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Fluorophore-appended resorcin[4]arene-based cavitands
having pyrene (2) and anthracene (3) moieties attached to
the rims were prepared by short synthetic routes. Both un-
dergo reversible temperature- and acid- (CF3COOD) in-
duced vase�kite switching as evidenced by 1H NMR spec-
troscopy. The 1H NMR spectra also suggest that suitably
sized solvents, such as [D8]toluene, efficiently solvate the
cavity, reducing the conformational flexibility. In [D12]mesit-
ylene, both cavitands undergo remarkably stable host-guest
inclusion complexation with cycloalkanes. The larger cavity
of 3 preferentially hosts cyclohexane, whereas the smaller
cavity of 2 forms the most stable complex with cyclopentane.
The propensity for the cavitands to facilitate π–π stacking be-
tween the chromophores was confirmed by both 1H NMR
and fluorescence spectroscopy. The interchromophoric inter-
action is strongly solvent-dependent: π–π stacking between
the pyrene moieties of 2 is not as efficient in [D8]toluene, as

Introduction

There is extensive ongoing research focused on address-
ing the design, synthesis, and structural properties of dy-
namic supramolecular systems that can be utilized as recep-
tors,[1] sensors,[2] molecular motors,[3] and switches.[3,4]

Early developments on dynamic receptors were reported by
Cram and co-workers in 1982, when the synthesis and
switching properties of quinoxaline-bridged resorcin[4]ar-
ene cavitands 1 were initially investigated (Scheme 1).[5,6]

These types of cavitands have been shown to reversibly
switch between a container-like vase form (1a) and an ex-
tended kite form (1b) upon variation of temperature,[5b,7]

pH,[8] or upon addition of Zn2+ ions.[9] The vase conformers
are capable of incorporating a variety of smaller guest mo-
lecules, such as benzene derivatives.[10] Rebek and co-
workers showed that suitable rim-functionalization not only
enhances binding affinity and selectivity by deepening the
cavity,[11] but also allows trapping and observation of elus-
ive reaction intermediates in the interior space of the cavit-
ands.[12] We recently reported that selective bridging of the
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it solvates the inner cavity and prevents the two chromo-
phores from approaching each other. Fluorescence studies
revealed an unexpectedly large conformational flexibility of
the cavitand structures both in the vase and kite forms, which
was further confirmed by molecular dynamics simulations.
Excimer formation is most preferred in [D12]mesitylene when
the cavities are empty, whereas efficient solvation or guest
binding in the interior spaces reduces the propensity for exci-
mer formation. The observed high conformational flexibility
of the cavitands in solution explains previous differences
from the behavior of related systems in the solid state. This
study shows that the rigid, perfect vase and kite geometries
found for bridged resorcin[4]arene cavitands in the solid
state are largely a result of crystal packing effects and that
the conformational flexibility of the structures in solution is
rather high.

resorcin[4]arene scaffold and subsequent covalent modifica-
tion leads to molecular baskets with reversibly controllable
guest-binding properties.[13] Upon acidification, the basket
opens and guest cargo is rapidly released, where upon re-
neutralization of the acid with base, guest binding is com-
pletely and immediately restored.

Scheme 1. Vase�kite switching in quinoxaline-bridged resorcin[4]-
arene cavitands. The conversion to the kite form occurs reversibly
upon lowering the temperature, reducing the pH, or upon addition
of Zn2+ ions. The legs of the cavitands are omitted for clarity.

Selective functionalization of the rim of resorcin[4]arene
cavitands, by attaching long rigid arms bearing terminal
chromophores to two wall flaps in the anti-orientation, gen-
erates molecular switches featuring large, geometrically well
defined contraction/expansion motions.[14–16] In the vase
conformation, the chromophores are located in close prox-
imity to each other, whereas in the kite conformation they
are several nanometers apart. Different interchromophoric
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interactions in the two states translate into different physi-
cal properties that can be utilized to quantify the switching
processes. Consequently, we reported a cavitand with two
oligo(phenylene ethynylene) arms terminated by a donor–
acceptor BODIPY (dipyrrometheneboron difluoride) dye
pair.[14] In the vase form, the two dyes should be in close
proximity (ca. 8 Å apart), whereas in the kite form, ob-
tained by either acidification or a decrease in temperature,
the two chromophores were predicted to be distanced by
ca. 7 nm. This unprecedented, controllable expansion/con-
traction process was unambiguously detected by a profound
difference in the fluorescence resonance energy transfer
(FRET) intensity between the two states.[17] However, com-
plete energy transfer was not seen in the vase form and led
us towards further chromophoric investigation.

