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ABSTRACT: A number of C- and S-shaped perylene diimide
(PDI) heterohelicenes with high dipole moments were synthesized
from simple perylene tetrabutylester (PTE). Taking advantage of
the weak coordination ability of the sterically crowded peri ester
groups in PTE, efficient Rh(III)-catalyzed 2,8- and 2,11-
bisiodinations of the perylene core were realized. The 2,8- and
2,11-diiodinated PTEs and PDIs represent key synthons for further
ortho-m-extensions. In contrast to most helical 7-skeletons that
feature loose molecular packings, enantiomerically pure C-shaped
PDI azahelicenes adopt unique spiral-stair-like 7-stacking super-
structures.

H elical z-systems, such as helicenes and their derivatives,
that possess superb chiroptical properties and con-
jugated molecular orbitals are among the most promising
candidates for chiral organic semiconductors." On the other
hand, with eflicient exciton diffusion and charge transport, the
one-dimensional (1D) z-stacking structures of 7-conjugated
molecules represent prime candidate building blocks for device
miniaturization in various electronic and optoelectronic
applications.” However, most screw-shaped distorted 7-
skeletons, especially the enantiomerically pure ones, can only
adopt a loose molecular packing in the solid state.”* This kind
of dilemma is also encountered in other 7-systems with large
steric hindrance® or charge repulsion.’

To boost the electrical performance of helical 7-systems
while maintaining the high circular polarization selectivities, we
recently described a skeleton-merging approach toward ortho-
n-extended perylene diimide (PDI) double-[7] heterohelicenes
through the distortion of the PDI core (acceptor, A) with four
fused indoles or benzothiophenes (donor, D).”® The PDI
double helicenes (I, Scheme 1la) can thus inherit a high
dissymmetry factor from the helical skeleton while maintaining
an adequate level of the charge transport property. Compared
to these symmetric fused D—A systems, their asymmetric fused
counterparts, such as C- and S-shaped z-extended PDI
heterohelicenes (II and III, respectively, Scheme 1b), can be
characterized by large dipoles. The distribution of their
molecular orbitals and crystal packing might be effectively
tuned by strong dipole—dipole interactions in combination
with other noncovalent interactions, leading to high carrier
mobilities.” With this consideration, we herein report an
efficient synthetic route for selective “ipsilateral (C-shaped)”
and “contralateral (S-shaped)” z-extensions of the PDI core
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starting from simple perylene tetrabutylester (PTE). The
involvement of distinct heteroatoms (N, O, and S) finely tunes
the absorption profiles and energy levels of the newly formed
C- and S-shaped PDI heterohelicenes. Moreover, unlike the
proposed arrangements of planar z-skeletons in most face-to-
face 7—r stacked helical columns (Scheme 2a), enantiomeri-

Scheme 2. Dispositions of 7-Skeletons in (a) Face-to-Face
and (b) Spiral-Stair-Like 7—z Stacked Helical Columns
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cally pure C-shaped PDI heterohelicenes assembled into
unique spiral-stair-like z-stacking structures through the
interplay of steric repulsion, z—n stacking, and dipolar
interactions (Scheme 2b).

Initially, we evaluated the dipole moments of a series of
indole-fused helical 7z-systems I-NH, II-NH, and III-NH
(Scheme 1c) by performing DFT calculations using B3LYP/6-
31G(d) method. C-Shaped II-NH and S-shaped III-NH
exhibit much higher dipole moments (3.9 D for II-NH and
1.8 D for III-NH) than tetraindole-fused PDI I-NH (0.3 D),
which confirmed the large dipoles of asymmetric fused D—A
conjugated skeletons systems.

