Stereoselective Nanocarbon Imides Featuring 12-fold [5]helicenes
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ABSTRACT: Despite the great progress in research on chiral molecular nanocarbons containing multiple helicenes, controlling the
stereoselectivity is still a major challenge, especially when attempting to increase the number of helicene moieties. Herein, a novel
molecular nanocarbon imides composed of Cyo4 skeleton and eighteen imide groups was successfully synthesized via an inside-out
ring closing strategy involving repeated Suzuki-Miyaura coupling for C-C bond formation and photocyclic aromatization. Because of
the presence of quad-core twelvefold [5]helicenes, there are, in theory, more than one hundred stereoisomers. However, only one pair
of stereoisomers with D; symmetry was observed. Despite the large and rigid skeleton, the (3M,3M,3M,3M)+(3P,3P,3P,3P) enantio-
mers were successfully separated by chiral HPLC, and the chiroptical properties were investigated by CD spectroscopy.

INTRODUCTION

In recent years, the emerging areas of molecular nanocarbons,
such as research on corannulene, carbon nanorings, graphene
nanoribbons, nanographene, warped nanographene and cross-
dimensional molecular carbons, have undergone tremendous
development, leading to important innovations in material
science.'” Chirality is a fascinating geometric property of mole-
cules that are nonsuperimposable on their mirror images. Re-
cently, chiral molecular nanocarbons have attracted considera-
ble interest due to their great potential applications in chiral
catalysis, nanotechnology and organic electronics as a result of
their novel photophysical, electronic, and supramolecular prop-
erties.® For example, we recently reported a chiral molecular
nanocarbon named corannurylene pentapetalae, which exhibits
a unique honeycomb lattice and nearly isotropic charge
transport along six crystal planes.’

Helicenes are polycyclic aromatics with screw-shaped skele-

tons formed from ortho-fused benzene or other aromatic . )
Figure 1. Molecular nanocarbon Cjo4 featuring quad-core twelve-

rings.® To endow nanographene with chirality, some chemists fold [5helicenes.

successfully introduced helicenes into the structure to obtain

novel chiral molecular nanocarbons.” For instance, the synthe- on chiral molecular nanocarbons containing multiple helicenes,
sis and characterization of perylene diimide-embedded double controlling stereoselectivity in chiral molecular nanocarbons is
[8]helicenes and double [6]helicenes were reported recently by still a major challenge in chemical research, especially for struc-
us and Nuckolls’ group.'” Chiral nanographene propellers fea- tures with high numbers of multiple helicene moieties.

turing quintuple [6]helicenes, hexapole [7]helicenes and
[9]helicenes were also synthesized by our group and Wang’s
group.”"! Although great progress has been realized in research

We recently proposed a strategy for introducing two or more
compact helicene cores into nanographene, which could be



used to add helicene moieties that endow a molecular nanocar-
bon with chirality and an unusual conformation. However,
controlling the stereoselectivity of the topology of a structure
containing two or more helicene cores is the first issue to con-
sider. In our previous work, as a new attempt at such stereo-
chemical control, we designed and obtained a dual-core
nanocarbon imides featuring sixfold [5]helicenes."” It was en-
couraging that among the 28 possible stereoisomers, which
included 14 pairs of enantiomers, only one pair of enantiomers
with high symmetry ((3P,3P)+(3M,3M) enantiomers) was ob-
served. However, the stereoselectivity of larger molecular
nanocarbons with more helicene cores remains an attractive but
challenging goal.