Rim functionalization of resorcin[4]arene cavitands in an
anti orientation potentially offers a general way to investi-
gate interchromophoric interactions at controllably switch-
able distances. In addition, chromophoric interactions
could be modulated by the presence or type of guest com-
plexed in the interior cavity of the vase form. It was also
hypothesized that the appended chromophores would close
off the vase cavity, thereby potentially enhancing binding
affinity and selectivity and affecting rates for guest uptake
and release. This reasoning, along with the previous results
of incomplete energy transfer between the two BODIPY
dyes in the vase form, provided the motivation for the devel-

Scheme 2. Synthesis of the fluorophore-appended cavitands 2 and 3.
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opment of the two new fluorophore-appended cavitands, di-
pyrene derivative 2 and dianthracene derivative 3
(Scheme 2), reported in this paper. We were particularly in-
terested in functionalizing the rim of the cavitands with
these two polycyclic aromatic hydrocarbons (PAHs), as py-
renes and anthracenes at close proximity (as in the vase
form), are well known to undergo formation of excited di-
mers (excimers).[18] Additionally, two anthracenes properly
oriented at close distance and orientation undergo [4+4]
photodimerization. We hoped that the investigation of such
processes would shed further light on the dynamics of
vase �kite switching. Both excimer formation[19,20] and an-
thracene photodimerization[21,22] have found wide applica-
tion in supramolecular systems.

Results and Discussion

Synthesis of the New Molecular Switches

Both switches 2 and 3 were constructed from resorcin[4]-
arene 4, which is bridged with two quinoxaline flaps in the
anti orientation (Scheme 2).[23,24] The latter was trans-
formed into aryl iodide 5, following published proto-
cols.[14b] Sonogashira cross-coupling of 5 with 1-ethynylpyr-
ene (6)[25] afforded pyrene-appended cavitand 2 in 55%
yield. For the preparation of the anthracene-cavitand 3, 5,6-
dichloropyrazine-2,3-dicarboxylic anhydride was condensed
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with 9-(2-aminoethyl)anthracene[26] to give diazaphthalim-
ide 7 (see Supporting Information). Subsequent bridging of
4 with 7 (NEt3, DMF) provided target compound 3. After
chromatographic purification, it was necessary to dry 2 and
3 for 2–3 d at 10–8 Torr to remove any residual solvent
trapped in the cavities. The structures assigned to the two
cavitands are fully supported by spectroscopic data. At
room temperature, both adopt the vase conformation as evi-
denced by the downfield position of the methine protons in
the resorcin[4]arene bowl, around 5.5–6.1 ppm in all sol-
vents investigated.[8b] In [D8]toluene (300 MHz, 298 K), the
two triplets for the methine protons appear at 6.08 and 5.84
(2) and 6.07 and 5.75 ppm (3), respectively (for the full spec-
tra, see Supporting Information).

Vase� Kite Switching

Upon addition of CF3COOD (0.44 ) or upon lowering
the temperature to –65 °C in CD2Cl2, both 2 and 3 expect-
edly change from the vase to the kite form, as evidenced
by the large upfield shifts of the methine protons in the
resorcinarene macrocycle. The methine protons under both
the quinoxaline and the diazaphthalimide bridges shift from

Figure 1. Bottom: Aromatic region of the 1H NMR spectra (300 MHz) of cavitand 2 (a) in [D8]toluene at 25 °C; (b) in [D8]toluene at
25 °C + 1.7  CF3COOD; (c) in CD2Cl2 at 25 °C; (d) in CD2Cl2 at 25 °C + 0.44  CF3COOD; (e) in CD2Cl2 at –65 °C. x = solvent.
Top: Chemical shifts of the methine protons Ha under the quinoxaline flaps as a function of [CF3COOD] in [D8]toluene (�) and CD2Cl2
(∆).
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about 5.6 to ca. 3.9 ppm (Figures 1 and 2). This demon-
strates that all four wall flaps of the cavitand flip outwards
to generate the flat kite geometry.[8,14] Neutralization with
equimolar amounts of NEt3 or warming the samples back
to 25 °C completely reforms the vase conformers. However,
in [D8]toluene the switching behavior is noticeably different.
Complete vase� kite conformational isomerization of 2
and 3 in this solvent requires significantly more CF3COOD,
1.7 and 4.5 , respectively. In addition, cooling the cavit-
ands to –80 °C is not accompanied by vase�kite switching
of either cavitand (see Supporting Information). This can
be attributed to stabilization of the vase conformer by the
aromatic solvent, as it is suitably sized to efficiently solvate
the inner space.[7]

Host–Guest Complexation

As stated in the introduction, rim functionalization of
bridged resorcin[4]arene cavitands deepens the cavity and
can strengthen guest binding in the interior of the vase.[11]

