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The self-assembly of judiciously designed molecular compo-
nents, based on the dynamic nature of noncovalent inter-
actions, has already allowed the construction of structurally
well-defined nanostructures.! With the long-term goal of
constructing self-assembled nanosized optoelectronic devices,
we embarked on the design and synthesis of a suitable donor—
acceptor pair. Fullerenes are our electron-acceptor fragment
of choice, as their well-known photophysical and electro-
chemical properties have already been exploited in a wide
range of functional chemical species.”! In particular, non-
covalent nanostructures, such as “onions” “peapods”,[‘”
polymeric networks,” and dendrimers,” have been success-
fully constructed using aromatic m—m-stacking interactions
between the surface of fullerenes and different kinds of
receptors.”! With regards to the electron-donor fragment, the
ideal partner for fullerenes should 1) show good electron-
donor properties, 2) absorb light efficiently, preferably in the
visible region, and 3)self-assemble with fullerenes in a
controlled fashion.

Following the seminal work with tetrathiafulvalene
(TTF), a rich toolbox of molecules decorated with 1,3-
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dithiole moieties have been studied as electron donors in
photoinduced electron-transfer processes involving fullerenes
as acceptors.®) Among these, m-extended TTF derivatives®—
in which the dithioles are connected to a w-conjugated core—
have been shown to exhibit improved photophysical proper-
ties."” Furthermore, the concave aromatic surface of 2-[9-
(1,3-dithiol-2-ylidene)anthracen-10(9H)-ylidene]-1,3-dithiole
(exTTF) has been successfully exploited in the molecular
recognition of Cg."'! For our purposes, we noticed that a
truxene core!'” would be particularly well suited as a scaffold,
as its extended m-delocalized system should result in a
significant shift of the electronic absorption spectrum towards
the visible region and at the same time provide a large
aromatic surface with which fullerenes might establish
favorable noncovalent interactions. With this in mind, we
designed truxene-TTFs 3 which feature three dithiole units
connected to a truxene core.

Truxene-TTFs 3a—c were synthesized starting from com-
mercially available truxenone 1 (Scheme 1). A threefold
Wittig—Horner olefination reaction of 1 with the carbanion
generated in situ from the corresponding phosphonate esters
(2a—)!™ in the presence of nBuLi led to the target TTF
derivatives 3a—c in 42-67 % yields.
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3a:R = H (67%)
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Scheme 1. Synthesis of the truxene-TTF derivatives 3 a—c.

Single crystals suitable for X-ray diffraction were
obtained by slow diffusion of cyclohexane vapor into a
solution of 3a in chloroform (Figure 1)."" To accommodate
the dithioles, the truxene moiety breaks down its planar
structure and adopts an all-cis spherelike geometry with the
three dithiole rings protruding outside. This arrangement
results in the generation of a molecule with threefold helical
chirality of which only the P,P,P/M,M,M enantiomeric pair
can be found in the crystal structure. Starting from a
hypothetically planar structure for 3a, these two enantiomers
can be easily generated by folding the dithiole rings up or
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Figure 1. X-ray crystal structure of 3a:('"! a) (P,P,P)-3a (top view);

b) (P,P,P)-3a (side view); and c) unit cell showing the racemic mixture.
Solvent molecules have been removed for clarity. S yellow, C green,

H white.

down. Interestingly, each enantiomer appears, forming homo-
chiral dimers in the unit cell (Figure 1c). The concave bowl-
shaped configuration adopted by the truxene core perfectly
mirrors the convex surface of fullerenes, suggesting that van
der Waals and concave-convex m—m interactions!”! between
them should be maximized.

The molecular structure and electronic properties of
compound 3a were theoretically investigated at the B3LYP/
6-31G** level (see the Supporting Information). Pristine
truxene and 9-(1,3-dithiol-2-ylidene)fluorene!™ (4; see
Figure 2) were studied as reference systems. The minimum-
energy conformation calculated for 3a corresponds to a Cs-
symmetric structure with the symmetry axis passing through
the center of the inner benzene ring (see Figure S1 in the
Supporting Information). The predicted structure is in agree-
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Figure 2. UV/Vis absorption spectra (CHCl;, 298 K) of truxene (—),
4 (+++++), and 3a (-----). The chemical structures of truxene and
compound 4 are also shown.
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ment with the X-ray crystal structure depicted in Figure 1. To
avoid the steric interactions between the dithioles and the
peripheral benzene rings, 3a twists around the C3-C4 and
C4-CS5 bonds by 40.3° (C2-C3-C4-C5) and 17.4° (C3-C4-Cs-
C6), respectively (see Figurela for atom-numbering
scheme). In the crystal, the average values for these angles
are 43.3° and 15.4°, respectively. A small twisting is also
observed around the C2-C3 double bond (S1-C2-C3-C4:
—1.6° (theoretical), —3.4° (X-ray)). As a result of these
twistings, the dithiole rings move away from the benzene rings
and the S1 atoms lie at 2.87 A (av. 2.76 A (X-ray)) from the
H7 atoms.