Encouraged by this result, we planned to synthesize II and
III from 2,11- and 2,8-diiodinated PDI derivatives, respec-
tively, via ortho-m-extensions.” Based on our recent developed
efficient Rh(III)-catalyzed ortho-C—H iodination of PDIs, a
mixture of 2,5-, 2,8-, and 2,11-diiodinated PDI derivatives
could be produced in moderate yields.'’ It is, however, well-
known that the isolation of these kinds of isomers is rather
difficult, if not impossible, due to their similar polarities,
especially on a relatively large scale."' Compared with imide
carbonyls in PDIs,'” the neighboring peri-ester substituents in
PTE are more sterically crowded, which favors selective 2,8-
and 2,11-bisiodination on the perylene core."> More than that,
PTE is much more soluble than PDIs and thus might favor the
following transformations. However, the ester group is more
weakly directing than amide groups,'* which might make the
development of such protocols difficult. To our delight, our
Rh(III)-catalyzed ortho-C—H iodination strategy is also
applicable to PTE. The reaction of PTE (1) with N-
iodosuccinimide (NIS) in the presence of S mol %
[Cp*RhCL],, SO mol % AgSbF,; and 1.1 equiv of Cu-
(OAc),-H,0 in 1,1,2,2-tetrachloroethane (TCE) at 80 °C for
16 h led to the selective formation of two diiodinated PTEs as
a mixture in a 47% yield (Scheme 3 and Table S1). Small
amounts of pure 2 and 3 were isolated for structural
characterizations. The structure of 2,11-diiodinated PTE 3
was verified by '"H NMR spectroscopy and a 1D NOE
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Scheme 3. Selective Double ortho-C—H Iodinations of PTE
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experiment (Figure S1). The structure of less polar 2,8-
diiodinated PTE 2 was determined by both 'H NMR
spectroscopy (Figure S2) and single-crystal X-ray diffraction
analysis (CCDC 2082691 and Figure S3). The ratio of 2 to 3
(3:2) was calculated from 'H NMR spectra of the mixture
(Figure S4). Notably, a novel [Cp™**"Rhl,], complex featuring
a sterically crowded Cp™"™ ligand is more robust for these
transformations, allowing the formation of 2 and 3 in an 80%
yield. The gram-scale reaction (PTE, 5.0 mmol, 3.3 g) also
worked smoothly in the presence of this new precatalyst and
afforded the desired products in a 63% yield (2.9 g).

Then, the asymmetric fused PDI heterohelicenes were
constructed from the diiodinated PTEs through two different
approaches (Scheme 4). Treating mixture of 2 and 3 with
chlorosulfonic acid at room temperature for 4 h afforded a
mixture of diiodo-perylene dianhydrides (diiodo-PDAs) $ and
6 in a 99% yield (Scheme 4a). The direct condensation of the
diiodo-PDA mixtures with 2-octyldodecylamine produced 2,8-
L,-PDI 7 and 2,11-1,-PDI 8. They were separable from each
other and were isolated in 50% and 54% yields, respectively.
Starting from 7 and 8, S-shaped PDI double-hetero[S]-
helicenes 10a—c and C-shaped PDI hetero[7]helicenes 12a—
¢ were synthesized through regioselective z-extensions
(Scheme 4b and c, respectively). These “contralateral” and
“ipsilateral” m-extension methods are not contingent on the
PDI skeletons. As shown in Scheme 4d, S-shaped PDI double-
azahelicenes 10d and 10e and C-shaped PDI azahelicenes 12d
and 12e were readily produced from a mixture of diiodo-PTEs
2 and 3 through direct regioselective 7-extensions, followed by
hydrolysis and condensation. It is not necessary to separate the
corresponding isomeric products for each reaction step before
the last condensation.

The series of new PDI heterohelicenes all exhibited good
solubilities in common organic solvents, such as CH,Cl,,
CHCl;, THF, and toluene. Their helical structures were
confirmed by single-crystal X-ray crystallography analysis of
racemic 10d and 12d (Figure SS and CCDC 2082689 and
2082690, respectively). The UV—vis absorption spectra of
10a—c, 10e, 12a—c, and 12e in chloroform are shown in
Figure 1. Compared with pristine PDI, the C-shaped and S-
shaped molecules fused with same heteroaromatics display
similar bathochromic shifts due to the extension of -
conjugation. In contrast, fusions with different heterocycles

have drastic effect on the absorption spectra.15 The maximum
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Scheme 4. Modular Synthesis of C-Shaped PDI
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Figure 1. UV—vis absorption spectra of (a) 10a—c and 10e and (b)

12a—c and 12e (10 M in chloroform, 298 K).

absorption peaks for 10e (X = NH), 10a (X = NH), 10c (X =
S), and 10b (X = O) are 706, 666, 654, and 607 nm,
respectively. The electrochemical behaviors of these PDI
heterohelicenes were also compared using cyclic voltammetry
(Figure S6 and Table S3). The distinct orientations of the two
fused heteroaromatics in the C- and S-shaped molecules have
only tiny effects on their redox potentials, whereas the
incorporation of different heteroatoms can finely tune the
energy levels as a result of different electron-donating
properties of the N, S, and O atoms.