Similar results were observed with cavitands 2 and 3: appro-
priate cycloalkane guests are bound much more tightly as
compared to the parent system 1a without appended flu-
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Figure 2. Bottom: aromatic region of the 1H NMR spectra (300 MHz) of cavitand 3 (a) in [D8]toluene at 25 °C; (b) in [D8]toluene at
25 °C + 1.7  CF3COOD; (c) in CD2Cl2 at 25 °C; (d) in CD2Cl2 at 25 °C + 0.44  CF3COOD; (e) in CD2Cl2 at –65 °C. Top: Chemical
shifts of the methine protons Ha under the quinoxaline flaps as a function of [CF3COOD] in [D8]toluene (�) and CD2Cl2 (∆).

orophores, where guest complexation cannot be observed
by NMR spectroscopy. In cavitands 2 and 3, host-guest ex-
change becomes slow enough to allow visualization on the
NMR time scale at ambient temperature. This provides a
convenient method for measuring the association constants,
Ka, by simple integration of the resonances of free vs.
bound guest. Competition experiments at 25 °C were per-
formed in [D12]mesitylene, by sequentially adding 20 equiv.
of cyclopentane, cyclohexane, and cycloheptane to both ca-
vitands. In the absence of bound solvent (or guest) in the
cavity, the conformational space of the cavitands is large
and different conformers interconvert (NMR time scale).
Mesitylene is too large to fit into the vase cavity and this is
reflected in the resolution of the NMR spectra: while the
spectra of the cavitands in [D8]toluene are highly resolved,
those measured in [D12]mesitylene are poorly resolved,
showing broadened peaks. Similar behavior has been ob-
served for molecular basket-type, capped cavitands.[13b]

Upon addition of the guests, the 1H NMR spectra of
both cavitands in [D12]mesitylene became well resolved.
Guest encapsulation was clearly apparent from the appear-
ance of markedly upfield-shifted singlets for the bound cy-
cloalkanes between –2.5 and –3.0 ppm, as a result of their
exposure to the shielding environment of the cavity (Figure
and Figure 4). At room temperature, the bound cycloal-
kanes are free to conformationally interconvert inside the
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cavitand cavity. Anthracene-appended 3 has the larger cav-
ity as it preferentially binds cyclohexane (Ka =
222� 30 –1). Cyclopentane (Ka = 33� 0.5 –1) and cyclo-
heptane (Ka = 19 �1.2 –1) are more weakly bound. This
data is in agreement with the competition experiment which
gives a relative ratio of the formed complexes of 0.49 (cyclo-

Figure 3. Partial 1H NMR spectrum (500 MHz, 25 °C, [D12]mesityl-
ene) of the bound cycloalkanes in the competition experiment to
determine the guest selectivity of cavitand 2. Also shown is a com-
puter-generated model of 2 with bound cyclopentane (Spartan
PM3). The front quinoxaline flap has been removed for clarity and
methyl legs are used.
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pentane)/1.0 (cyclohexane)/0.23 (cycloheptane). The cavity
of pyrene-appended 2 is smaller as cyclopentane (Ka =
960 �23 –1) is preferentially bound over cyclohexane (Ka

= 487�56 –1) and cycloheptane (Ka = 19�0.90 –1). In
the 1H NMR spectrum of the competition experiment of 2,
there is no noticeable peak for bound cycloheptane. It is
remarkable that, even though the cavitands are open at the
top, they are able to undergo host-guest binding with high
selectivity and with substantial association constants.

Figure 4. Partial 1H NMR spectrum (500 MHz, 25 °C, [D12]mesity-
lene) of the bound cycloalkanes in the competition experiment to
determine the guest selectivity of cavitand 3. Also shown is a com-
puter-generated model of 3 with bound cyclohexane (Spartan
PM3). The front quinoxaline flap has been removed for clarity and
methyl legs are used.

1H NMR Spectroscopic Investigations of Ground-State
Intramolecular π–π Stacking between the Appended
Fluorophores

