intermediately formed hydroquinone
12 b. The dimethoxy-substituted clip 12 c could also be di-
rectly prepared in 34 % yield by starting from hexabromo-o-
xylene 9 and bisdienophile 8 c. In this case, however, the iso-
lation of pure 12 c from the reaction mixture by LC separa-
tion turned out to be more difficult than in the case of 12 a,
so we prefer to prepare 12 c via 12 a. Debromination of 12 c
with n-butyllithium produced a formal bisaryne that was

Scheme 1. Attempts to synthesize the benzene-anthracene clip 1a by the o-naphthoquinodimethane route.
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trapped through a Diels–Alder reaction with furan to afford
a mixture of all three diastereomeric bisadducts syn,syn-13 c,
syn,anti-13 c, and anti,anti-13 c. The desired clip 1 c could be
obtained from this mixture of bisadducts without separation
by deoxygenation with low-valent titanium generated in situ
from titanium tetrachloride and zinc powder.[23] The dime-
thoxy-substituted clip 1 c could be converted into the hydro-
quinone clip 1 b by treatment with borane tribromide[24] and
1 b into the diacetoxy-substituted derivative 1 a by esterifica-
tion of 1 b with acetic anhydride.

The bowl-shaped structures of 1 a–c were unambiguously
determined by single-crystal structure analysis of 1 c (the
precursor of 1 a and 1 b : Figure 1) and the spectral data (see
Experimental Section).

According to the site symmetry a (mm) of the Fmm2
space group, the molecules of 1 c possess C2v symmetry with

one mirror plane perpendicular
to the anthracene moieties and
one to the central benzene ring,
intercepting the methoxy
oxygen and carbon atoms. Thus,
the molecules are lined up
along the a axis of the cell like
clips on a clothesline, with the
methoxy groups pointing to-
wards each other at distances of
2.2 � for the methoxy hydrogen
atoms. The methoxy group hy-
drogen atoms approach each
other by 0.8 �, so they have to
adopt alternating up-down posi-
tions to avoid clashes with the
neighboring groups, which re-
sults in a 50 % positional disor-
der. The neighboring methoxy
groups are mutually embraced
by further, parallel positioned
clips. The interplanar angle be-
tween the mean planes of the
anthracene moieties (max devi-
ation 0.014 �) is 65.18 and the
distance between the atoms
C10 to the symmetry equivalent
on the other side of the clip is
14.5 �.

The dimethylene-bridged an-
thracene clips 1 a–c as synthetic
receptors and comparison with
the corresponding naphthalene
clips 2 a–c : The magnetic aniso-
tropy of the receptor arene
units makes 1H NMR spectros-
copy a very sensitive probe for
examining the complexation of
a substrate molecule inside the
cavity of one of the receptor

molecules 1 a–c or 2 a–c. The complex formation can be
easily detected by pronounced upfield shifts of the signals in
the 1H NMR spectrum of the substrate after addition of the
receptor. In all complexations reported here the receptor–
substrate association and dissociation are fast processes with
respect to the NMR timescale. Thus, the maximum complex-
ation-induced 1H NMR shifts (Ddmax) of the substrate signals
(Ddmax = d0�dC; d0 and dC are the 1H NMR shifts of the
free and the complexed substrate, respectively), the associa-
tion constants (Ka), and the free enthalpies of association
(DG) could be determined by 1H NMR titration experi-
ments from measurements of the dependence of the com-
plexation-induced 1H NMR shifts (Ddobs) of the substrate
signals on the receptor concentration ([R]0) at constant sub-
strate concentration ([S]0 = const.) as described in the Ex-
perimental Section (Ddobs = d0�dobs ; dobs is the substrate 1H

Scheme 2. The synthesis of the benzene-spaced anthracene clips 1a–c by the o-tetrabromoquinodimethane
route.
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NMR shift observed in the presence of the receptor and,
hence, the weighted average of d0 and dC).[25] This report fo-
cuses on comparison of the complex stabilities and the struc-
tures of the anthracene clips 1 a–c with those of the naphtha-
lene clips 2 a–c, the trimethylene-bridged clip 3, and the
tweezers 4 a and 4 c with respect to their dependence on the
size and electrostatic properties of the substrate molecules
14–19. Furthermore, the effect of the substituents at the cen-
tral spacer unit of 1 a–c on the complex stability is deter-

mined and can be compared with the effect of substituents
in the corresponding receptor systems 2 a–c.

The anthracene clips 1 a–c form complexes of different
stability with the neutral and cationic substrate molecules
14–19. In the case of compounds 16–19, which possess none-
quivalent protons, the association constants Ka and the max-
imum complexation-induced 1H NMR shifts (Ddmax) were
determined from the dependence of complexation-induced
1H NMR shift (Ddobs) of the substrate proton displaying the
largest Ddmax value. The Ddmax values of the other substrate
protons were then calculated from this value and the Ddobs

values which were measured at the largest receptor concentra-
tion (see Experimental Section, Equation (5)). The results of
1H NMR titration experiments are summarized in Table 1.

A Job-plot analysis was performed to determine the stoi-
chiometry of the complex between the hydroquinone clip
1 b and TCNB (14) as a representative example
(Figure 2).[26] The plot of the mole fraction c (c = [14]0/
[1 b]0 + [14]0) versus the mole fraction multiplied by the com-
plexation-induced 1H NMR shift of the observed substrate
proton (c � Ddobs) shows a maximum at c = 0.5. This finding
provides good evidence of a 1:1 complex stoichiometry. Ad-
ditionally, evaluation of the 1H NMR titration data observed
for complex formation between hydroquinone clip 1 b as re-
ceptor and TCNB (14), TCNQ (15), TNF (17), and KS (18)
as substrates by use of the HOSTEST program for various
host–guest stoichiometries (1:1, 2:1, 1:2) gave reasonable fits
only for the 1:1 stoichiometry.[25]

Comparison of the complex stabilities : The data summar-
ized for the complex formation by the anthracene clips 1 a–c
and by the naphthalene clips 2 a–c in Table 1 allow the fol-
lowing conclusions. All complexes of 1 a–c so far investigat-
ed are substantially more stable than the corresponding
complexes of 2 a–c. A particularly strong effect on the com-
plex stability is observed with substrates possessing extend-
ed arene units. For example, the TNF complex 17@1 b (Ka

= 4900 m
�1) is more stable than the corresponding complex

17@2 b (Ka = 50 m
�1) by a factor of almost 100, whereas this

factor between the TCNB complexes 14@1 b (Ka =

12 800 m
�1) and 14@2 b (Ka = 2200 m

�1) is only of about 6.
These results are good evidence that the larger van der
Waals contact surfaces of the anthracene sidewalls in 1 a–c
(in relation to the naphthalene side walls in 2 a–c) indeed
lead to an increase in the complex stability. The electrostatic
potential surfaces (EPSs) were calculated for the parent and
hydroquinone anthracene and naphthalene clips 1 (R = H,
OH) and 2 (R = H, OH) by quantum chemical methods
(AM1, HF/6–31G**//AM1 and B3 LYP/6–31G**//AM1) to be
not very different from each other[27–31] (Figure 3). Evidently
electrostatic effects are less important for the differences
observed in the stabilities of the complexes with 1 a–c and
2 a–c.

