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Electronic interactions, as well as through-space electron
hopping and delocalization between redox-active aromatic
building blocks, play a crucial role in orchestrating electron
transport in organic materials.[1] Extensive investigations[2] of
orbital overlap associated with both parallel and T-shaped
geometries between aromatic rings are paving the way for the
design of efficient organic photovoltaics[3] and molecular
electronic devices.[4] In any quest to advance these research
areas, it is essential to learn how through-space orbital
overlap and electron sharing in non-traditional (that is, not
parallel or T-shaped) geometries[5] between multiple rings
affect the properties of aromatic compounds and their
superstructures. With the objective of investigating this
phenomenon in molecules with unconventional aromatic
stacking geometries, we have designed and synthesized rigid
chiral triangular prisms,[6] namely (�)- and (+)-NDI-D, with
tubular cavities flanked by three naphthalenediimide (NDI)
units. Its unique redox properties[7] and accessible function-
alization[8] make NDI an ideal building block with which to
explore electron-transport and delocalization.[9] Furthermore,
the highly electron-deficient nature of NDIs is of current
interest for the investigation of anion–p interactions[10] with
potential applications in chemosensing,[11] synthetic mem-
brane transport,[12] and selective catalysis.[13]

We demonstrate that cyclic through-space electron shar-
ing[5, 14] (which, although geometrically related, differs funda-
mentally from the three-dimensional through-bond electron
delocalization of cycloparaphenylenes)[15] takes place in the

NDI-molecular prisms as a consequence of the unique
triangular arrangement of their NDI units. Rigid triangular
geometries are special in so far as they: 1) allow for efficient
orbital overlap on account of the 608 contact angles involved
and 2) contain, at the same time, cavities capable of express-
ing molecular recognition.[16] Moreover, the cyclic orbital
overlap in the NDI-based molecular triangular prisms (�)-
and (+)-NDI-D leads to 3) electronic communication
between the NDI units, resulting in no less than six
individually accessible redox states; 4) enhanced anion–p

recognition with bound linear I3
� anions; and 5) I3

�-induced
p–p stacking into single-handed helical superstructures that
are 6) right- (P) and left-handed (M), respectively, as a result
of chirality transfer from the molecule to the supramolecule.

The molecular triangular prisms (�)- and (+)-NDI-D[6]

were synthesized (Figure 1a) in a single stereospecific step
from two commercially available components, namely, naph-
thalenetetracarboxylic dianhydride (1) and (RR) or (SS)-
trans-1,2-cyclohexanediamine (2), in 25 and 23% yields,
respectively. The high symmetry of both (�)- and (+)-NDI-
D is reflected by the relative simplicity of the 1H NMR spectra
for the compounds, which show only two sets of signals for the
12 NDI protons (Supporting Information). The rigid molec-
ular structures of (�)- and (+)-NDI-D also lead to strong
peaks (Figure 1b) in the circular dichroism (CD) spectra.[17]

Both enantiomers of NDI-D formed crystals from MeOH/
CH2Cl2 solutions suitable for single-crystal X-ray diffraction
analyses. The crystal structures (for example, for (�)-NDI-D

[*] Dr. S. T. Schneebeli,[+] Dr. M. Frasconi,[+] Dr. Z. Liu, Y. Wu,
N. L. Strutt, C. Cheng, Prof. J. F. Stoddart
Center for the Chemistry of Integrated Systems
Department of Chemistry, Northwestern University
2145 Sheridan Road, Evanston, IL 60208 (USA)
E-mail: stoddart@northwestern.edu

Y. Wu, D. M. Gardner, Prof. R. Carmieli, Prof. M. R. Wasielewski
Argonne-Northwestern Solar Energy Research (ANSER) Center
Department of Chemistry, Northwestern University
2145 Sheridan Road, Evanston, IL 60208 (USA)
E-mail: m-wasielewski@northwestern.edu

[+] These authors contributed equally to this work.