In the expanded kite form of the cavitands, the pyrene
chromophores in 2 and the anthracenes in 3 should not be
able to undergo intramolecular π–π stacking since they are
too far apart from each other. In contrast, the vase form
should hold the chromophores at an appropriate distance
to undergo intramolecular π–π stacking and we were inter-
ested in to what extent these interactions could be observed
by 1H NMR and fluorescence spectroscopy (vide supra).
As a result of the anisotropy of diamagnetic ring currents,
π–π stacking of polycyclic aromatic hydrocarbons leads to
upfield shifts of their 1H NMR resonances, usually in the
range of ∆δ ≈ –0.2 to ca. –0.5 ppm as compared to the peak
positions in the spectra of the free components. Therefore,
we analyzed the chemical shifts of the anthracene and py-
rene protons when the cavitand is in the vase form, in which
intramolecular π–π stacking can occur, vs. the kite form, in
which π–π stacking cannot (Figure 1 and 2). It can be as-
sumed with confidence that the protonation of the two
quinoxaline flaps in the kite form does not affect the chemi-
cal shifts of the appended chromophores but that all
changes originate from differences in the interchromophoric
distance.
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The proton resonances for the anthracene moieties in 3
shift upfield upon changing from the kite to the vase form
in both CD2Cl2 and [D8]toluene. For example, the signals
of H1 and H5 move upfield by ca. –0.2 to –0.3 ppm which
provides strong evidence for intramolecular π–π stacking
in the vase form in both solvents (Figure 2). In contrast,
intramolecular interactions between the two pyrene chro-
mophores in 2 are much more solvent-dependent. In
CD2Cl2, π–π stacking occurs in the vase form as evidenced
by the upfield shift from 8.63 to 8.42 ppm, measured for
the resonance for H-10 upon kite �vase switching (for
numbering, see Figure 1). While not all pyrene resonances
are fully resolved, an overall trend for upfield shifts of all
pyrene resonances in the vase form is apparent in the spec-
tra recorded in this solvent. Clearly, the higher rigidity of
the spacer connecting the pyrene moieties to the cavitand
does not eliminate interchromophoric π–π stacking in this
solvent, which can occur in two geometries, a syn orienta-
tion with the pyrenes in an eclipsed arrangement and an
anti-orientation in which stacking mainly occurs only be-
tween the phenyl rings of the pyrenes that are directly at-
tached to the alkyne spacer. In [D8]toluene, however, there
is no distinct trend for the change in chemical shifts as mea-
sured for the pyrene resonances in both cavitand geome-
tries. Apparently, interchromophoric π–π stacking in the
vase form of 2 is not as efficient in this solvent. We conclude
that the different ability of the solvents to fill the cavity
controls the resultant stacking behavior of the cavitand-
attached chromophores. [D8]Toluene strongly solvates the
vase cavity, rigidifies the cavitand, and prevents the pyrenes
from approaching each other. In contrast, CH2Cl2 is too
small to sufficiently solvate the cavity of 2 and hence en-
trapped solvent does not keep the chromophores at the rim
rigidly apart. The greater flexibility of the alkyl spacers in
3 obviously compensates for the effects of bound solvent
and π–π stacking is observed in both solvents. Cavity sol-
vation (or guest binding) clearly affects interchromophoric
interactions at the rim of the cavitand in its vase form and
hence cavitand conformation, and this is further exem-
plified by fluorescence spectroscopy date (vide infra).

Studies of Intramolecular Chromophoric Interactions by
Fluorescence Spectroscopy

Monomeric pyrene and anthracene fluoresce at shorter
wavelengths, and exhibit vibrational fine structure while the
excimer (“excited dimer”) fluorescence – a signature for π–
π stacking – is significantly bathochromically shifted,
broad, and featureless.[18–20] We undertook fluorescence
spectroscopic investigations to further explore how solvent
and guest binding by the vase form affects the intramolecu-
lar chromophoric interactions at the rim of the containers.
Low concentration ranges were chosen to rule out competi-
tion by intermolecular excimer formation (see the spectra
for reference compounds 6 and 7 in the SI).

The emission spectra of the anthracene-derived cavitand
3 ([3] = 2.3�10–5 , λexc = 366 nm; 25 °C) were recorded in
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a variety of solvents of different size (Figure 5). Monomer
emission with vibrational fine structure is observed at
416 nm, whereas excimer emission appears as a bathoch-
romically shifted, broad featureless band (e.g. at λ = 545 nm
in mesitylene). In solvents that are too large to effectively
solvate the vase cavity, such as mesitylene and n-pentade-
cane, a much higher ratio of excimer �monomer emission
intensity is observed, when compared to solvents capable of
solvating the interior cavity, such as cyclopentane or ben-
zene (no excimer emission observed). The ratio of excimer
to monomer is defined for our purposes as the relative fluo-
rescence intensity at the λmax of the respective type of emis-
sion, monomer and excimer. There are also pronounced sol-
vatochromic excimer shifts observed. The excitation spectra
of cavitand 3 at the respective emission maxima in mesity-
lene (λem = 415 [monomer] and λem = 545 [excimer]) has a
slight bathochromic shift indicative of static excimer forma-
tion (see Supporting Information). Based upon the flexibil-
ilty of the cavitand we conclude that the solvatochromic
nature of the excimer λmax is due to varying degrees of static
vs. dynamic excimer formation in the varying solvents. In
the absence of cavity-solvating molecules, the cavitand walls
arrange in such a manner as to minimize the amount of
empty interior space and thus orient the anthracenes in a
manner that allows for excimer formation. As evidenced by
the solvatochromic nature of the excimer λmax in solvents
of similar polarity, there are also varying degrees of pre-
association, resulting in static excimer formation, based
upon solvent size.