The complexes of hydroquinone clip 1 b with 14–18 as
substrates are more stable than those of the diacetoxy- or
dimethoxy-substituted clips 1 a and 1 c, respectively.[32] The
sequence of the complex stabilities (1 b>1 a>1 c) resembles

Figure 1. Single-crystal structure of the empty clip 1 c. Though the OMe
groups are disordered, the analysis clearly shows that the OMe groups of
one clip molecule point towards the cavities of the neighbor clip mole-
cules, causing a widening of the clip cavity. The distance between the ter-
minal carbon atoms is displayed in the structure (top, left).
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that found for the corresponding naphthalene clips (2 b>
2 a>2 c). The effect of the substituents at the central ben-
zene spacer unit of 2 a–c has been explained by their differ-
ent steric sizes and conformations with respect to the clip
cavity.[15] In the case of 2 c, the syn,syn conformation, in
which both methoxy groups point toward the clip cavity, was
calculated by force field to be the preferred one. In this con-
formation the sterically relatively large OMe substituents
shield the clip cavity and hence disfavor complex formation.
In the case of the diacetoxy-substituted system 2 b the anti,
anti conformation was calculated to be the most stable one.
In this conformation there is no steric hindrance to complex
formation. In the single-crystal structures of some com-
plexes of the diacetoxy-substituted clip 2 a or the tweezer
4 a, however, a syn,anti conformation is observed, in which
the carbonyl oxygen atom (pointing toward the cavity) obvi-

ously enters into an additional attractive interaction with
the guest molecule.[5] The finding that 2 b in most cases
forms more stable complexes than 2 a and 2 c has been ex-
plained in terms of the smaller steric demand of the OH
group (compared to the OAc and OMe groups) and its func-
tion as both donor and acceptor of hydrogen bonds to the
guest molecule, leading to further complex stabilization ad-
ditional to the arene–arene CH–p and p–p host–guest inter-
actions. Evidently the same effects of the OAc, OH, and
OMe groups on the complex stabilities are operative in the
anthracene-walled clips 1 a–c and can also explain the differ-
ences in the complex stabilities observed for these systems.

Complex structures : The structure of the complex formed
between TCNB (14) and the hydroquinone anthracene clip
1 b could be determined by single-crystal structure analysis

Table 1. The maximum complexation-induced 1H NMR shifts of the guest protons (Ddmax = d0�dcomplex), association constants (Ka [m�1]), and Gibbs en-
thalpies (DG [kcal mol�1]) for the formation of host–guest complexes in CDCl3 at 25 8C and 21 8C, respectively, for 2 a–c. The given errors are the results
of standard deviation of the nonlinear regression with 95 % confidence.

Substrate Receptor 1 a Receptor 1 b Receptor 1 c
Ka DG Ddmax Ka DG Ddmax Ka DG Ddmax

TCNB (14) 690�30 �3.87 4.14 12800�700 �5.60 4.72 220�10 �3.19 3.97

TCNQ (15) 130�10 �2.88 2.36 640�30 �3.83 3.35 40�10 �2.18 1.28

3.32 (Ha) 2.85 (Ha) 2.65 (Ha)
FDNB (16) 20�10 �1.77 2.44 (Hb) 30�15 �2.01 2.88 (Hb) 10�5 �1.36 2.17 (Hb)

2.26 (Hc) 2.51 (Hc) 2.00 (Hc)

1.01 (Ha) 1.04 (Ha) 1.34 (Ha)
0.64 (Hb) 1.00 (Hb) 1.08 (Hb)

TNF (17) 570�30 �3.76 2.73 (Hc) 4900�1000 �5.03 2.87 (Hc) 270�20 �3.31 1.75 (Hc)
3.27 (Hd) 2.82 (Hd) 1.45 (Hd)
1.67 (He) 1.53 (He) 1.01 (He)

1.70 (Ha) 3.25 (Ha) 0.96 (Ha)
2.47 (Hb) 3.09 (Hb) 1.27 (Hb)

KS (18) 360�40 �3.48 1.63 (Hc) 2300�100 �4.58 0.97 (Hc) 90�30 �2.66 0.46 (Hc)
1.36 (Hd) 0.56 (Hd) 0.43 (Hd)
0.15 (He) 0.02 (He) 0.14 (He)

DeVio 19 120[a]�40 �2.83 2.11 (Ha) 70[a]�10 �2.51 2.34 (Ha) < 10[a, b] > �1.36
1.53 (Hb) 1.29 (Hb)

Substrate Receptor 2a Receptor 2b Receptor 2c
Ka DG Ddmax Ka DG Ddmax Ka DG Ddmax

TCNB (14) 140�10 �2.93 3.50 2200�200 �4.56 3.57 <10[c] >�1.36

TCNQ (15) 30�10 �2.01 2.97 140�10 �2.93 2.57 n. c. o.[d]

1.83 (Ha)
FDNB (16) 30�10 �2.01 1.38 (Hb) –[e] n. c. o.[d]

0.74 (Hc)

0.50 (Ha)
0.65 (Hb)

TNF (17) –[e] 50�10 �2.32 2.23 (Hc) –[e]

2.81 (Hd)
1.23 (He)

KS (18) 140�20 �2.93 1.82 (Ha) 1100�110 �4.15 2.75 (Ha) n. c. o.[d]

2.40 (Hb) 2.41 (Hb)

[a] Solvent: CDCl3/[D6]acetone 1:1. [b] Estimated from the Ddmax value of the complex 19@1 b. [c] Estimated from the Ddmax value of the complex 14@
2b. [d] n.c.o. = no complexation observed. [e] Not yet examined.
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(Figure 4). The interplanar angle between the mean planes
of the anthracene moieties (max deviation 0.084 and
0.089 �) is 4.88, and the distance between the atoms C29
and the opposite C11 atom on the other side of the clip is
6.48 �, while C30···C10 is 6.55 �. The TCNB is positioned
midway between the two anthracene units, and the closest
intermolecular proximity of the outer walls of the anthra-
cene units is 3.41 �. Hydrogen bonds exist between the OH
groups O1···O1’ (D = 2.88 �, d = 2.05 �, q = 1668) link-
ing the inversion-related molecules, whereas the oxygen
atom O2 of the other OH group is linked to the cyano N1
of the TCNB (D = 3.05 �, d = 2.34 �, q = 1418).