[**] We thank Dr. Saman Shafaie for collecting high-resolution mass-
spectrometric data, Dr. Amy A. Sarjeant and Charlotte Stern for
solving the single-crystal X-ray structures, and Dr. Nicolaas A.
Vermeulen, Dr. Andrew C. Sue, and Dr. Jianing Li for helpful
discussions. The authors thank our joint collaborators Dr. Turki S.
Al-Saud and Dr. Nezar H. Khdary from the King Abdulaziz City of
Science and Technology (KACST) in Saudi Arabia for their interest in

this research. M.R.W. is supported by the Chemical Sciences,
Geosciences, and Biosciences Division, Office of Basic Energy,
DOE, under grant no. DE-FG02-99ER-14999. S.T.S. thanks the
International Institute for Nanotechnology (IIN) at Northwestern
University (NU) for an IIN Postdoctoral Fellowship and the QUEST
high-performance computing center at NU for a research allocation
of computer time. M.F. was supported by the Non-Equilibrium
Energy Research Center (NERC), which is an Energy Frontier
Research Center (EFRC) funded by the U.S. Department of Energy,
Office of Basic Energy Sciences (DOE-BES) under Award DE-
SC0000989. Y.W. thanks the Fulbright Scholars Program for
a Graduate Research Fellowship. D.M.G. was supported by the
Department of Defense through the National Defense Science &
Engineering Graduate Fellowship (NDSEG) Program. N.L.S.
acknowledges the National Science Foundation (NSF) for a Grad-
uate Research Fellowship.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201307984.

.Angewandte
Zuschriften

13338 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2013, 125, 13338 –13342

http://dx.doi.org/10.1002/anie.201307984


shown in Figure 1) confirm the rigid geometries of the hollow,
equilateral, triangular prisms with a base-to-apex distance of
about 1.0 nm. The faces of the NDI units in (�)-NDI-D, and
also in (+)-NDI-D, are arranged with respect to each other in
an orthogonal fashion, resembling the faces of triangular
prisms. These rigid three-dimensional frameworks therefore
constitute a unique geometrical arrangement of the NDI
molecular orbitals for cyclic through-space electron sharing.

The electron-sharing hypothesis is supported by density
functional theory (DFT) calculations that reveal the presence
of delocalized frontier molecular orbitals in (�)-NDI-D. The
highly delocalized LUMO (Figure 1d) of (�)-NDI-D is
populated with one electron in [(�)-NDI-D]C� radical anion,
resulting in a SOMO which resembles the LUMO of (�)-
NDI-D closely in shape. This result suggests that the unpaired
electron in [(�)-NDI-D]C� is shared among all three NDI-
units of the triangular prism, thus constituting a rare example
of a purely organic mixed-valence[9a,14c,18] radical in which the
unpaired electron is surrounding a triangular cavity.

Comparison of the cyclic voltammogram (CV) of (�)-
NDI-D with that of a NDI reference compound (NDI-Ref)
(Figure 2) provides experimental evidence for the DFT-
predicted cyclic electron sharing in (�)-NDI-D. While the
CV of NDI-Ref possesses two sequential one-electron
cathodic waves, observed at �709� 5 and �1131� 9 mV vs.
Ag/AgCl, corresponding to the formation of the [NDI-Ref]C�

radical anion and the [NDI-Ref]2� dianion, respectively, the
CV of (�)-NDI-D reveals a dramatic splitting into six distinct
reversible one-electron waves. This observation indicates that

electronic communication between the three equivalent NDI
redox centers is occurring within the triangular molecular
prisms. Furthermore, the potential (E1 =�567� 7 mV), cor-
responding to the first reduction of (�)-NDI-D, is shifted by
142 mV towards more positive potentials compared to the E1

of NDI-Ref.[19] Similar shifts in redox potentials have been
observed[9] previously for covalently bonded, parallel p–p

stacked NDI- and PDI-derivatives, which also display
through-space electron sharing. The observed shift in redox
potentials has also been rationalized quantitatively by DFT
calculations employing a continuum solvent model with the
B3LYP-functional, that is, the same functional used to
compute the frontier molecular orbitals of (�)-NDI-D. The
good correlation observed (Figure 2, inset) between the DFT-
calculated and the experimental reduction potentials for (�)-
NDI-D, NDI-Ref, (+)-PMI-D, and PMI-Ref adds further
credibility to the DFT-description of the (�)-NDI-D frontier
molecular orbitals.

