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A 2:1 Receptor/Cy, Complex as a Nanosized Universal Joint

Michael Yanney,* Frank R. Fronczek, and Andrzej Sygula*

Abstract: Buckycatcher II, a Cs5;H,, hydrocarbon with two
corannulene pincers on a dibenzonorbornadiene tether, exhib-
its an affinity toward Cy in organic solvents that is dramatically
higher than the original buckycatcher CgH,s and other
corannulene-based molecular receptors for fullerenes. In
addition to the formation of an usual 1:1 Cy@catcher inclusion
complex, a trimeric Cy@(catcher), assembly is detected in
solutions and in the solid state. X-ray structure determination
reveals a remarkable “universal joint” solvent-free crystal
arrangement of the trimer, with a single fullerene cage wrapped
by four corannulene subunits of two cooperating catcher
receptors.

Shape complementarity is a significant factor to consider in
the design of supramolecular systems capable of undergoing
self-organization.l'! In this context buckybowls, bowl-shaped
polycyclic aromatic hydrocarbons,”” appear to be suitable
candidates to form “ball-and-socket” supramolecular assem-
blies with fullerenes owing to the complementarity of their
concave and convex surfaces. Although such assemblies of the
smallest buckybowl corannulene (1) with fullerene Cq, (2)
have been detected in the solid state®! and on metal
surfaces,” no evidence of significant association of the two
has been observed in solutions.! Apparently, the usual
solvation and entropy penalties associated with the formation
of a supramolecular complex in solution are not overridden
by the moderate dispersion-based binding energies of the
fullerene@1 complexes.

In 2007, we demonstrated that efficient molecular recep-
tors for fullerenes can be constructed if at least two
corannulene pincers are preorganized by a tether. Bucky-
catcher (3), which possesses two corannulene subunits linked
to a tetrabenzocyclooctatetraene tether, formed stable 1:1
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inclusion complexes with both Cg, and Cy in toluene and in
the solid state.® Recently, Alvarez et al prepared 4,
a receptor with two corannulene subunits connected to
a platinum square planar complex, which binds Cy, in solution
with affinity comparable to that of 3.7*] We tried to improve
the fullerene affinities of the corannulene-based receptors by
preparing 5, which has three corannulene pincers placed on
a cyclotriveratrylene tether. Disappointedly low association
constants of 5 with both Cg and C;, (1500 +50 and 1180 +
30M !, respectively) underlined the importance of reduced
conformational flexibility of the clips and preorganization of
the corannulene pincers for the design of effective fullerene
receptors.”!

In pursuit of more efficient corannulene-based molecular
tweezers for fullerenes, we turned our attention to norborna-
diene tethers. Molecular modeling suggested that these
tethers would preorganize corannulene pincers into receptors
with potentially higher affinity for C4, than that of 3. Herein,
we report the synthesis and characterization of “buckycatcher
I1” (6, C5H,, Figure 1), which has two corannulene pincers

Figure 1. Buckycatcher Il (6). Shown on the right is the crystal struc-
ture of the 6*%1.50-C¢H,Cl, solvate, in which one of the solvating
molecules is disordered.

preorganized on a dibenzonorbornadiene tether and exhibits
significantly higher affinity toward Cg4, than 3. Furthermore,
a 2:1 trimeric complex exhibiting a remarkable “universal
joint” assembly of two buckycatchers with the fullerene cage
is detected in solution and was characterized by X-ray
crystallography in the solid state.
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Scheme 1. Synthesis of buckycatcher I (6).

Synthesis of 6 starts with isocorannulenofuran 7, a versa-
tile diene," and bicyclo[2.2.1]hepta-2,5-diene (2,5-norborna-
diene), which is employed as a dienophile in a stepwise Diels—
Alder reaction (Scheme 1).!""! The monoadduct 8 is formed in
good yield under relatively mild conditions. The second
Diels—Alder cycloaddition of 8 to diene 7, which leads to the
mixture of stereoisomeric products, requires significantly
harsher conditions. A double dehydration of the adducts
catalyzed by p-TsOH produces 6 in a moderate yield of 40 %.

Slow evaporation of o-dichlorobenzene (0DCB) solutions
of 6 provided X-ray quality crystals, which revealed that
buckycatcher II adopts a concave—concave conformation in
the solvate (Figure 1).['” Similarly to the more studied case of
3,5 the solvent molecules fill the cavity formed by the
corannulene pincers in 6. The size of this double-concave cleft
defined by the distance between the centroids of the central
five-membered rings in the pincers (R,) in the solvate of 6 is
11.33 A, which quite close to the analogous distance of
11.51 A found in crystals of the Cy@3 complex.Fl B97-D/
TZVP calculations!"! find an “intrinsic” R, value of 11.68 A
for the isolated concave—concave conformer of 6 (Table 1),

Table 1: Comparison of the binding properties of Buckycatchers 3 and 6.

