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ABSTRACT: We report the use of a tetraborylated perylenediimide as starting
material for the preparation of a tetracorannulene-perylenediimide that is able to
bind up to two fullerene-Cg, molecules by host-guest molecular recognition with
preference over Cyo. Titration with fullerene-Cg is followed by a dramatic shift
of the aromatic signals in *'H NMR and an initial increase in the fluorescence of
the system. By this simple mechanism, fluorogenic sensing of fullerene-Ceo is
easily accomplished by an unprecedented fluorescent turn-on mechanism.

The host-guest molecular recognition of corannulene® and
fullerenes of diverse size and shape is one of the landmarks of
the supramolecular chemistry of curved hydrocarbons.? The
bowl-shaped concave corannulene complexes the balloon
shape fullerenes by n-r stacking and this interaction was used
for effective cocrystalization,® and characterization;* it was
frequently used for the construction of molecular devices®
such as either flexible or rigid molecular tweezers bearing two
corannulene subunits.® They compete in affectivity with a
large variety of heterogeneous molecular tweezers and curved
traps of fullerene derivatives.” On the other hand, perylene-
diimides are strongly fluorescent compounds,® stable under
light and air, so they are good candidates for the search of new
fluorogenic reporters of important analytes when bonded to
polymeric materials,® silica nanoparticles,®® or magnetic
beads.!* Remarkable corannulene-perylenediimide derivatives
have been described, bearing up to five perylenediimide units
per corannulene,’? or two corannulene units in a perylene-
diimide scaffold.** We have described flexible tetraarylpor-
phyrins containing four corannulene units,** now we have
focused into the use of a perylenediimide as starting material
for the preparation of an unprecedented rigid tetracorannulene-
perylenediimide derivative with cavities designed to be able to
bind up to two fullerene-Cgo molecules by host-guest molecu-
lar recognition. The synthesis was straightforward by the
palladium(0)-catalyzed Suzuki reaction of bromocorannulene®
and a tetraborylated perylenediimide PDI(BPin)s, in turn pre-
pared by the iridium-catalyzed direct tetraborylation'® of the
N,~ -dicyclohexylperylenediimide® (Scheme 1). Work-up and
column chromatography gave the dark red fluorescent com-
pound PDI(Cor)s in 74% yield (Amax.= 460, 491, 528, &528 =
15269 Mcm?, Aem.= 522, 562, 613, ¢ = 0.55, T = 4.71 ns,
toluene). *H NMR titration of PDI(Cor), 10 uM in toluene-D8

with Cg showed a dramatic shift of some aromatic signals
(Figure 1), the most pronounced shift for the 7.74 ppm signal.
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Figure 1 'H NMR titration of PDI(Cor)4 and Ceo in toluene-D8.
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A similar titration experiment with C7, afforded a less pro-
nounced signal shift (Figure 2), therefore showing a marked
preference for complexation of Ceo.
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Figure 2 'H NMR titration of PDI(Cor)4 and Cro in toluene-D8.

Plotting the experimental displacements and fitting the points to
appropriate models gave a good estimation from a 1:2 additive
model,*” affording complexation constants: K1 = 4700 (+200) and
Kz = 2800 (+400) for PDI(Cor)4 and Ceo and K1 = 1590 (+50) and
Kz =220 (+190) for PDI(Cor)4 and Cro, thus confirming the selec-
tivity and much higher affinity for complexation of PDI(Cor)4 and
Ceo over Cro (Figure 3).
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Figure 3 *H NMR titration plots and curve fittings of PDI(Cor)4
and Ceo (red) or Cro (blue) in toluene-D8, 7.73—7.78 ppm signal.

The extreme complexity of the NMR spectra (see the Supporting
information) precluded a simple explanation for the interaction
between PDI(Cor)s and Ceo by NMR spectroscopy. To shed light
on this interaction we performed DFT calculations of structures
involved in the interaction. Quantum chemical calculations were
performed using the DFT functional M06-2X developed by Zhao
and Trular because this functional accounts for the noncovalent
interactions.!® The basis set used in the definition of the atoms
were the Pople bases 6-31G*. The calculations were performed
using the Gaussian 09 package software.’® Minimization of
PDI(Cor)s gave seven minimum point structures with related
energies (energy differences up to 3 Kcal/mol) coming from
atropisomers of the four corannulene units. The most suitable
structure to receive the fullerenes was then subjected to DFT
modelization as complexes with one and two fullerene-Ceo units,
the results are shown in Figure 4. Albeit the 1:1 complex gave a
single minimized structure, the addition of a new Ceo unit gave
two independent diastereoisomers, the “cis” and “trans” isomers
shown in Figure 4, being the cis isomer more stable than the trans
isomer by about 4 Kcal/mol.

Figure 4 DFT calculated structures of complexes
PDI(Cor)4[Cso]1-2. In boxes, different orientations of the cis and
trans diastereoisomers.

Being fluorescent in solution, PDI(Cor)s permitted titrations with
Ceo by fluorescence spectroscopy (Figures 5-6).
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Figure 5 Fluorescence titration plot of PDI(Cor)s and Ceo in
CHCIs and images of solutions of PDI(Cor)s in CHCIz and
PDI(Cor)4 with excess Ceo in CHCI3 under white light and 366 nm
light. Inset: amplification of the titration plot and tendency line.