As shown in Figure 1, when the twelve C-C bonds of nanog-
raphene containing 204 conjugated carbon atoms (Cay) were
sheared off, a novel molecular nanocarbon featuring quad-core
twelvefold [5]helicenes could be obtained. Because of the exist-
ence of twelvefold [5]helicenes, there are, in theory, more than
one hundred stereoisomers. Herein, we realized the stereoselec-
tive synthesis of molecular nanocarbon Cyy by introducing
precisely positioned imide groups. Molecular nanocarbon im-
ides 7 composed of a nanocarbon Cyy skeleton and eighteen
imide groups was successfully synthesized via an inside-out ring
closing strategy of repeated Suzuki-Miyaura coupling for C-C
bond formation and photocyclic aromatization. The NMR spec-
tra demonstrated that molecular nanocarbon imides 7 has a
highly symmetric stereostructure (D; symmetry). A designed
ring closing experiment further verified that the structure was
more likely to be 7A ((3M,3M,3M,3M)+(3P,3P,3P,3P) enantio-
mers) instead of 7B ((3M,3M,3M,3P)+(3P,3P,3P,3M) enantio-
mers). Despite the large size of the nanocarbon Cjy4 skeleton
containing twelvefold [5]helicenes, the enantiomers of 7A were
successfully separated by chiral HPLC, and the chiroptical
properties were investigated by CD spectroscopy.

RESULTS AND DISCUSSION

Synthesis. The synthetic routes to the molecular nanocarbon
imides 7 are shown in Scheme 1. To control the stereostructure
of the target nanocarbon imides 7, we initially chose three-
bladed triperylene hexaimides (TPH) as a building block that
has a Ds-symmetric stereostructure.”” As shown in route A,
monobromo-TPH 1 was obtained by bromination of TPH in
chloroform under reflux for 12 h. Compound 2 was synthesized
via a Suzuki coupling reaction between 1,3,5-benzenetriboronic
acid tris(pinacol) ester and monobromo-TPH 1 using
Pd(dppf)Cl; as the catalyst. Unfortunately, when compound 2
was dissolved in toluene containing a catalytic amount of I, and
irradiated, target product 7 was not observed. Next, we tested
other aromatization conditions, as shown in Table S1, but the
target product was still not obtained. We speculated that the
reactivity and stereostructure of the building block are very
important for the construction of nanocarbon imides 7. Then,
we designed the inside-out ring closing strategy as shown in
Route B. Monobromo-PDI 3 was obtained according to a
known procedure.'* We reported a synthetic method for Bpin-
PDL" Compound 4 was synthesized via Suzuki coupling be-
tween 3,5-dichlorophenylboronic acid and monobromo-PDI 3,
followed by photocyclization and bromination. Hexachlorinat-
ed TPH derivative 5 was acquired via Suzuki coupling between
compound 4 and 1,3,5-benzenetriboronic acid tris(pinacol)

ester followed by irradiation. Subsequently, compound 6 was
obtained in 30% yield via a sixfold Suzuki-Miyaura cross-
coupling reaction between hexachlorinated TPH derivative 5
and Bpin-PDI using Pd(PPhs)4 as the catalyst and K5POy as the
base. Notably, compound 4 was produced as a mixture of iso-
mers in a ratio of approximately 2:1, which can be verified by
its '"H NMR data (see the ESI). Therefore, compounds 5 and 6
are also produced as mixtures of isomers, but this does not af-
fect the construction of molecular nanocarbon imides 7. After
compound 6 was dissolved in toluene containing a catalytic
amount of I; and irradiated with a mercury lamp for 5 days at
room temperature, molecular nanocarbon imides 7 was ob-
tained in 30% yield. The molecular nanocarbon imides 7,
which have branched alkyl chains, and the related synthetic
intermediates have good solubility in common organic solvents
and were fully characterized by their '"H and "C NMR spectra
and high-resolution mass spectra.

Stereostructures. The '"H NMR spectrum of the molecular
nanocarbon imides 7 (Figure S1) revealed that the stereostruc-
ture has D; symmetry. The assignments of H; to Hg in the skele-
ton were determined from 'H-"H COSY, HMBC and ROESY
NMR spectra (Figures S2-S6). In the 'H-"H COSY spectrum in
Figure S2, the resonance signals at 9.20 and 9.48 ppm show a
strong coupling effect, and there is no long-range coupling
between the doublet signal at 9.48 ppm and the carbonyl car-
bon in the HMBC spectrum in Figure S3. Therefore, the dou-
blet signal at 9.48 ppm corresponds to H; in the bay region,
and the triplet signal at 9.20 ppm corresponds to H;. Based on
the similarity of TPH with compound 7, C;, Cs and Cy in com-
pound 7 should be at a position similar to that of C; in TPH,
producing a signal at 127.19 ppm in the HMBC spectrum (Fig-
ure S4). As shown in Figure S5, the two protons at 9.52 and
9.72 ppm couple with the carbon at 127.27 ppm, and the car-
bon shows no coupling with H; in the HMBC spectrum of
compound 7. Therefore, the two protons are assigned as Hs and
He. The ROESY spectrum in Figure S6 provides further critical
evidence confirming these assignments. There is an obvious
nuclear Overhauser effect between the protons at 9.72 and
10.15 ppm due to the close spatial distance between Hy and H;s
in the [5]helicene. Consequently, the resonance signal at 9.72
ppm corresponds to Hs, the signals at 10.15 and 9.52 ppm cor-
respond to Hy and Hg, and the signal at 10.37 ppm is attributed
to H;.