While the UV/Vis spectrum[20] (Supporting Information,
Figure S8) of [(�)-NDI-D]C� also hints[21] at electronic com-
munication between the NDI units in the triangular prisms,
even stronger experimental evidence for electron sharing in
[(�)-NDI-D]C� is provided by continuous wave (cw) electron
paramagnetic resonance (EPR) and electron-nuclear double
resonance (ENDOR) spectroscopies. When compared to the
EPR spectrum of [NDI-Ref]C� , that of [(�)-NDI-D]C� shows
a decrease in line-width by a factor of 1.75 at 265 K
(Figure 3a). This result is in good agreement with EPR
theory for electron-delocalized systems,[22] which predicts
a reduction in EPR linewidth by

ffiffiffi

n
p

= 1.73 for sharing of an
electron by three (n = 3) NDI units. Moreover, the proton

Figure 1. a) Stereospecific synthesis of the rigid triangular molecular
prism (�)-NDI-D from (RR)-2. The enantiomer (+)-NDI-D was pre-
pared in a similar yield from (SS)-2, following the same procedure as
that used to prepare the (�)-enantiomer. b) CD spectra of (�)- and
(+)-NDI-D recorded at 298 K in CH2Cl2 solutions. c) Tubular represen-
tation of the single-crystal X-ray structure of (�)-NDI-D with the
corresponding space-filling representation superimposed upon it in
a semi-transparent fashion. d) Graphical representations of the DFT-
calculated (B3LYP/6-31G**) lowest unoccupied molecular orbital
(LUMO) of (�)-NDI-D. Orbital isosurfaces are illustrated at 0.004
electrons Bohr�3.

Figure 2. Cyclic voltammograms (CVs) of a reference NDI compound
(NDI-Ref) with cyclohexyl substituents (red curve) and (�)-NDI-D
(blue curve) recorded (scan rate 50 mVs�1) using a glassy carbon
electrode. All of the experiments were performed at 298 K in argon-
purged CH2Cl2 solutions (0.5 mm) with 0.1m [Bu4N][PF6] as the
supporting electrolyte. The inset shows the correlation between the
DFT-calculated and the experimental half-wave potentials (E1/2 vs. Ag/
AgCl) for the first reductions of (�)-NDI-D (blue *), NDI-Ref (red *),
and the corresponding compounds (*) with all of the NDI groups
replaced with pyromellitic diimide (PMI) functional groups. A linear fit
to the data (y = 1.20 x + 0.16 V) gave a coefficient of correlation (R2) of
0.99.
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hyperfine splittings in the cw-ENDOR spectra for the mono-
radical anion [(�)-NDI-D]C� are also reduced by about
a factor of three (Figure 3b) when compared with the
reference compound, providing yet further evidence[23] for
the sharing of the unpaired electron among the three sym-
metrically equivalent NDI subunits.[24]

The fact that electronic communication between the
redox centers in (�)- and (+)-NDI-D increases the electron-
affinity of the NDI units in the prisms, as shown by the CV
data, should in turn also result in enhanced charge-transfer
interactions with anions in the context of anion–p interac-

tions.[12b,c,25] Thus, we envisioned that the tubular, electron-
deficient cavities of (�)- and (+)-NDI-D could provide an
ideal electronic and geometrical fit for the accommodation of
the linear I3

� anion. To test this hypothesis, the (�)-NDI-D
host was titrated with solutions of [Bu4N][I3] in CD2Cl2 and
the binding constant (Ka) was evaluated by 1H NMR spec-
troscopy. Employing a 1:1 binding model, which was con-
firmed by a Job Plot (Supporting Information, Figure S3), we
determined[26] a modest Ka value of 25� 2 L mol�1 for the
binding of I3

� by the (�)-NDI-D host.
Structural evidence for the binding of I3

� inside the
cavities of (�)- and (+)-NDI-D was obtained by single-crystal
X-ray diffraction. Slow vapor diffusion of n-hexane into 1,2-
dibromoethane solutions of (�)- or (+)-NDI-D, containing
[Bu4N][I3], resulted in brown single crystals, which were
found to be inclusion complexes of I3

� anions located inside
(�)- and (+)-NDI-D, respectively. The solid-state super-
structures (Figure 4a) reveal that the linear I3

� anions almost
completely fill up the tube-shaped cavities of the triangular
molecular prisms, with anion–p distances of about 3.8 �.[27]

With the I3
� anions buried completely inside the triangular

prisms, there is no space for the Bu4N
+ cations to reside close

to the anions, leading to ion-pair separation[27] upon guest
binding. In the present case, it is clear that anion–p

interactions within a neutral host are therefore able to
break up ion-pairing in non-polar solvents, highlighting the
significance of such supramolecular interactions inside a tri-
angular prismatic cavity.