The UV/Vis spectra recorded in CHCl; for donors 3 (see
Figure 2 for 3a) show the expected bathochromic shift of the
lowest-energy absorption band in comparison with the related
compound 4. This shift suggests a higher degree of conjuga-
tion in truxene-TTFs 3 despite the loss of planarity. The band
is assigned to intramolecular charge transfer from the 1,3-
dithiole donor units to the truxene core on the basis of time-
dependent density functional theory (TD-DFT) calculations
(see the Supporting Information).

The redox behavior of truxene-TTFs 3a-c was investi-
gated by cyclic voltammetry (CV) in CH,Cl, at room temper-
ature (see Figure 3 for 3a). Compared with the electron-
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Figure 3. Cyclic voltammograms of compound 3a in CH,Cl, at

100 mVs™' measured at different oxidative scans: a) from —1.25 to
1.50V, b) from —1.25 to 0.95 V, and c) from —1.25 to 0.80 V.

acceptor truxenone molecule 1, which shows three reduction
waves (El,=-115V, E2 =-1.60V, E} =-211V), the
redox behavior measured for the electron donor 3a is
significantly more complex. In a first voltammogram regis-
tered up to 1.5V (Figure 3a), as many as five oxidation
processes were observed. When the oxidative scan was
limited to 0.95V (Figure 3b), the cyclic voltammogram
showed three oxidation waves, two of which reveal a quasi-
reversible character (Figure 3c), which could be in a first
approach assigned to the oxidation of the 1,3-dithiole rings.
The additional irreversible processes observed in the oxida-
tive scan up to 1.5 V should be therefore associated with the
oxidation of the central aromatic skeleton. However, these
oxidation processes take place at potential values (1.04 and
1.23 V) that are even lower than those measured for the
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truxene molecule (1.36 and 1.61 V) under the
same experimental conditions. This observation
suggests some cooperative effect between the
three 1,3-dithiole rings and the conjugated truxene
core. The effect is also observed for the first
oxidation potential of compounds 3 (0.56-0.61 V),
which is cathodically shifted in comparison with
the reference compound 4 (0.71 V). The cyclic
voltammogram of 3a also exhibits intense waves
around —0.75 V which seem to be related with
reductive desorption processes from the electrode
surface.'!

The substitution of hydrogen atoms in the 1,3-
dithiole units of compounds 3b (R =SMe) and 3¢
(R=(SCH,),) results in an anodic shift of the
oxidation potentials (see Table S1 in the Support-
ing Information). This effect has been previously
reported for related structures''”) and leads to the
formation of two broad waves, each one grouping
two one-electron oxidation processes.

Table 1 summarizes the charge distribution
calculated for the different oxidation states of 3a
using the natural population analysis (NPA)
approach. The NPA values indicate that charge
in the different steps of the oxidation process is
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Figure 4. Partial '"H NMR spectra (300 MHz, 298 K, CDCl,/CS,) of 3a upon addition
of Cg, depicting the shielding of the aromatic protons (left). Fitting of the chemical
shifts to a 1:1 binding isotherm (inset, top left) afforded a binding constant of
(1.2£0.3) x10*m~". The slight deshielding of the 1,3-dithiole signals is also shown
(right). Similar shifts were observed upon addition of Cy, and a binding constant

extracted from both the dithiole and the truxene
moieties. For 3a®", each dithiole ring has a charge

Table 1: B3LYP/6-31G** NPA charges [e] accumulated by the dithiole
rings and the truxene core in the different oxidation states of 3a.

3a 3a’ 3a%*t 3a%" 3a*t 3a°t
dithiole ring  +0.18 +0.36 +0.54 +0.73 +0.88 +1.00
truxene core —0.54 —-0.08 +0.38 +0.81 +1.36 +2.00

of +0.73e and the truxene core supports a charge of +0.81e.
At the end of the oxidation process, that is, for 3a’", three
electrons have been extracted from the dithiole rings and the
other two electrons have been removed from the truxene
backbone. The spin densities calculated for 3a>" indicate that
the unpaired electron mainly resides on the C3 atoms (0.25¢
each) of the truxene moiety. The species 3a>"
can be therefore visualized as a truxene
radical dication substituted by three aromatic
dithiolium cations (67 electrons).