Comparison with the single-crystal structure of the empty
clip 1 c demonstrates that the tips of the anthracene side-
walls are substantially compressed (by 8 �) during the com-
plex formation (from 14.5 � to 6.5 �) to provide attractive
p–p interactions between TCNB (14) and the two anthra-

cene units of 1 b. According to force field calculations, the
expansion and compression of the aromatic sidewalls by
bond angle distortion and out-of-plane deformation of the
arene units in clips and tweezers of type 1–4 are low-energy
processes;[27,33] in the anthracene clip 1 b, for example, ex-
pansion by 2 � (from the calculated global minimum of 12.4
to 14.5 �) and compression by 6 � (from 12.5 to 6.5 �) are
calculated to require energies of 0.8 and 4.8 kcal mol�1, re-
spectively (Figure 5). The energy of compression is appa-

rently overcompensated by the attractive noncovalent p–p

host–guest interactions in the 14@1 b complex. The expan-
sion observed in the single-crystal structure of 1 c seems to
be an effect of the crystal lattice (Figure 1). Accordingly, the
OMe groups of one clip molecule point toward the cavities
of the neighbor molecule and cause its widening.

Beside the single-crystal structure analyses, the maximum
complexation-induced 1H NMR shifts (Ddmax) of guest pro-

Figure 2. Job�s plot for the complex 1 b@14.

Figure 3. Electrostatic potential surfaces (EPSs) of the parent anthracene
clip 1 (R = H), left, and the parent naphthalene clip 2 (R = H), right,
calculated by B3 LYP/6–31G**//AM1. The color code ranges from
�25 kcal mol�1 (red) to +25 kcal mol�1 (blue). The molecular electrostat-
ic potentials (MEPs in kcal mol�1) were calculated at the marked posi-
tions by AM1, HF/6–31G**//AM1, and B3 LYP/6–31G**//AM1.[27]

Figure 4. Single-crystal structure of the complex 14@1 b (CCDC-259882).
The distance between the terminal carbon atoms in the structure is dis-
played (top, left).

Figure 5. Energy profile for the compression of the anthracene sidewalls
in clip 1 b, calculated by force field MMFF94.[27, 33]
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tons in combination with quantum chemical shift calcula-
tions provide important information on the complex struc-
tures, as has been shown for the complex between p-dicya-
nobenzene and the parent naphthalene tweezer 4 (R =

H).[7,34–36] In this study Monte-Carlo conformer searches
using force fields were employed to calculate the complex
structures. The force field calculations were calibrated with
the known single-crystal structures of the complexes 14@1 b
and 14@2 b (Figure 6, Table 2). Comparison of the calculat-
ed and the experimentally measured data (Table 2) indicates
that the force fields MMFF94 and AMBER* (with and

without the addition of CHCl3) both give reasonably good
agreement with the experimental data. The distance A be-
tween the tips of complex 14@1 b (Figure 6) is better repro-
duced by AMBER* than by MMFF94, so we used
AMBER* for further calculations. Larger deviations from
the crystal data are observed for the N–O distances B and C
between 14 and 1 b calculated by both force fields.

Inspection of the crystal lattice, however, shows that the
TCNB molecule 14 is positioned unsymmetrically inside the
cavity of 1 b in the crystal, because it forms intermolecular

C�N···H hydrogen bonds to the OH group of a neighbor
clip molecule 1 b positioned upside down relative to the first
one (Figure 4). In the complex 14@2 b,[5] in which only intra-
molecular C=N···H hydrogen bonds are observed, the calcu-
lated and experimentally determined distances B and C are
in good accord.

Here we want to discuss only the structures of the more
stable complexes for which the NMR titration experiments
lead to reliable data for the Ddmax values. In all three TNF
complexes 17@1 a–c the protons (Hc and Hd) at the mononi-
tro-substituted benzene ring show larger shifts than those
(Ha and Hb) at the dinitro-substituted benzene ring, indicat-
ing that the complex structure in which the mononitro-sub-
stituted benzene ring is positioned inside the clip cavity
(Figure 7 a), left) is the preferred one, contrary to the force
field calculations for complex 17@1 b (which favor the posi-
tioning of the dinitro-substituted benzene ring inside the
clip cavity) but in agreement with semiempirical PM3 calcu-
lations obtained by use of the optimized AMBER* geome-
tries. Similar trends have been found in the calculations for
the complexes formed between TNF (17) and the corre-
sponding naphthalene clip 2 b, the trimethylene-bridged clip
3, and the tetramethylene-bridged tweezer 4 (R = H). The
calculated complex structures (Figure 7) nicely illustrate

Figure 6. Nonbonding distances used to compare the force field structures
with the single-crystal structure analysis.

Table 2. Comparison of the structures of the complexes 14@1b and 14@
2b calculated with different force fields by Monte-Carlo conformer
search (Macro Model 6.5, 5000 structures)[37, 38] and those determined ex-
perimentally by single-crystal structure analysis. d = nonbonding dis-
tance between the atoms assigned in Figure 6, Dd = difference in the dis-
tance determined by calculation and that by single-crystal structure anal-
ysis (Dd = dcalcd�dexptl).

d (Dd) [�]
Complex 14@1b Complex 14@2 b

force field A B C A B C

MMFF94 8.17 3.07 3.05 8.44 3.01 3.01
(1.62) (�1.87) (�0.30) (0.66) (�0.11) (�0.05)

MMFF94 (CHCl3) 8.54 3.49 2.92 8.69 3.03 3.01
(1.99) (�1.45) (�0.43) (0.91) (�0.09) (�0.05)

Amber* 6.68 3.22 3.20 7.20 3.06 3.06
(0.13) (�1.72) (�0.15) (�0.58) (�0.06) (0.00)

Amber* (CHCl3) 6.86 3.21 3.19 7.33 3.07 3.05
(0.31) (�1.74) (�0.16) (�0.45) (�0.06) (�0.01)

crystal structure 6.55 4.94 3.35 7.78 3.13 3.06

Figure 7. Structures and relative energies (DErel) of the conformers of:
a) 17@1 b, b) 17@2 b, c) 17@3, and d) 17@4 determined by a Monte-Carlo
conformer search (MacroModel 6.5, Amber*, 5000 structures). The PM3
energies were determined in a single-point calculation by use of the
Amber* geometries.
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why only the anthracene clips 1 a and 1 b form stable com-
plexes with TNF (17). The extended p surface of 17 is more
fully embraced by the anthracene sidewalls of 1 a and 1 b
than by the naphthalene side walls of clips 2 and 3. In the
structures calculated for complex 17@4 (R = H) (Fig-
ure 7 d)) the guest molecule is clipped between the tweezer�s
tips, increasing the strain energy. In this case no complex
formation could be detected by NMR.

The relatively subtle differences in the structures calculat-
ed for complexes of the Kosower salt 18 with clip 1 a and 1 b
(Figure 8) can explain the different Ddmax values observed

for the protons Ha–d in the complexes with 1 a and 1 b
(Table 1). Evidently, because of an attractive interaction of
the C=O function of one acetate group of clip 1 a with the
positively charged nitrogen atom of the Kosower salt (KS)
18, the N+�CH2�CH3 group of 18 is calculated to point
toward the central spacer unit of 1 a (Figure 8, left) leading
to stronger shielding of the protons Hc and Hd by the mag-
netic anisotropy of the clip arene units than in the complex
18@1 b, in which a C=O···H�O hydrogen bond determines
the position of the pyridinium ring of 18 inside the clip
cavity away from the central spacer unit (Figure 8, right). In
this case the protons Hc and Hd are less influenced by the
clip arene units showing the smaller Ddmax values. The C=

O···H�O hydrogen bond is certainly one major reason why
complex 18@1 b is substantially more stable than complex
18@1 a. In the case of the viologen 19 (also containing pyri-
dinium rings) the complex 19@1 b does not have the struc-
tural feature to form a comparable hydrogen bond and is
even less stable than complex 19@1 a.