RC[a] R. (*Cso) [b] BEM K, [d] Kzld]
3 1023  11.53 418  2780+80¢ -
520+ 201 -
6 11.68 11.48 425 85000 5000
10040411000 1180+ 6401

[a] Distance [A] between the centroids of the five-membered rings of the
corannulene pincers calculated at the B97-D/TZVP level. [b] R. distances
calculated for 1:1 Cgo@buckycatcher inclusion complexes. [c] Calculated
gas-phase binding energies [kcal mol™'] of the Cg, inclusion complexes
(B97-D/QZVP*//B97-D/TZVP). [d] Microscopic association constants
[see Eg. (1)]. [e] In [Dstoluene (crude estimation for Co,@6). [f] In
chlorobenzene-d.

thus indicating that the deformation penalties associated with
the formation of an inclusion complex between buckycatch-
er II and fullerenes should be negligibly small. For compar-
ison, the R, value calculated at the same level of theory for the
isolated buckycatcher 3 is slightly but significantly lower
(10.23 A), while in the inclusion complex Cy,@3, it increases
to 11.51-11.53 A% Furthermore, molecular modeling
reveals some flexibility of the norbornadiene-based tether
in 6 since squeezing or stretching of the molecular clip
resulting in a change in R, by &1 A from its minimum energy
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conformation increases the energy of isolated 6 by less than
0.5 kcalmol™'. Clearly, preorganization of the corannulene
clips in buckycatcher II offers potential for the inclusion of
guest molecules like fullerenes.

Indeed, '"H NMR titration experiments indicate the for-
mation of inclusion complexes of Cg with 6 in both
[Dg]toluene and chlorobenzene-ds. The continuous variation
plot based on the titration clearly shows that the association
process goes beyond the usual 1:1 complex formation (Fig-
ure 2a). APPI-MS of the dilute mixtures of Cg and 6 in
toluene or chlorobenzene show the presence of both 1:1
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Figure 2. a) Job plot constructed from 'H NMR titration data for one
of the protons of 6 upon the addition of Cy, (in PhCl-,5). APPI-MS for
1:1 (b) and 1:2 (c) complexes of Cg, with 6 are shown. The upper and
lower traces show experimental and simulated MS spectra, respec-
tively.

Cs@6 (C,;1H,, ") and 1:2 C4@6, (C,,H,s") complexes (Fig-
ure 2b,c), in contrast to 3, for which no formation of the
trimeric C,4@3, was detected by either NMR titrations or
APPI-MS.F¢!

Non-linear fitting of the '"H NMR titration results was
therefore performed within the complexation model shown in
Equation (1).

6+ CaovK_—l—‘Ceo@6vL—z—\Cso@6z 1)

Toluene-dj titration provided only a very crude estimation
of the association constants (Table 1), presumably owing to
the limited solubility of the inclusion complexes in this
solvent. More reliable determination of the association of 6
with Cy, was achieved in deuterated chlorobenzene.!! In both
solvents, the K, values for C,,@6 formation are more than an
order of magnitude higher than for the analogous C¢@3
complexation, thus indicating that the Gibbs free energy of
the 1:1 complexation of Cg, by 6 is ca. 1.4-2.0 kcalmol ™ more
exergonic than with 3. It is worth noting that the calculated
gas-phase binding energies for the two 1:1 complexes differ by
0.7 kcalmol ™! in favor of 6 (Table 1). This perhaps fortuitous
coincidence suggests that owing to the similar topologies and
conformational flexibilities of the two buckycatchers, the
solvation and entropy penalties associated with formation of
an inclusion complex fare comparable in both cases and the
difference in the binding affinities of the two molecular
receptors is largely caused by the stronger binding energy of
Cgo with 6. We therefore conclude that the increased affinity
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toward Cy, exhibited by 6 compared to 3 results from subtle
tuning of the topology of the tethers in the molecular
receptors.