As shown in Figure 2, the molecular nanocarbon imides 7
with D; symmetry has two pairs of possible stereoisomers: 7A
((3M,3M,3M,3M)+(3P,3P,3P,3P) enantiomers) and 7B
((3M,3M,3M,3P)+(3P,3P,3P,3M) enantiomers). The energies of
the two isomers without branched alkyl chains at the imide
groups were calculated to have almost the same values and are
shown in Table S2. To further confirm the configuration of
compound 7 and probe the induction effect of the internal
TPH core on the stereoselectivity of the external TPH moieties
(Figure S7) in the inside-out ring closing strategy, we designed a
confirmatory experiment, as shown in Scheme S1. Instead of
hexachlorinated TPH derivative 5, dichlorinated TPH deriva-
tive 10 was synthesized under similar conditions which con-
tained a TPH core and two chlorine atoms to construct one of
the three external TPH moieties. Compound 11 was obtained
via Suzuki coupling between dechlorinated TPH derivative 10
and Bpin-PDI followed by irradiation with a mercury lamp.



Scheme 1. Synthetic Routes to Highly Symmetric Molecular Nanocarbon Imides”

Re c/\\//\ vii) / viii)

“Conditions: Route A: (i) Br,, CHCls, reflux, 12 h; Yield: 40%. (ii) 1,3,5-benzenetriboronic acid tris(pinacol) ester, Pd(dppf)Cl;, Na,COs,
THF/H,0, reflux, 12 h; Yield: 30%. (iii) hv, I, toluene, 25 °C, 120 h; Yield: 0%. Route B: (iv) 3,5-dichlorophenylboronic acid, Pd(dppf)Cl,,
K,;HPO,4, THE/H,O, 25 °C, 24 h; Yield: 90%. (v) hv, I, toluene, 25 °C, 24 h; Yield: 90%. (vi) Br,, CHCI;, 70 °C, 12 h; Yield: 90%. (vii)
1,3,5-benzenetriboronic acid tris(pinacol) ester, Pd(dppf)Cl,, KOAc, THF/H,O, 25 °C, 12 h; Yield: 70%. (viii) hv, I, toluene, 25 °C, 72 h;
Yield: 60%. (ix) Bpin-PDI, Pd(PPhs)s4, KsPOy4, toluene/H,O, 90 °C, 72 h; Yield: 30%. (x): ho, 15, toluene, 25 °C, 120 h; Yield: 30%.



Figure 2. Stereoisomers of Dj-symmetric chiral molecular nanocarbon imides 7A ((3M,3M,3M,3M)+(3P,3P,3P,3P) enantiomers) and 7B
((3M,3M,3M,3P)+(3P,3P,3P,3M) enantiomers) and corresponding optimized structures based on B3LYP/6-31G*. (The branched alkyl chains

at the imide groups are omitted for clarity).

We recently reported compound 11, which features dual-core
sixfold [5]helicenes and is present as (3M,3M)+(3P,3P) enanti-
omers with D, symmetry. Comparison of the 'H NMR spectra,
shown in Figure S8, it was confirmed that the D;-symmetric
molecular nanocarbon imides 7 is more likely the conformation
of 7A instead of 7B. The optimized structures of 7A and 7B are
also shown in Figure 2, from which it can be seen that in the
topology of 7B, the imide groups have large steric hindrance
during the internal and external PDI subunits.