Photophysical properties

Changes in the UV/Vis absorption spectra resulting from
complex formation : The clips 1 a–c are colorless compounds
showing absorption maxima in the range from 320 to
375 nm characteristic for anthracene moieties in their UV/
VIS spectra (see Experimental Section).[39] A color change
is observed when a guest molecule such as TCNB (14 ; color-

less) or TNF (17; yellow) is added to a solution of 1 a, 1 b, or
1 c. The TCNB complexes of the diacetoxy- and dimethoxy-
substituted clips 14@1 a and 14@1 c are red and that of the
hydroquinone clip 14@1 b is purple, due to charge-transfer
(CT) bands at lmax = 503–528 nm. In the case of TNF com-
plexes 17@1 a, 17@1 b, and 17@1 c the color again changes
from yellow to green due to intense CT bands, this time at
lmax = 677–689 nm (Table 3). The complex of 1 c with the

solvatochromic Kosower salt 18 (frequently applied as a
probe of solvent polarity)[40–45] does not show a significant
change in color relative to pure 18 dissolved in CHCl3. In
the UV/Vis spectrum of a mixture of 1 c (c0 = 2.2 �10�4

m)
and KS (18) (c0 = 2.4 � 10�4

m) in CHCl3 the bands assigned
to 1 c and 18 are only superimposed. In the spectrum of a
mixture of 1 b (c0 = 5.9 � 10�5

m) and 18 (c0 = 5.9 �10�5
m),

however, the shape and position of the band at the longest
wavelength assigned to 18 are substantially changed. A
shoulder at l = 415 nm (log e = 3.04) is observed for 18@
1 b in CHCl3 instead of the maximum at lmax = 455 nm
(log e = 3.06) observed for pure 18 in CHCl3. This blue shift
of the CT band of 18 resulting from the complex formation
with 1 b is similar to that observed in the complex of the
naphthalene tweezer 4 (R = H) with 18 (from 455 nm of
pure 18 to 425 nm in the complex 18@4).[10]

On fluorescence measurements and spectrophotometric ti-
tration : The luminescence properties of clip 1 b, the guest
TCNB (14), and the complex 14@1 b were also investigated.
Figure 9 shows their absorption and emission spectra record-
ed in chloroform solution at room temperature. The recep-
tor 1 b shows the structured fluorescence band typical of an
anthracene-based species, with an emission lifetime of
1.0 ns. Under the same conditions, TCNB (14) features a
less structured emission band, with a lifetime of 1.1 ns. In
the solution containing both clip 1 b and TCNB (14) the in-
tensity of luminescence emissions of these two separate
components is much weaker, and a new, broader, weak, and
structureless emission band due to the adduct 14@1 b is ob-
served at 668 nm, with a lifetime of 4.2 ns. The luminescence
properties of the complex 14@1 b can be interpreted as fol-
lows. The separate components 1 b and 14 fluoresce from
their respective singlet excited states. In the adduct species
14@1 b a new charge-transfer state is present, and this

Figure 8. The lowest-energy structures of the complex structures 18@1 a
(left) and 18@1 b (right) determined by a Monte-Carlo conformer search
(MacroModel 6.5, 5000 structures).[37, 38]

Table 3. Absorption maxima and extinction coefficients of the charge-
transfer complexes of the clips 1a–c with TCNB (14) and TNF (17) and
the clips 2a, b with TCNB (14).

Complex c(Complex) [mol L�1] lmax CT A e [l mol�1 cm] log e

14@1a 2.90 � 10�5 503 0.053 1.84 � 103 3.26
14@1b 5.62 � 10�5 528 0.071 1.26 � 103 3.10
14@1c 1.46 � 10�4 515 0.126 8.65 � 102 2.93
17@1a 2.59 � 10�5 677 0.021 8.16 � 102 2.91
17@1b 3.77 � 10�5 689 0.016 4.13 � 102 2.62
17@1c 9.12 � 10�5 685 0.082 9.06 � 102 2.96
14@2a 4.34 � 10�5 416 0.061 1.40 � 103 3.15
14@2b 2.57 � 10�4 416 0.424 1.65 � 103 3.22
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quenches the higher-energy singlets of the two components
by energy transfer; as a result, only luminescence from this
new CT state is observed. It is worth noting that the adduct
14@1 b represents, to the best of our knowledge, the first ex-
ample of CT luminescence from a host–guest complex, al-
though CT luminescence involving TCNB in donor–acceptor
complexes and exciplexes is a known phenomenon.[46, 47]

Changes in absorption and emission spectra can be ex-
ploited to obtain the association constant between the re-
ceptor 1 b and the guest TCNB (14). A titration experiment
was performed by addition of 14 to a chloroform solution of
1 b and recording of the changes in the absorption and emis-
sion spectra of the solution. The most useful results were ob-
tained from absorption measurements (see Supporting Infor-
mation), as the luminescence of the complex 14@1 b is very
weak and the signal is noisy. Figure 10 shows how the ab-
sorption intensity at 526 nm (due to formation of the com-
plex 14@1 b) changes during the titration. These data were

fitted by standard methods, yielding a value of 1.24 �
104 L mol�1 for the association constant Ka. This value is in
excellent agreement with that obtained independently from
NMR measurements (Table 1). Analogous Ka values were
also obtained by applying global analysis[48,49] to the full ab-
sorption spectra recorded during titration. The possibility of
formation of other adducts was also taken into account, but
worse fits was obtained on inclusion of adducts with 2:1 or
1:2 component ratio in the calculation. Thus, the one signifi-
cant complex species is 14@1 b.

Conclusion

The novel molecular clips 1 a–c with anthracene sidewalls
were synthesized by starting from bisdienophile 8 a and hex-
abromoxylene 9 and by a sequence of Diels–Alder reactions
involving tetrabromo-o-quinodimethane as diene and a
formal bisaryne as dienophile. They (particularly the hydro-
quinone clip 1 b) form stable host–guest complexes with a
variety of electron-deficient guest molecules (14–19), even
though the anthracene side walls have to be compressed
substantially according to the single-crystal structure analy-
ses of clip 1 c and of TCNB complex 14@1 b in order to pro-
vide attractive p–p interactions between the TCNB guest
molecule and the two host anthracene sidewalls. The finding
that the complexes of the clips 1 a–c are more stable than
those of the corresponding clips 2 a–c can be explained by
the larger van der Waals contact surfaces of the anthracene
sidewalls in 1 a–c (in relation to the naphthalene sidewalls in
2 a–c). Color changes are observed in the complex formation
between 1 a–c and TCNB (14)—from colorless to red or
purple—and also with TNF—from yellow to green—result-
ing from charge-transfer (CT) bands of the corresponding
complexes in the visible light range. The separate host 1 b
and guest 14 fluoresce from their respective excited singlet
states. In the complex 14@1 b the charge-transfer state
quenches the higher-energy singlet states of the two compo-
nents; as a result luminescence is only observed from this
new CT state. To the best of our knowledge, adduct 14@1 b
is the first example of CT luminescence from a host–guest
complex.