The determined K,/K, ratio is significantly higher than 4.
This indicates negative cooperativity, which means that 1:1
complexation is favored over the formation of a 2:1 com-
plex.'! The overall affinity of 6 towards Cy,, defined as K, x
K,, is ca. 1.2 x 10’m~2, which by far exceeds the performance
of the previously reported molecular clips with corannulene
pincers.>7

The trimeric C4@6, complex detected in solution by both
'"H NMR titration and APPI-MS, and by X-ray crystallogra-
phy in the solid state further underlines the improved ability
of 6 to include fullerene cages. We obtained X-ray quality
crystals of this remarkable complex, in which the doubly-
concave clefts of two molecules of 6 cooperatively cover most
of the Cy, surface (Figure 3)."! The Cy,@6, complex, with Cy,
taken as a sphere, roughly approximates the idealized D,,

a)

Figure 3. a) Ortep representation of the crystal arrangement in Cgo@6.,.
b) Crystal packing pattern of the trimeric complex, with Cq, viewed
along the crystallographic axes a(left) and ¢ (right).

(tennis ball) symmetry, with the apical norbornadiene carbon
atoms lying on the major S, axis. The Cy, centroid lies near
(0.16 A from) the midpoint of this line. However, the
bisecting planes of the two buckycatchers are not orthogonal
but form a dihedral angle of 80.3°, thereby lowering the
symmetry to more closely resemble D,. Also, even though the
Cy could conform to D, symmetry, it is oriented such that
only one of three mutually orthogonal twofold axes is nearly
normal to the major axis of the complex, thus further lowering
the symmetry to the C, seen in the crystal. The Cg, twofold
axis most closely aligned with the major axis is tilted 10.3°
from it. This arrangement allows a fully ordered crystal and 19
CC close contacts in the range 3.17-3.40 A between the
corannulene pincers of each buckycatcher and the Cg,. The R,
values for both symmetry-related catchers (11.45 A) are very
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close to that found in the 0-DCB solvate of 6, as well as to the
calculated value for the isolated 6 (Table 1). The B97-D/
TZVP calculated R_ value for the isolated Cq @6, trimer
(11.42-11.50 A) is also quite similar to that found in the
crystal. The gas-phase calculated binding energy for the
trimer is 85.2 kcalmol !, which is almost exactly a double the
binding predicted for the 1:1 C4@6 complex. The fullerene
cages in the crystal are arranged in a linear fashion with the
closest intercentroid distance between two Cg molecules
being 14.011 A, while this distance is only 9.773 A in C,,@3.
C@6, represents a rather uncommon packing pattern, with
the fullerene completely encapsulated by two receptor
molecules with no intimate contact with other carbon
cages.""!8] In contrast to the several reported structures of
fullerene cocrystals, which demonstrate the critical nature of
solvent molecules in the crystal packing of such assemblies, ")
no solvent molecules are incorporated into the crystal of
C¢@6,. The topology of buckycatcher II results in the
unprecedented crystal arrangement of four corannulene
subunits interacting in a concave—convex fashion with
a single fullerene cage in a trimeric C¢,@6, assembly.

The molecular arrangement in the 2:1 complex resembles
a universal joint in which two perpendicularly oriented hinges
of 6 are connected by a fullerene ball (cross shaft). While
rigorous computational studies are in progress, preliminary
screening of the flexibility of the complex by the rigid-body
approach with a B97-D/6-31G* computational model indi-
cates the conformational behavior expected for a universal
joint."" Bending of the assembly by an a value of up to 40°
(i.e., rotation of one of the hinges in its Cs plane of symmetry
while keeping the remaining two components frozen;
Figure 4) is a low-energy process compared to the calculated

rotation

bending

Figure 4. Bending () and rotation () angles in the C(,@6, complex.

dissociation energy of the trimer. On the other hand, rotation
of one of the hinges along the C, symmetry axis, defined by
the two apical norbornadiene carbon atoms (as well as the
fullerene centroid), significantly increases the total energy of
the assembly for rotation angles 0 exceeding 20° because of
the steric hindrance of the rim hydrogen atoms of the clips."
This hindrance would potentially allow the transmission of
rotary motion from one of the hinges to the other.

In conclusion, we have demonstrated that fine tuning of
the tether of a bis-corannulene molecular receptor signifi-
cantly increases its ability to bind C4, by concave—convex m—mw
stacking of the curved carbon networks. The increased affinity
of buckycatcher II for fullerenes results in the formation of
a remarkable trimeric Cg,@6, complex, with the fullerene
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cage tightly wrapped by the four corannulene subunits of the
two cooperating molecular receptors and no solvent mole-
cules incorporated into the crystal. The supramolecular
assembly in the crystal state exhibits a “universal joint”
pattern and computational screening of its conformational
behavior shows the expected flexibility for bending of the
joint and only limited freedom of rotation around one of its
hinges. The custom design of molecular receptors like 6 opens
up new possibilities for creating robust supramolecular
assemblies with potential applications in material sciences
and nanotechnology.
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