The solid-state superstructures of (�)- and (+)-NDI-D
also indicate that the formation of the I3

� inclusion complexes
with (�)- and (+)-NDI-D leads to dramatic changes in the
extended supramolecular interactions between the triangular
prisms themselves. When they bind I3

� anions, p–p stacking of
the triangular prisms is observed in the solid state (Figure 4a),
wherein two NDI units of each prism stack face-to-face with

Figure 3. Evidence for electron-sharing in (�)-NDI-D by a) cw-EPR and
b) cw-ENDOR spectroscopy. a) EPR spectra of NDI-Ref (red curve) and
(�)-NDI-D (blue curve) after reduction with 1.0 equiv of cobaltocene
([CoCp2]). All of the spectra were recorded in CH2Cl2 (0.3 mm) at
265 K. The decrease in the EPR-linewidth for [(�)-NDI-D]C� by a factor
of about 1.75 indicates sharing of the unpaired electron over all three
NDI units. b) In the case of [(�)-NDI-D]C� , this observation has also
been confirmed by the ENDOR spectrum, which shows a near-perfect
one-third reduction of the proton hyperfine interactions.

Figure 4. Space-filling and graphical representations of the single-crystal X-ray superstructure of (�)-NDI-D with [Bu4N][I3]. a) Face-to-face p-
stacked dimer, which is further stabilized with electrostatic and [C�H···O] interactions.[30] Note that the superstructures (Supporting Information,
Figure S4) of the NDI-D molecules without [Bu4N][I3] did not exhibit any p-stacking. b), c) Space-filling and graphical representations of the right-
handed, p-stacked supramolecular (P)-helices present in the solid-state superstructure of (�)-NDI-D. As expected, in the case of (+)-NDI-D, the
corresponding left-handed (M)-helices were formed stereospecifically. (�)-NDI-D molecules are illustrated in blue, I3

� anions in purple, and
Bu4N

+ counterions in yellow. The helical nature of the stacked wires is illustrated on overlaying a light-blue helix. Hydrogen atoms are omitted for
the sake of clarity.
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their neighbors at a near-perfect p–p stacking distance of
about 3.4 � with a cross-angle[28] of 608. On examining the
packing in the solid state of the empty triangles, no p–p

stacking is detected (Supporting Information, Figure S4),
indicating that the binding of I3

� seems to induce this
extended supramolecular phenomenon. The anion-induced
p–p stacking of the triangular prisms (Figure 4b) leads to the
stereocontrolled formation of single-handed helices,[29] with
every three triangles constituting one pitch of the helix with
a repeat of 25.6 �. The helicity of the resulting super-
structures is controlled by the inherent chirality of the NDI-D
prisms themselves; that is, while the (�)-NDI-D prisms form
only right-handed (P)-helices in the solid-state, exclusively
left-handed (M)-helices are formed from the corresponding
(+)-enantiomer.

In summary, we have demonstrated, both by experiment
and by the application of theory, through-space orbital
interactions and the associated electron sharing phenomena
in triangular, redox-active NDI prisms. The resulting elec-
tronic communication among the NDI units leads to six
individually accessible redox states in the prisms, which is an
unusually large number for such a relatively small organic
molecule. Compounds with many readily accessible redox
states (which include C60 as a well-known and much inves-
tigated example)[30] open the door to potential applications[31]

in the field of molecular electronics. The orbital interactions
between the NDI units in the molecular prisms also render
their electron deficient cavities ideal for studying anion–p

interactions. This property is demonstrated by the encapsu-
lation of linear I3

� anions inside the prismatic cavities, causing
a profound change in the packing of the prisms in the
extended solid-state superstructures. The inclusion of I3

�

anions induces p–p stacking of the chiral prisms into one-
handed supramolecular helices, providing us with a rare
emergent example of anion-induced self-assembly with
potential as ion-channels.[12] The chirality invested in the six
stereogenic centers in the occupied prisms dictates the
handedness associated with their packing in the solid state
to be either right- or left-handed.
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