Experimental Section

General remarks : IR: Bio-Rad FTS 135. UV/Vis: Varian Cary 300 Bio,
Perkin–Elmer l16. Luminescence spectra were recorded with a Perkin–
Elmer LS-50 spectrofluorimeter, luminescence lifetimes were measured
with an Edinburgh 199 single-photon counting apparatus. 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 portion of the solvent was used
as an internal reference. 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 Instru-
ments VG ProSpec 3000 (70 eV). All melting points are uncorrected.
Column chromatography: silica gel 0.063–0.2 mm. All solvents were dis-
tilled prior to use.

Figure 9. Room temperature absorption and luminescence (inset) spectra
of 1.98 � 10�4

m chloroform solutions of the separate species 1 b (dotted
line) and 14 (dashed line), and of a solution containing both 1b and 14
(full line).

Figure 10. Absorbance due to the complex 14@1 b formed during titration
of a solution of 1 b (3.01 � 10�4

m) with TCNB (14 ; 1.80 � 10�3
m, circles).

The curve shows the fitting result, yielding Ka = 1.24 � 104
m
�1.
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7,16-Diacetoxy-2,3,11,12-tetrabromo-(6 a,8 a,15 a,17 a)-6,8,15,17-tetrahy-
dro-6,17:8,15-dimethanoheptacene (12 a): A mixture of bisdienophile 8 a
(4 g, 12.41 mmol), a,a,a’,a’,4,5-hexabromo-o-xylene (9, 56 g,
96.62 mmol), anhydrous NaI (92 g, 613.78 mmol), anhydrous CaCO3

(20 g, 199.82 mmol), and anhydrous dimethyl formamide (300 mL) was
stirred under argon for 30 min at room temperature and then heated to
55 8C under vacuum (100 mbar) for 5 h. The reaction mixture was poured
into ice (1200 g) and the brown mixture, after decolorization by addition
of aqueous sodium hydrogen sulfite, was extracted with dichloromethane
(3 � 200 mL), and the combined organic layers were filtered, washed with
saturated aqueous sodium hydrogen carbonate (200 mL) and water (5 �
400 mL), dried over MgSO4, and concentrated in vacuo in a rotary evap-
orator. Purification by column chromatography on silica gel with a mix-
ture of EtOAc/cyclohexane (1:3) as eluent gave 12 a (6.76 g, 8.07 mmol,
65%) as a light brown solid. m.p.>300 8C; 1H NMR (500 MHz, CDCl3):
d = 2.41 (d, 2J(19 a-H, 19 i-H) = 8 Hz, 2 H; 19a-H, 20 a-H), 2.47 (s, 6 H;
�CH3), 2.63 (d, 2H; 19 i-H, 20 i-H), 4.27 (s, 4 H; 6-H, 8-H, 15-H, 17-H),
7.51 (s, 4 H; 1-H, 4-H, 10-H, 13-H), 7.75 ppm (s, 4H; 5-H, 9-H, 14-H, 18-
H); 13C NMR (125 MHz, CDCl3): d = 20.84 (q; �CH3), 48.01 (d; C-6, C-
8, C-15, C-17), 64.59 (t; C-19, C-20), 119.03 (d; C-5, C-9, C-14, C-18),
121.02 (s; C-2, C-3, C-11, C-12), 131.75 (d; C-1, C-4, C-10, C-13), 131.86
(s; C-4 a, C-9 a, C-13 a, C-18 a), 137.28 (s; C-7, C-16), 140.43 (s; C-6 a, C-
7a, C-15 a, C-16 a), 147.21 (s; C-5 a, C-8 a, C-14 a, C-17 a), 168.44 ppm (s;
C=O); IR (KBr): ñ = 3014 (CH), 2991 (CH), 2939 (CH), 1765 (C=O),
1205 cm�1 (C�O); UV/Vis (CHCl3): lmax (lg e) = 275 (4.37), 286 (4.28),
319 (3.53), 334 nm (3.57); MS (70 eV): m/z (%): 838 (74) [M]+ , 796 (34)
[M�CH2CO]+ , 754 (100) [M�2 CH2CO]+ , 43 (90) [CH3CO]+ , isotopic
pattern = 834 (17), 836 (66), 838 (100), 840 (69), 842 (20); HR-MS
(70 eV): found 833.825; C36H22O4Br4 calcd 833.822.

2,3,11,12-Tetrabromo-7,16-dimethoxy-(6a,8 a,15 a,17 a)-6,8,15,17-tetrahy-
dro-6,17:8,15-dimethanoheptacene (12 c): A suspension of 12 a (6 g,
7.16 mmol), phenylhydrazine (800 mg, 7.39 mmol), and powdered KOH
(3 g, 53.47 mmol) in isopropanol (250 mL) was stirred under argon for
3 h at room temperature. After addition of potassium tert-butoxide (1.2 g,
10.69 mmol) and methyl iodide (6 mL, 96.37 mmol), the reaction mixture
was stirred for an additional 3 h at room temperature. HCl (500 mL, 1 m)
was added slowly, and the precipitate was filtered and dried over P2O5.
Purification by column chromatography on silica gel with a mixture of
chloroform/n-hexane (1:1) as eluent gave 12c (5.04 g, 6.44 mmol, 90%)
as a light yellow solid. m.p.>300 8C; 1H NMR (500 MHz, CDCl3): d =

2.40 (d, 2J(19 a-H, 19 i-H) = 8 Hz, 2 H; 19a-H, 20a-H), 2.53 (d, 2H; 19 i-
H, 20 i-H), 3.80 (s, 6H; �OCH3), 4.52 (s, 4H; 6-H, 8-H, 15-H, 17-H), 7.36
(s, 4H; 5-H, 9-H, 14-H, 18-H), 7.76 ppm (s, 4 H; 1-H, 4-H, 10-H, 13-H);
13C NMR (125 MHz, CDCl3): d = 47.55 (d; C-6, C-8, C-15, C-17), 61.31
(q; �OCH3), 63.87 (t; C-19, C-20), 118.28 (d; C-5, C-9, C-14, C-18),
121.01 (d; C-2, C-3, C-11, C-12), 131.67 (d; C-1, C-4, C-10, C-13), 131.89
(s; C-4 a, C-9 a, C-13 a, C-18 a), 139.30 (s; C-6 a, C-7 a, C-15 a, C-16 a),
145.51 (s; C-5 a, C-8 a, C-14 a, C-17 a), 148.76 ppm (s; C-7, C-16); IR
(KBr): ñ = 3020 (CH), 2994 (CH), 2935 (CH), 2884 (CH), 1581 (C=C),
1289 cm�1 (C�O); UV/Vis (CHCl3): lmax (lg e) = 265 (4.63), 320 (3.59),
335 nm (3.67); MS (70 eV): m/z (%): 782 (100) [M]+ , 767 (26)
[M�CH3]

+ , 702 (11) [M�Br]+ , 622 (12) [M�2� Br]+ , isotopic pattern =

778 (16), 780 (64), 782 (100), 784 (72), 786 (19); HR-MS (70 eV): found
777.835; C34H22O2Br4 calcd 777.838.