Figure 5. Emission spectra of anthracene-cavitand 3 ([3] =
2.3�10–5 , λexc = 366 nm; emission spectra normalized at 416 nm,
25 °C) in (a) mesitylene; (b) n-pentadecane; (c) cyclooctane; (d) cy-
clopentane; (e) toluene; (f) benzene; and (g) MeOH.

Addition of CF3COOH (2.1 �10–1 ) to a mesitylene
solution of 3 resulted in a marked decrease in excimer fluo-
rescence intensity (Figure 6). Excimer emission, however,
does not ever completely disappear, underlining the sub-
stantial conformational flexibility of the cavitand, which al-
lows a fraction of the anthracenes to come into contact
within the lifetime of the excited state. Even when the cavit-
and is completely converted into the kite conformer, on the
1H NMR time scale (Figure 2), it is still capable of under-
going facile enough geometric perturbations to allow for
anthracene association within the lifetime of the excited
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state. This underlines the hitherto poorly recognized dy-
namics and conformational flexibility of this cavitand sys-
tem.[13b] Upon complete neutralization with NEt3

(2.1 �10–1 ), the initial ratio of excimer�monomer emis-
sion is not regained (Figure 6). We attribute this to the fact
that, in the initial solution, the cavitand interior is com-
pletely empty and flexible allowing for efficient π–π stack-
ing in the excited state. After acidification and neutraliza-
tion, the formed triethylammonium trifluoroacetate salt
along with miniscule amounts of residual TFA or NEt3 re-
main, both of which can reside in the cavity. This changes
the geometry of the cavitand and the ability to undergo
excimer formation. To further probe this, cyclohexane
(2.0�10–3 ), which binds well to the vase form of 3 (vide
supra), was added to a solution of mesitylene containing
the empty cavitand. This addition also decreases substan-
tially the ratio of excimer� monomer fluorescence inten-

Figure 6. Emission spectra of anthracene-cavitand 3 ([3] =
2.3�10–5 , λexc = 366 nm; emission spectra normalized at 416 nm,
25 °C) in mesitylene: (a) pure solvent; (b) after addition of
2.1�10–1  CF3COOH; (c) after addition of 2.1�10–1  NEt3 to
the acidified solution; (d) in the presence of 2.1�10–3  cyclohex-
ane.

Figure 7. Emission spectra of pyrene-cavitand 2 ([2] = 4.5�10–6 ,
λexc = 367 nm; emission spectra normalized at 417 nm, 25 °C) in
mesitylene: (a) pure solvent; (b) after addition of 4.0� 10–1 
CF3COOH; (c) after addition of 4.0�10–1  NEt3 to the acidified
solution; (d) in the presence of 2.0�10–3  cyclopentane.
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Figure 8. Overlays of 1000 structures of the vase forms of 2 (a) and 3 (b) sampled from molecular dynamics simulations. In both cases,
the hexyl legs were substituted for methyl groups.

sities, since guest binding rigidifies the cavitand and hence
hinders the two anthracene chromophores at the rim from
approaching each other.

Similar results were obtained in the investigations of
pyrene-appended 2 (Figure 7). In mesitylene, structured
monomer emission is observed at 417 nm, whereas the
maximum of the broad featureless excimer emission appears
at 537 nm (trace a in Figure 7). Acid-induced switching to
the kite form reduces the excimer fluorescence, which how-
ever never fully disappears (trace b). Re-neutralization does
not regenerate the original fluorescence spectrum (trace c),
and addition of cyclopentane, a good guest for 2, to the
original solution also reduces the excimer fluorescence in-
tensity in relation to relative monomer fluorescence inten-
sity.

From the present and a previous study[13b] it becomes
now increasingly apparent that the bridged resorcin[4]arene
cavitand system in both vase and kite states is much less
conformationally rigid than originally thought. Only by
bridging the top, as in the recently described container mo-
lecules,[13] does the interior space and positioning of the
cavity walls become more precisely defined. To further ex-
plore the extent of thermal flexibility of 2 and 3, we per-
formed molecular dynamics simulations (1000 ps simulation
time with 1.0 fs time steps, MMFF94 force field, 300 K,
GB/SA solvation model for CHCl3, Macromodel V. 9.5).[27]

Figure 8 shows the local conformational space of cavitands
2 and 3 in the vase form. It is clear that there is a significant
amount of conformational flexibility in the cavitands and
that a majority of the time the fluorophores are not at a
distance or orientation to undergo π–π stacking, in agree-
ment with the fluorescence spectroscopic study.