Thus, fluorescent titration of PDI(Cor)s, 10 puM in chloroform
solution, with successive additions of Ceo, Aexc = 485 nm, Aem =
540 nm, and plotting of the maximum peak evolution, gave a
titration plot (Figure 5) in which the initial points of the titration
plot gave an unexpected pattern of initial increase of fluorescence
until 0.5 equivalents of Ceo are added, then a decrease of fluores-
cence until 1.5 equivalents of Ceo are added, then a new increase
of fluorescence until 2-2.5 equiv Ceo are added (Figure 5 inset)
and then a continuous decrease of fluorescence along the rest of
the titration by the quenching effect of Ceo. The observed behavior
is repeatable and did not depend on time, solvent or concentration.
For instance, the fluorescent titration plot of PDI(Cor)s, 5 UM in
toluene solution by successive additions of Ceo, Aexc = 490 nm, Aem
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= 525 nm, from 0 to 30 uM Ceo, afforded a similar behavior, the
initial points of the titration plot gave an initial increase of fluo-
rescence, reaching a maximum when 0.5 equivalents of Ceo were
added, then the fluorescence decreased to the initial value when
1.5 equivalents of Ceo were added, after that a new increase of
fluorescence with successive additions of Ceo was recorded,
reaching the previous maximum when 2.5-3 equivalents of Ceo
were added, then a continuous decrease of fluorescence along the
rest of titration was recorded (Figure 6).
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Figure 6 Fluorescence titration plot of PDI(Cor)s and Ceo in
toluene. In grey color, the tendency line of the plot.

The unusual behavior showed by the titration plots can be inter-
preted in terms of two competing mechanisms, complexation and
quenching, occurring simultaneously (Scheme 2).

Scheme 2
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Successive addition of Ceo probably starts some disaggregation of
PDI(Cor)s as Ceo complexation occurs, with increased fluorescent
emission, until the 1:1 complex is formed that triggers a decreased
fluorescent emission to the initial state. Then, the formation of the
1:2 complex gives rise to an increase in the fluorescence of the
system and further addition of Ceo gives rise to decreased fluores-
cent emission by dynamic quenching (Scheme 2). By this simple
mechanism, fluorogenic sensing of fullerene-Ceo was easily ac-
complished by an unprecedented fluorescent turn-on mechanism.
Further confirmation of the molecular interaction between
PDI(Cor)s and Ceo was studied by high pressure Raman spectros-
copy. Unpolarized Raman-scattering measurements were per-
formed in a membrane diamond-anvil cell where the pressure can
be varied by pneumatic bellows. Liquid chloroform was used as

pressure transmitting media. The pressure was calibrated to within
0.1 GPa by using the power five ruby luminescence scale with the
pressure in GPa related to the wavelength A, by P =
380.8{[MA0]"5-1}.2° The ruby samples were ~4000 ppm Cr3*
doped and 5-15 pum in average dimensions. It must be noted,
however, that according to the ruby line broadening, non-
hydrostatic effects were insignificant in the explored range. The
Raman spectra were taken by using the 514.5-nm line of an Ar*-
Kr* laser and nitrogen-cooled CCD with a confocal microscope
for detection, in the backscattering geometry. The laser spot was
20 pm in diameter. In the cell a power of 5 mW incident on the
diamonds proved to be low enough not to cause any heating of the
sample in the pressurizing medium. The resolution was better than
1 cm®. The Raman dependence with pressure of a sample of
PDI(Cor)4 and Ceo in chloroform is shown in Figure 7.
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Figure 7 Raman dependence with pressure of a sample of
PDI(Cor)s and Ceo in chloroform.

A characteristic signal of the PDI(Cor)4, the vibration mode of
1365 cm, is observed in the sample PDI(Cor)s + Ceo at low
pressures but it is clearly observed how this frequency disappears
between 2.16 and 2.70 GPa. The vibration mode at 1365 cm?
does not disappear with the pressure in the PDI(Cor)s sample
alone. The dependence with pressure of the individual sample of
PDI(Cor)s and the one of Ceo?! is shown in the supporting infor-
mation. The theoretical analysis of the calculated vibrational
frequencies of the most stable atropisomer of PDI(Cor)s shows
how at about 1385-1392 cm* some vibrational signals appear that
belong to in-plane bending vibrations of the C-H bonds of the bay
position of the perylene fragment, as well as similar vibrations of
C-H bonds of corannulene moieties. These vibrations seem to be
very sensitive to the interaction with Ceo molecules because of the
close proximity of bay and corannulene protons to Ceo in the
complex. Therefore the interaction of PDI(Cor)s and Ceo is con-
firmed by the high pressure Raman measurements of mixtures of
PDI(Cor)s4 and Ceo by the disappearance of the 1365 cm™ signal,
as well as their broadening and displacement, as the interaction is
increased under high pressure (Figure 8).
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Figure 8 A cartoon of the hindering of Raman signals with pres-
sure of a sample of PDI(Cor)4 and Ceo in chloroform.



In conclusion, we have synthesized for the first time a tetracoran-
nulene-perylenediimide that is able to bind up to two fullerene-Ceo
molecules by host-guest molecular recognition. Thus, complexa-
tion with fullerene-Ceo is followed by a dramatic shift of the
aromatic signals in 'H NMR and an initial increase in the fluores-
cence of the system. By this simple mechanism, fluorogenic
sensing of fullerene-Ceo is easily accomplished by an unprece-
dented fluorescent turn-on mechanism. In addition, Raman de-
pendence with pressure of a sample of PDI(Cor)4 and Ceo in chlo-
roform confirmed the calculated structure of the complex by the
disappearance of a characteristic Raman signal, as well as their
broadening and displacement, as the interaction between
PDI(Cor)4 and Ceo is increased under high pressure.
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