Direct synthesis of 2,3,11,12-tetrabromo-7,16-dimethoxy-
(6 a,8 a,15 a,17 a)-6,8,15,17-tetrahydro-6,17:8,15-dimethanoheptacene
(12 c): The mixture of bisdienophile 8c (3 g, 11.27 mmol), a,a,a’,a’,4,5-
hexabromo-o-xylene (9, 40 g, 69.01 mmol), anhydrous NaI (55 g,
366.93 mmol), and anhydrous dimethyl formamide (220 mL) was stirred
at 65 8C under vacuum (100 mbar) for 19 h. The reaction mixture was
poured into ice (500 g) and the brown mixture, after decolorization by
addition of aqueous sodium hydrogen sulfite, was extracted with di-
chloromethane (3 � 200 mL), and the combined organic layers were fil-
tered, washed with saturated aqueous sodium hydrogen carbonate
(250 mL) and water (5 � 400 mL), dried over MgSO4, and concentrated in
vacuo in a rotary evaporator. Purification by column chromatography on
silica gel with a mixture of EtOAc/cyclohexane (1:3) as eluent gave crude
12c (3.4 g). [Because of the low polarity of 12c the separation was unsat-
isfactory and required a long column (40 � 1000 mm)]. Recrystallization

of the crude product from an ethanol/dichloromethane mixture gave 12 c
(2.91 g, 3.73 mmol, 34 %) as a light yellow solid. The spectroscopic data
of 12 c prepared by the direct synthesis are equivalent to those of 12 c
prepared by the two-step synthesis.

8,19-Dimethoxy-(1a,4a,7a,9a,12a,15a,18a,20a)-1,4,7,9,12,15,18,20-octa-
hydro-1,4:12,15-dioxa-7,20:9,18-dimethanononacene (syn/syn-13 c), 8,19-
dimethoxy-(1b,4b,7a,9a,12a,15a,18a,20a)-1,4,7,9,12,15,18,20-octahydro-
1,4:12,15-dioxa-7,20:9,18-dimethanononacene (syn,anti-13 c), and 8,19-di-
methoxy-(1b,4b,7a,9a,12b,15b,18a,20a)-1,4,7,9,12,15,18,20-octahydro-
1,4:12,15-dioxa-7,20:9,18-dimethanononacene (anti,anti-13 c): nBuLi
(13.76 mmol in 175 mL n-hexane) was added dropwise at �78 8C under
argon over 5 h to a stirred solution of 12 c (5 g, 6.39 mmol) and furan
(freshly distilled over CaH2, 40 mL, 552.29 mmol) in dry THF (500 mL).
The mixture was allowed to warm up slowly (overnight) to room temper-
ature, and methanol (2 mL) was added. After removal of the solvents in
vacuo in a rotary evaporator, the residue was purified by column chroma-
tography on silica gel with EtOAc/cyclohexane (1:3) as eluent to give the
isomers of 13 c (isomer ratio 1:4:2) (1.53 g, 2.56 mmol, 40 %) as a color-
less solid. M.p. decomp>250 8C; NMR data see below; IR (KBr): ñ =

3082 (C�H), 3003 (C�H), 2962 (C�H), 2930 (C�H), 2850 (C�H), 2826
(C�H), 1478 (C=C), 1277 cm�1 (C�O); UV/Vis (CHCl3): lmax (lg e) =

243 (4.71), 317 (3.32), 331 nm (3.37); MS (70 eV): m/z (%): 598 (100)
[M]+ , 583 (40) [M�CH3]

+ , 567 (21) [M�OCH3]; HR-MS (70 eV): found
598.215; C42H30O4 calcd 598.214.

Analytical samples of the pure isomers can be obtained by liquid chro-
matography by use of a thin but long column (10 � 300 mm) and with
EtOAc/cyclohexane (1:3) as eluent.

syn,anti-13c : 1H NMR (500 MHz, CDCl3): d = 2.38, 2.45 (dt, 2J(23 a-H,
23 i-H) = 6.6 Hz, 3J(23 a-H, 9-H) = 1.5 Hz, 2H; 23a-H, 24 a-H), 2.49,
2.51 (dt, 3J(23 i-H, 9-H) = 1.5 Hz, 2 H; 23 i-H, 24 i-H), 3.77 (s, 6 H;
�OCH3), 4.47, 4.49 (t, 4 H; 7-H, 9-H, 18-H, 20-H), 5.62, 5.65 (s, 4H; 1-H,
4-H, 12-H, 15-H), 6.72, 6.88 (s, 4H; 2-H, 3-H, 13-H, 14-H), 7.32, 7.33 (s,
4H; 5-H, 11-H, 16-H, 22-H), 7.38, 7.40 ppm (s, 4 H; 6-H, 10-H, 17-H, 21-
H); 13C NMR (125 MHz, CDCl3): d = 47.58 (d; C-7, C-9, C-18, C-20),
61.21 (q; �OCH3), 64.15, 64.46 (t; C-23, C-24), 81.80, 81.82 (d; C-1, C-4,
C-12, C-15), 118.55, 118.71 (d; C-5, C-11, C-16, C-22), 120.06, 120.11 (d;
C-6, C-10, C-17, C-21), 130.11, 130.15 (s; C-5 a, C-10 a, C-16 a, C-21 a),
139.87, 140.03 (s; C-7 a, C-8 a, C-18 a, C-19 a), 141.80, 141.86 (d; C-2, C-3,
C-13, C-14), 143.99, 144.09 (s; C-4 a, C-11 a, C-15 a, C-22 a), 145.38 (s; C-
8, C-19), 147.98, 148.01 ppm (s; C-6 a, C-9 a, C-17 a, C-20 a).

syn,syn-13 c or anti,anti-13c : 1H NMR (500 MHz, CDCl3): d = 2.43 (dt,
2J(23 a-H, 23 i-H) = 8 Hz, 3J(23 a-H, 9-H) = 1.5 Hz, 2H; 23a-H, 24a-H),
2.50 (dt, 3J(23 i-H, 9-H) = 1.5 Hz, 2 H; 23 i-H, 24 i-H), 3.74 (s, 6 H;
�OCH3), 4.47 (t; 4 H; 7-H, 9-H, 18-H, 20-H), 5.65 (s, 4 H; 1-H, 4-H,
12-H, 15-H), 6.74 (s, 4 H; 2-H, 3-H, 13-H, 14-H), 7.31 (s, 4H; 5-H, 11-H,
16-H, 22-H), 7.37 ppm (s, 4 H; 6-H, 10-H, 17-H, 21-H); 13C NMR
(125 MHz, CDCl3): d = 47.53 (d; C-7, C-9, C-18, C-20), 61.14 (q;
�OCH3), 64.03 (t; C-23, C-24), 81.80 (d; C-1, C-4, C-12, C-15), 118.66 (d;
C-5, C-11, C-16, C-22), 120.06 (d; C-6, C-10, C-17, C-21), 130.11 (s; C-5 a,
C-10 a, C-16 a, C-21 a), 140.04 (s; C-7 a, C-8 a, C-18 a, C-19 a), 141.83 (d;
C-2, C-3, C-13, C-14), 143.88 (s; C-4 a, C-11 a, C-15 a, C-22 a), 145.33 (s;
C-8, C-19), 148.04 ppm (s; C-6 a, C-9 a, C-17 a, C-20 a).