Conclusions

We reported the synthesis and properties of the two
novel, fluorophore-appended cavitands 2 and 3. They both
undergo reversible temperature- and acid-induced vase-kite
switching. In [D12]mesitylene, which does not solvate the
interior cavity, the vase forms of both cavitands function as
selective hosts with rather impressive association constants,
given the open tops of the receptors. The 1H NMR spectra
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also suggest that suitably sized aromatic solvents, such as
[D8]toluene, solvate the interior cavity efficiently, thereby re-
ducing the conformational flexibility of the cavitands. The
propensity for the cavitands to undergo π–π stacking be-
tween the chromophores attached to the rim is strongly sol-
vent-dependent. 1H NMR spectroscopic studies reveal that
π–π stacking between the pyrene moieties of 2 is not ef-
ficient in [D8]toluene, since the solvent molecules bind to
the inner cavity, preventing the two chromophores from ap-
proaching each other. Both fluorescence studies and molec-
ular dynamics simulations reveal a hitherto poorly recog-
nized[13b] large conformational flexibility of the cavitand
structure. Intramolecular excimer formation even occurs af-
ter complete switching (1H NMR spectroscopy) of the cavi-
tand into the kite form. The surprising observations made
in the fluorescence studies mandate an extensive investiga-
tion by time-resolved spectroscopy that now has been initi-
ated. Furthermore, some previous results are now better
understood: When we reported a cavitand with two long,
rigid oligo(phenylene ethynylene) arms, terminated by a do-
nor-acceptor BODIPY (dipyrrometheneboron difluoride)
dye pair, we observed poor FRET efficiency in the vase
form, despite a close proximity (ca. 8 Å apart) of the two
dyes in computer models generated on the basis of X-ray
crystallographic coordinates for the cavitands.[14] In view of
the high conformational flexibility observed in this work,
this result is no longer that surprising. While X-ray crystal-
lographic studies usually show a perfect vase conforma-
tion,[5,8] with opposite walls approximately 8 Å apart, a
high geometric preference and a rigid cavitand structure
cannot be confirmed in solution. Presumably, the perfect
vase form seen in the many X-ray structures is rather due
to optimal crystal packing than due to high conformational
rigidity. Only by bridging the rim with formation of molecu-
lar baskets[13] or by hydrogen-bonded self-assembly to give
supramolecular capsular dimers[28] does the conformational
space of the interior cavity of bridged resorcin[4]arene cavit-
ands become much better defined. It is also not surprising,
in view of these findings, that we were unable to detect spe-
cies formed by [4+4] photodimerization of the two anthra-
cenes in 3, a reaction which requires a rather precise orien-
tation of the two chromophores.



Fluorophore-Appended Resorcin[4]arene Cavitands

Experimental Section

Materials and General Methods: All chemicals were of reagent
grade and used without further purification unless noted otherwise.
All solvents for fluorescence spectroscopy were spectral grade and
used without further purification. Dimethylformamide (DMF) was
purchased from Fluka ([H2O] � 0.005%) and tetrahydrofuran
(THF) was distilled from Na/benzophenone. All reactions were car-
ried out under dry N2 in flame-dried glassware following standard
Schlenk techniques. Air was dried by slow passage through 25 cm
Blaugel. Stationary phase for flash chromatography was silica gel
60 (Silicycle, 230–400 mesh). High-performance gel permeation
chromatography (GPC) was run with a Merck–Hitachi LaChrom
D-Line system, equipped with a D-7000 Interface, a L-7100 pump,
a L-7200 autosampler, and a L-7400 UV-detector. Preparative sepa-
rations were carried out at room temperature, and the solvent was
degassed with a L-7612 degasser. HPLC-grade CHCl3 was used as
the mobile phase. The stationary phase was NovoGROM SDVGel
100 Å, 10 µm GPC-columns (600 �20 mm) and the flow rate 3 mL/
min. Compounds 4,[23,24] 5,[14b] and 6[25] were synthesized according
to published procedures. 1H and 13C NMR spectra were recorded
at 298 K with a Bruker ARX 300 or a Bruker Avance DRX 500
spectrometer unless otherwise stated. 13C NMR spectra are 1H
broadband-decoupled. Chemical shifts are given in ppm relative to
tetramethylsilane (TMS) and were referenced to TMS or residual
non-deuteriated solvent. Coupling constants J are given in Hz.
High-resolution FT-MALDI ion cyclotron resonance (MALDI-
ICR) mass spectra were recorded on a Ion Spec Ultima FT-ICR-
MS, with 3-hydroxypyridine-2-carboxylic acid (3-HPA or DCTB
mix) as the matrix. IR spectra were measured of neat samples on
a Varian 800 FT-IR spectrometer and absorptions ν̃ are given.
Melting points were determined with a Büchi B-540 melting point
apparatus in open capillary tubes and are uncorrected. UV/Vis
spectroscopy (λ/nm, ε/–1 cm–1) was carried out with a Varian Cary
500 Scan spectrophotometer. Samples for fluorescence measure-
ments were degassed prior to recording on an Instruments S. A.
Fluorolog-3 spectrofluorimeter. Both UV/Vis and fluorescence ex-
periments were carried out in standard 3.5 mL quartz cells with
four optical windows and 10 mm path length.