The association of 3a and fullerenes in
solution was investigated by '"H NMR titra-
tions (300 MHz, 298 K) of 3a (1.18x 10 °m,
CDCI,/CS, 1:1) as host with Cg, (5.00 x 107 M,
CS,) and C,, (4.55x107°M, CS,) as guests.
The progressive shielding (Figure 4, left) of
the aromatic protons of 3a upon addition of
the fullerene guests fitted well to a 1:1 binding
isotherm!™® and afforded binding constants of
(12+£03)x10°m™" and (8.0£1.5)x10°m™"
for C4 and C,, respectively. A slight
deshielding of the dithiole signals (Figure 4,
right) owing to charge-transfer interactions
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of (8.0£1.5)x10° M™' was calculated.

between the electron-rich guest 3a and the electron-poor
fullerenes was also observed, suggesting that binding occurs
preferentially on the aromatic face of 3a.

To visualize the association of 3a with C,, and C,,, the
interaction of these systems was theoretically investigated.
Calculations were performed at the DFT level using the
MPWBI1K density functional, which was recently applied by
Truhlar et al' to describe m—m-stacking interactions in
stacked DNA base pairs and amino acid pairs.”

Fullerene Cg, approached 3a both from the aromatic and
the dithioles sides. The former interaction gives rise to a more
stable association with a positive complexation (binding)
energy of 8.98 kcalmol! (MPWB1K/6-31G** level).”!! The
structure calculated for the resulting 3a-Cy, complex is shown

c)

3.495.° ;3558 3999

Figure 5. Structures of the 3a-Cg, complex calculated at the MPWB1K/6-31G** level.

a) Side view of the preferred configuration. b) Top view of the same configuration,
showing the stack between the central benzene ring of the truxene core and one of the
hexagonal rings of Cq. c) Side view of the other possible configuration, with Cg,
approaching 3a on the dithioles side. S—C short contacts [A] are also shown. The carbon
atoms of the fullerene are depicted in red for clarity.
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in Figure Sa,b. The central benzene ring of the truxene core
stacks on one of the benzene rings of Cy and leads to an
almost parallel complex, in which the benzene rings are
twisted by approximately 20° relative to each other and are
located at an average distance of 3.39 A. This distance is
considerably shorter than that reported for the benzene dimer
in parallel (3.9 A) and parallel-displaced (3.6 A) configura-
tions.””” In addition to the interactions of the central benzene
ring, the peripheral benzene rings of 3a show many inter-
molecular contacts in the 3.6-3.9 A range with the Cy, guest
which contribute to stabilize the complex.

The interaction of C4, with the dithioles side of 3a gives
rise to the intermolecular complex depicted in Figure Sc for
which a small binding energy of 2.28 kcalmol ! is calculated.
Theoretical calculations therefore suggest that the association
of 3a and C, preferentially occurs on the aromatic face of 3a,
in agreement with experimental NMR evidence.

The association of C;, with 3a was only studied by
approaching C,, to the aromatic face of 3a. Calculations
converged to different minima of similar energy, depending
on the relative orientation of 3a and C,,. Among the minima
localized, the two most stable configurations are those
depicted in Figure S3 in the Supporting Information and
have binding energies of 9.56 and 9.94 kcalmol .

MPWBI1K/6-31G** calculations therefore indicate that
C,, interacts with 3a more effectively than Cg, leading to
slightly more stable complexes. MPWB1K/6-31 4+ G** calcu-
lations confirm this image (see the Supporting Information).
Theoretical calculations are therefore in agreement with the
higher value experimentally obtained for the association
constant of the 3a-C,;, complex.

In conclusion, readily available truxene-TTFs 3 satisfac-
torily meet the requirements we proposed as necessary for the
electron-donor partner to be used in the manufacture of
fullerene-based self-assembled optoelectronic devices. The
possibility of exploiting the elegant simplicity of the supra-
molecular 3a-fullerene systems and the electronic and
electrochemical properties of their components in the
bottom-up construction of nanosized devices is currently
under investigation. The potential application of the chiral
properties of these compounds in the selective molecular
recognition of inherently chiral higher fullerenes will also be
investigated.
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