syn,syn-13 c or anti,anti-13c : 1H NMR (500 MHz, CDCl3): d = 2.37 (d,
2J(23 a-H, 23 i-H) = 8 Hz, 2 H; 23a-H, 24a-H), 2.49 (d, 2 H; 23 i-H, 24 i-
H), 3.80 (s, 6H;�OCH3), 4.49 (s, 4 H; 7-H, 9-H, 18-H, 20-H), 5.64 (s, 4 H;
1-H, 4-H, 12-H, 15-H), 6.88 (s, 4 H; 2-H, 3-H, 13-H, 14-H), 7.34 (s, 4 H; 5-
H, 11-H, 16-H, 22-H), 7.42 ppm (s, 4H; 6-H, 10-H, 17-H, 21-H); 13C
NMR (125 MHz, CDCl3): d = 47.66 (d; C-7, C-9, C-18, C-20), 61.36 (q;
�OCH3), 65.03 (t; C-23, C-24), 81.80 (d; C-1, C-4, C-12, C-15), 118.60
(d; C-5, C-11, C-16, C-22), 120.02 (d; C-6, C-10, C-17, C-21), 130.16
(s; C-5 a, C-10 a, C-16 a, C-21 a), 139.74 (s; C-7 a, C-8 a, C-18 a, C-19 a),
141.90 (d; C-2, C-3, C-13, C-14), 144.18 (s; C-4 a, C-11 a, C-15 a, C-22 a),
145.43 (s; C-8, C-19), 147.88 ppm (s; C-6 a, C-9 a, C-17 a, C-20 a).

8,19-Dimethoxy-(7a,9a,18a,20a)-7,9,18,20-tetrahydro-7,20:9,18-dimetha-
nononacene (1 c): Zinc powder (650 mg, 9.94 mmol) was added under
argon to a stirred suspension of TiCl4 (1.5 g, 4.49 mmol, TiCl4·2THF com-
plex) in dry THF (35 mL). The gray suspension was heated to reflux and
a suspension of the isomeric mixture of 13 c (500 mg, 0.84 mmol) in dry
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THF (20 mL) was added dropwise. After the mixture had been heated at
reflux for 8 h, the cooled mixture was poured into HCl (100 mL, 1m).
The purple mixture was extracted with dichloromethane (5 � 70 mL), and
the extract was washed with water (2 � 50 mL) and dried over MgSO4.
Solvent removal gave a solid, which was filtered on silica gel with
EtOAc/cyclohexane (1:3) as eluent. Recrystallization of the crude prod-
uct from an ethanol/chloroform mixture gave 1 c (305 mg, 0.54 mmol,
64%) as colorless crystals. m.p.>300 8C; 1H NMR (500 MHz, CDCl3): d

= 2.42 (dt, 2J(23 a-H, 23 i-H) = 8 Hz, 3J(23 a-H, 9-H) = 1.4 Hz, 2 H;
23a-H, 24a-H), 2.54 (dt, 3J(23 i-H, 9-H) = 1.4 Hz, 2H; 23 i-H, 24 i-H),
3.87 (s, 6 H;�OCH3), 4.57 (t; 4H; 7-H, 9-H, 18-H, 20-H), 7.28 (m, 4 H; 2-
H, 3-H, 13-H, 14-H), 7.62 (s, 4H; 6-H, 10-H, 17-H, 21-H), 7.78 (m, 4H;
1-H, 4-H, 12-H, 15-H), 8.07 ppm (s, 4H; 5-H, 11-H, 16-H, 22-H); 13C
NMR (125 MHz, CDCl3): d = 47.36 (d; C-7, C-9, C-18, C-20), 61.29 (q;
�OCH3), 62.42 (t; C-23, C-24), 118.91 (d; C-6, C-10, C-17, C-21), 124.75
(d; C-2, C-3, C-13, C-14), 125.62 (d; C-5, C-11, C-16, C-22), 127.72 (d; C-
1, C-4, C-12, C-15), 130.88 (s; C-5 a, C-10 a, C-16 a, C-21 a), 131.41 (s; C-
4a, C-11 a, C-15 a, C-22 a), 139.27 (s; C-7 a, C-8 a, C-18 a, C-19 a), 145.35
(s; C-8, C-19), 146.24 ppm (s; C-6 a, C-9 a, C-17 a, C-20 a); IR (KBr): ñ =

3046 (CH), 3014 (CH), 2954 (CH), 2927 (CH), 2855 (CH), 2828 (CH),
1486 (C=C), 1293 cm�1 (C�O); UV/Vis (CHCl3): lmax (lg e) = 321 (3.87),
337 (4.05), 354 (4.11), 373 nm (3.98); MS (70 eV): m/z (%): 566 (100)
[M]+ , 551 (31) [M�CH3]

+ , 535 (8) [M�OCH3]
+ ; HR-MS (70 eV): found

566.228; C42H30O2 calcd 566.225.

8,19-Dihydroxy-(7a,9a,18a,20a)-7,9,18,20-tetrahydro-7,20:9,18-dimetha-
nononacene (1 b): Under argon, a stirred solution of 1c (100 mg,
0.18 mmol) in dichloromethane (17 mL) was cooled down to �78 8C and
treated with boron tribromide (500 mL, 5.19 mmol). The solution was al-
lowed to warm up slowly to room temperature over 24 h. Methanol
(1 mL) was slowly added to the solution, which was cooled again with
ice/water to quench the excess of boron tribromide. After removal of the
solvents, 1b (95 mg, 0.18 mmol, 98 %) was isolated as a light gray solid.
For further purification, 1b was reprecipitated from chloroform by addi-
tion of n-hexane. m.p.>300 8C; 1H NMR (500 MHz, CDCl3): d = 2.43
(dt, 2J(23 a-H, 23 i-H) = 8 Hz, 3J(23 a-H, 9-H) = 1.3 Hz, 2 H; 23 a-H,
24a-H), 2.55 (dt, 3J(23 i-H, 9-H) = 1.3 Hz, 2H; 23 i-H, 24 i-H), 4.39 (s,
2H; �OH), 4.48 (t; 4 H; 7-H, 9-H, 18-H, 20-H), 7.26 (m, 4H; 2-H, 3-H,
13-H, 14-H), 7.55 (s, 4 H; 6-H, 10-H, 17-H, 21-H), 7.75 (m, 4H; 1-H, 4-H,
12-H, 15-H), 7.97 ppm (s, 4 H; 5-H, 11-H, 16-H, 22-H); 13C NMR
(125 MHz, CDCl3): d = 46.55 (d; C-7, C-9, C-18, C-20), 62.94 (t; C-23,
C-24), 119.05 (d; C-6, C-10, C-17, C-21), 124.67 (d; C-2, C-3, C-13, C-14),
125.58 (d; C-5, C-11, C-16, C-22), 127.73 (d; C-1, C-4, C-12, C-15), 130.75
(s; C-5 a, C-10 a, C-16 a, C-21 a), 131.34 (s; C-4 a, C-11 a, C-15 a, C-22 a),
134.02 (s; C-7 a, C-8 a, C-18 a, C-19 a), 138.87 (s; C-8, C-19), 145.34 ppm
(s; C-6 a, C-9 a, C-17 a, C-20 a); IR (KBr): ñ = 3417 (OH), 3048 (CH),
2990 (CH), 2967 (CH), 2934 (CH), 2859 (CH), 1486 (C=C), 1293 cm�1