(17s,18s,19s,20s)-76,156-Bis{4-[2-(1-pyrenyl)ethynyl]-2,6-dimethyl-
phenyl}-17,18,19,20-tetrahexyl-2,4,6,8,10,12,14,16-octaoxa-3,11-
(2,3)-diquinoxalina-7,15(2,3)bis(5,7-dioxo-6,7-dihydro-5H-pyrrolo-
[3,4-b]pyrazina)-1,5,9,13(1,2,4,5)-tetrabenzenapentacyclo[11.3.1.11,5.
15,9.19,13]icosaphane (2): Iodocavitand 5 (274 mg, 0.15 mmol), 1-
ethynylpyrene (6) (169.5 mg, 0.75 mmol), [Pd(PPh3)4] (20.8 mg,
0.0018 mmol), and CuI (3.4 mg, 0.018 mmol) were added to a N2-
charged Schlenk flask. THF (50 mL) was added and the mixture
degassed by successive freeze-pump-thaw cycles. NEt3 (0.835 mL,
6 mmol; 99.7%) was added and the mixture degassed again and
left to stir at room temperature for 2 d. TLC showed that cavitand
5 was nearly completely consumed. The mixture was evaporated to
dryness and purified by flash chromatography (SiO2; MeOH/
CH2Cl2, 1:50). The product was further purified by preparative
high-performance GPC (2 x) to give cavitand 2 (167 mg, 55%) as
pale yellow solid; m.p. �300 °C (dec.); Rf = 0.5 (hexane/EtOAc,
5:1); tR(GPC): 26.70 min. 1H NMR ([D8]toluene, 300 MHz, 25 °C):
δ = 0.97 (t, J = 7.1 Hz, 12 H), 1.32–1.43 (m, 16 H); 1.98 (s, 6 H),
2.00 (s, 6 H), 2.09 (q, J = 2.1 Hz, 16 H), 2.40 (m, 8 H), 5.84 (t, J
= 8.1 Hz, 2 H), 6.08 (t, J = 8.1 Hz, 2 H), 7.20 (m, 4 H), 7.46 (s, 2
H), 7.62–7.77 (m, 16 H), 7.85 (d, J = 9.1 Hz, 2 H), 7.89 (d, J =
9.1 Hz, 2 H), 8.11 (m, 4 H) 8.22 (d, J = 9.1 Hz, 2 H), 8.54 (s, 4 H),
8.92 (d, J = 9.1 Hz, 2 H) ppm. 13C NMR (75 MHz, CDCl3, 25 °C):
δ = 14.25, 18.34, 18.49, 22.85, 28.13, 29.55, 29.88, 32.06, 32.37,
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32.81, 34.35, 90.50, 94.13, 117.23, 119.02, 123.97, 124.24, 124.50,
124.64, 125.33, 125.68, 125.87, 125.95, 126.25, 127.23, 128.59,
128.66, 128.97, 129.83, 130.96, 131.18, 131.63, 132.14, 132.39,
135.91, 136.32, 137.06, 137.71, 140.00, 141.74, 152.11, 152.27,
152.48, 153.27, 159.06, 161.69 ppm (46 of 52 expected resonances
due to signal overlap of resonances). IR (film): ν̃ = 2924, 1738,
1595, 1478, 1346, 1151, 840 cm–1. UV/Vis (mesitylene): λ = 299
(129700), 369 (113000), 395 (95000) nm. MALDI-HRMS (DCTB
mix): m/z calcd. for M+, C132H106N10O12

+ 2022.7992; found
2022.7790.