Through chiral high-performance liquid chromatography
(HPLC), enantiomers (P or M) of C-shaped PDI-azahelicenes
12a, 12d, and 12e were separated from each other. When the
diphenyl ether solution of 12a-P was heated at 523 K for 30
min and monitored by circular dichroism (CD) spectroscopy,
isomerization was not observed (Figure S8), indicating the
compound’s conformational stability.'® The dissymmetry
factors of these C-shaped skeletons achieved about half the
value of PDI double helicene 1.” In contrast, enantiomers of S-
shaped PDI heterohelicenes 10a—c were not separated due to
the much lower energy barriers of racemization.'” The stacking
behavior of 12a-P and 12d-P with different imide substituents
was then studied using UV—vis spectroscopy. In temperature-
dependent UV—vis spectra of 12a-P recorded in apolar
methylcyclohexane (MCH), the continuous small red-shift of
the absorption edge and the drastically decreased A,_o/Ay_;
ratio upon cooling suggest the formation of PDI aggregates.
The solid-state absorption spectra of 12a-P and 12d-P have
bandwidths and intensities similar to those in the spectrum of
12a-P (2 mM) in MCH at 283 K (Figure S11), indicating their
identical aggregation modes in both solution and the solid
state. Fortunately, single crystals of 12d-P and 12d-M were
both obtained by the slow diffusion of MeCN into their
dichloromethane solutions, and the solid-state structures were
elucidated by single-crystal X-ray diffraction (Figure 2 and
CCDC 2088594 and 2088593, respectively). The remarkable
solid-state packing of enantiomerically pure 12d features a
spiral-stair like superhelix structure. One helical turn is formed
by eight molecules and has a pitch of 2.0 nm. The position and
direction of each molecule gradually rotate around one axis. All
molecules direct the unsubstituted side of the PDI core to the
inner space of the helix and spread two indole rings to the
exterior (Figure 2a and b). To avoid steric repulsion, each
molecule needs to be slipped with each other, keeping the 7-
stacking between PDI cores and the n—7x overlap between
outward neighboring indole rings (Figure 2c). In addition, the
distribution of the dipole moments in a single column viewed
along the top of the column highlights that the dipoles cancel
within a helical pitch (Figure 2d)."®

In conclusion, we have designed and synthesized two novel
classes of PDI heterohelicenes using regioselective “contrala-
teral” and “ipsilateral” z-extension routes based on efficient and
selective Rh(III)-catalyzed 2,8- and 2,11-diiodinations of PTE.
The variation in the relative strengths of the donor moieties
(heteroaromatics) allowed the fine-tuning of the physicochem-
ical properties depending on the need. As large asymmetric
fused D—A systems, these helical s-systems exhibit strong
dipole—dipole interactions as well as 7—7 stacking interactions,
suggesting their advanced applications in optoelectronic
devices. The precise determination of the interactions between
twisted helicenes would help to investigate the stacking
structures directly and inspire the future development of 1D
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Figure 2. (a and b) Space-filling models of the helical 7-stacking
arrangements of enantiomerically pure 12d-P and 12d-M, respec-
tively. P-Helical turns are shown in red, and M-helical turns are shown
in blue. (c) Front view of z-stacks of 12d-P with distances between
the centroids of terminal indole or phenyl rings. (d) Top view of a
single turn in the helical superstructure of 12d-P. Hydrogen atoms in
panels ¢ and d and alkyl chains in panels a—d were omitted for clarity.

helical superstructures based on multifunctional 7z-skeletons
with even larger steric hindrance or charge repulsion.
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