(C�O); UV/Vis (CHCl3): lmax (lg e) = 319 (3.74), 336 (3.89), 353 (4.01),
372 nm (3.86); MS (70 eV): m/z (%): 538 (100) [M]+ ; HR-MS (70 eV):
found 538.191; C40H26O2 calcd 538.193.

8,19-Diacetoxy-(7a,9a,18a,20a)-7,9,18,20-tetrahydro-7,20:9,18-dimetha-
nononacene (1 a): Freshly distilled acetic anhydride (6 mL, 63.45 mmol)
was added under argon to a stirred solution of 1b (300 mg, 0.56 mmol) in
pyridine (75 mL). The solution was stirred for 24 h at room temperature
and then poured into ice/water (300 mL). The precipitate was filtered
and dried over P2O5. Purification by column chromatography on silica
gel with a mixture of EtOAc/cyclohexane (1:3) as eluent gave 1 a
(216 mg, 0.35 mmol, 63%) as a colorless solid. m.p.>300 8C; 1H NMR
(500 MHz, CDCl3): d = 2.42 (dt, 2J(23 a-H, 23 i-H) = 8.3 Hz, 3J(23 a-H,
9-H) = 1.4 Hz, 2H; 23 a-H, 24 a-H), 2.52 (s, 6H; �CH3), 2.67 (dt, 3J(23 i-
H, 9-H) = 1.5 Hz, 2H; 23 i-H, 24 i-H), 4.32 (s, 4H; 7-H, 9-H, 18-H, 20-
H), 7.28 (m, 4H; 2-H, 3-H, 13-H, 14-H), 7.62 (s, 4H; 6-H, 10-H, 17-H,
21-H), 7.79 (m, 4H; 1-H, 4-H, 12-H, 15-H), 8.08 ppm (s, 4H; 5-H, 11-H,
16-H, 22-H); 13C NMR (125 MHz, CDCl3): d = 20.91 (q; �CH3), 47.89
(d; C-7, C-9, C-18, C-20), 63.19 (t; C-23, C-24), 119.65 (d; C-6, C-10, C-
17, C-21), 124.74 (d; C-2, C-3, C-13, C-14), 125.76 (d; C-5, C-11, C-16, C-
22), 127.78 (d; C-1, C-4, C-12, C-15), 130.86 (s; C-5 a, C-10 a, C-16 a, C-
21a), 131.42 (s; C-4 a, C-11 a, C-15 a, C-22 a), 137.18 (s; C-7 a, C-8 a, C-
18a, C-19 a), 140.29 (s; C-8, C-19), 144.68 (s; C-6 a, C-9 a, C-17 a, C-20 a),
168.64 ppm (s; C=O); IR (KBr): ñ = 3050 (CH), 3015 (CH), 2992 (CH),

2967 (CH), 2934 (CH), 2859 (CH), 1773 (C=O), 1211 cm�1 (C�O); UV/
Vis (CHCl3): lmax (lg e) = 321 (3.76), 336 (3.98), 353 (4.09), 373 nm
(3.95); MS (70 eV): m/z (%): 622 (100) [M]+ , 580 (30) [M�CH2CO]+ ,
538 (70) [M�2 CH2CO]; HR-MS (70 eV); found 622.210; C44H30O4 calcd
622.214.

Determination of Ka—
1H NMR titration method : Receptor R and sub-

strate S are in equilibrium with the 1:1 complex RS (R + S QRS). 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 ¼
½RS�
½R� � ½S� ¼

½RS�
ð½R�0�½RS�Þ � ð½S�0�½RS�Þ ð1Þ

The observed chemical shift (dobs) of the substrate in the 1H NMR spec-
trum is an averaged value between free (d0) and complexed substrate
(dRS), provided that the exchange is fast on the NMR time scale
([Eq. (2)]). Combination of Equations (1) and (2) and the use of differen-
ces in chemical shift (Dd = d0�dobs ; Ddmax = d0�dRS) leads to Equa-
tion (3).

dobs ¼
½S�

½S� þ ½RS� � d0 þ
½RS�

½S� þ ½RS� � dRS ð2Þ

Dd ¼ Ddmax

½S�0
�
�

1
2

�
½R�0 þ ½S�0 þ

1
Ka

�

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
4
�
�
½R�0 þ ½S�0 þ

1
Ka

�
2�½R�0 � ½S�0

s � ð3Þ

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. Dd was
determined from the chemical shift of the pure substrate and the chemi-
cal shift of the substrate measured in the 1H NMR spectrum (500 MHz,
25 8C for R = 1a–c and 200 MHz, 24 8C for R = 2 a–c) of this mixture.
Successive addition of further solution containing [S]0 leads to a dilution
of the concentration [R]0 in the mixture while [S]0 is kept constant. Meas-
urement of the chemical shift of the substrate-dependence on the concen-
tration [R]0 afforded the data pairs Dd and [R]0. Fitting of these data to
the (1:1) binding isotherm by iterative methods[25] delivered the parame-
ters Ka and Ddmax

In the case of substrates possessing two or more nonequivalent protons,
the determination of the association constants Ka sometimes leads to dif-
ferent values of Ka. This may result from increasing errors caused by de-
creasing Ddmax values. To minimize such errors the association constants
Ka were determined for that proton of the substrate S displaying the larg-
est value of Ddmax [Eq. (4)]. The Ddmax values of the other substrate pro-
tons were calculated by the use of Equation (5).

½RS� ¼ ½S�0
Dd1

Dd1,max
¼ ½S�0

Dd2

Dd2,max
¼ ½S�0

Ddn

Ddn,max
ð4Þ

) Ddn,max ¼ Ddn
Dd1

Dd1,max
ð5Þ

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

½RS� ¼ ½S�0
DdS

1

DdS
1,max

¼ ½R�0
DdR

1

DdR
1,max

) DdR
1,max ¼

½R�0
½S�0

DdR
1

DdS
1,max

DdS
1

ð6Þ

The results of 1H NMR titration experiments are given in the Supporting
Information.

Crystal structure determinations: CCDC-259881 and CCDC-259882 con-
tain the supplementary crystallographic data for this paper. These data
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can be obtained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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