(17s,18s,19s,20s)-76,156-Bis[2-(9-anthryl)ethyl]-17,18,19,20-tetrahex-
yl-2,4,6,8,10,12,14,16-octaoxa-3,11(2,3)-diquinoxalina-7,15(2,3)bis-
(5,7-dioxo-6,7-dihydro-5H-pyrrolo[3,4-b]pyrazina)-1,5,9,13(1,2,4,5)-
tetrabenzenapentacyclo[11.3.1.11,5.15,9.19,13]icosaphane (3): Tetrol 4
(0.12 g, 0.12 mmol) and 7 (0.10 g, 0.24 mmol) were taken up in
DMF (10 mL) purged with Ar (20 min) and heated to 80 °C in an
oil bath until the solution became clear. NEt3 (75 µL, 0.54 mmol)
was added dropwise over 20 min, and the mixture was allowed to
stir with heating for 2 h. The yellow solution was cooled to 20 °C
and poured into saturated aqueous NaCl solution (200 mL) and let
stir for 20 min. The bright-yellow solid was filtered, dissolved in
CH2Cl2, and the solution passed through a short pad of SiO2,
washed with CH2Cl2/acetone, 25:1, and concentrated to afford the
product as a bright-yellow solid which by 1H NMR was about 90%
pure. The product was additionally purified by flash chromatog-
raphy (hexanes/toluene, 10:90) to afford 3 (0.16 g, 75%) as a light-
yellow solid; m.p. �300 °C (dec.). 1H NMR (300 MHz, [D8]tolu-
ene, 25 °C): δ = 0.85–0.95 (m, 12 H), 1.24–1.40 (m, 32 H), 2.02–
2.07 (m, 8 H), 2.24–2.36 (m, 4 H) 3.30–3.40 (m, 4 H), 5.76 (t, J =
8.1 Hz, 2 H), 6.08 (t, J = 8.1 Hz, 2 H), 7.00–7.07 (m, 4 H), 7.20 (t,
J = 8.4 Hz, 4 H), 7.49 (d, J = 8.4 Hz, 4 H), 7.53 (s, 4 H), 7.71 (s,
2 H), 7.86 (m, 4 H), 8.13 (d, J = 8.4 Hz, 4 H), 8.57 (m, 4 H), 8.61
(s, 4 H) ppm. 13C NMR (125 MHz, CDCl3, 25 °C): δ = 14.3, 22.9,
26.6, 28.15, 28.17, 29.55, 29.59, 32.08, 32.11, 32.6, 32.8, 34.49,
34.51, 38.24, 119.0, 123.1, 123.9, 124.8, 126.2, 127.17, 127.94,
129.0, 129.4, 129.6, 131.3, 135.8, 136.9, 140.0, 142.0, 151.4, 152.41,
152.45, 153.14, 158.4, 162.4 ppm (2 aliph. resonances missing due
to overlap). IR (film): ν̃ = 2924, 2855 1732, 1482, 1411, 1375, 1353,
1199, 1156, 759, 726 cm–1. UV/Vis (mesitylene): λ = 353 (12900),
371 (15800), 391 (14600) nm. MALDI-HRMS (3-HPA): m/z calcd.
for M+, C112H98N10O12

+ 1774.7366; found 1774.7306. Molecular
ion cluster: 1774.7306 (29) 1775.7365 (90), 1776.7405 (100),
177.7455 (68), 178.7497 (40), 179.7598 (18). [M + Na]+ cluster:
1797.7215 (32), 1798.7266 (40), 1799.7291 (28), 1800.7325 (14).

6-[2-(Anthracen-9-yl)ethyl]-2,3-dichloro-5H-pyrrolo[3,4-b]pyrazine-
5,7(6H)-dione (7): A clean, dry pressure flask was charged with
9-(2-aminoethyl)anthracene hydrochloride[26] (0.15 g, 0.58 mmol)
and 5,6-dichloropyrazine-2,3-dicarboxylic anhydride (93 mg,
0.45 mmol). Ac2O (25 drops) was added and the flask sealed and
placed in a preheated (130 °C) oil bath. After stirring for 1 h, the
flask was cooled to 20 °C and H2O (20 mL) was added and the
flask sonicated for 20 min to loosen solid material. The orange so-
lid was filtered and washed with H2O, followed by pentane/Et2O,
3:1. Upon drying, the orangish-yellow solid was dissolved in
CH2Cl2 (250 mL) and passed over a short pad of SiO2, which was
washed with CH2Cl2/Et2O, 25:1 (500 mL). Concentration afforded
7 (0.16 g, 84%) as a light-yellow, very sparingly soluble solid; m.p.
�325 °C (dec.). 1H NMR (300 MHz, [D7]DMF): δ = 4.06–4.12 (m,
4 H), 7.59 (td, J = 8.7, 1.5 Hz, 2 H), 7.69 (td, J = 8.7, 1.5 Hz, 2
H), 8.16 (d, J = 8.7 Hz, 2 H), 8.59 (d, J = 8.7 Hz, 2 H), 8.62 (s, 1
H) ppm. 13C NMR (75 MHz, [D7]DMF): δ = 26.4, 38.5, 123.8,
125.3, 126.6, 127.0, 129.5, 129.7, 130.1, 131.7, 145.2, 151.7,
163.1 ppm. IR (neat): ν̃ = 2971, 1789, 1726, 1392, 1305, 1225, 1215,
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1125, 967, 794 cm–1. MALDI-HRMS (3-HPA): m/z calcd. for M+,
C22H13Cl2N3O2

+ 421.0385; found 421.0378 (100%), 423.0355;
found 423.0344 (56%).

Supporting Information (see also the footnote on the first page of
this article): UV/Vis, fluorescence, and NMR spectra of com-
pounds 2, 3, and 7 are provided.
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