Optical and Electronic Properties. To investigate the varia-
tion in the electronic properties of molecular nanocarbon im-
ides 7, UV/Vis absorption measurement was performed in a
CHCI; solution and compared with the properties of TPH. As
shown in Figure 3a, molecular nanocarbon imides 7 exhibits

intense absorption in the entire 300 to 600 nm region, with the
lowest-energy maximum at 595 nm. There are two main bands
for compound 7, with the highest molar extinction coefficient
of 277500 M™" ecm™ at 384 nm in the first band and 291200 M~
"em™ at 538 nm in the second band. Figure S9 shows that the
shape of the absorption curve of compound 7 is very similar to
that of TPH; however, the overall molar extinction coefficient
based on the two bands is approximately two times that of TPH,
with the lowest-energy maximum of 7 bathochromically shifted
by 79 nm. To the best of our knowledge, the molar extinction
coefficient of compound 7 is highest in the visible region,
which means that it is a great light-capturing material for the
visible region and has potential applications in various optoe-
lectronic devices. TDDFT calculations with the B3LYP func-
tional and the 6-31G* basis set predicted that the lowest energy



peak consists of several individual excitations with an envelope
peaking at 597 nm. The predominant contributions to this
peak are the transitions from HOMO-1 and HOMO-2 to the
LUMO+1 and LUMO+2 (Table S3). In line with the experi-
mental data, the theoretical spectrum shows a prominent peak
at 540 nm, arising from transitions from the 5 highest occupied
to the 8 lowest unoccupied orbitals. The fluorescence spectrum
of compound 7 is shown in Figure 3a and has an emission max-
imum at 620 nm. The small Stokes shift (25 nm) between the
absorption and emission bands can be attributed to the rigid
backbone containing multiple [5]helicenes. The fluorescence
quantum yield of compound 7 in chloroform is 15%. The elec-
trochemical property of compound 7 was investigated using
cyclic voltammetry in a CH,Cl; solution. As shown in Figure
S10, the LUMO level of compound 7 was determined from the
onset reduction potential to be -3.82 eV, which is the same as
that (-3.83 eV) of TPH, implying that 7 is a potential acceptor
for use in organic solar cells. The energy gap E, estimated from
the edge of the absorption spectrum is 2.0 eV. Thus, the
HOMO level of compound 7 is calculated to be -5.82 eV.
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Figure 3. (a) UV/Vis absorbance (black, 1x10°> M) and fluores-

cence (red, A = 583 nm) spectra of molecular nanocarbon imides

7 in CHCI; at room temperature. (b) CD spectra of compound 7

((+)-7A, red, (3P,3P,3P,3P); (-)-7A, black, (3M,3M,3M,3M)) in

CHCI; (1x10° M, 1 em path length).

Chiroptical Properties. Even though the nanocarbon Cyy
skeleton was large, the chiroptical properties of the molecular
nanocarbon imides 7 were investigated by circular dichroism

(CD) spectroscopy in CHCIs; TPH was analyzed for comparison.

The enantiomers (3M,3M,3M,3M)+(3P,3P,3P,3P) of compound
7A and the enantiomers (3M)+(3P) of TPH were separated us-

ing chiral high-performance liquid chromatography (HPLC)
(Figure S11). As shown in Figure 3b, the mirror-imaged CD
spectrum shows a complicated pattern of strong peaks in the
UV/Vis region with a Ag value in the range of £1000 M'em™.
In the visible region, the first HPLC fraction (tz=3.06 min)
demonstrated two impressive positive Cotton effects at 427 nm
(Ae=757 M 'em™, gu=Ag/e=3.0x107) and at the lowest energy
transition of 547 nm (Ae=498 M 'cm™, gu,=Ag/e=1.9x107),
and one negative Cotton effect at 489 nm (JAg=766 M~'cm™,
G=|Ag/€=2.9%107). The second eluted enantiomer (;z=3.96
min) produced a spectrum that was a mirror image of the spec-
trum of the first fraction. Moreover, the distribution and inten-
sity of the CD signals from compound 7 and TPH were com-
pared. As shown in Figure S12, the intensity of the peak at 256
nm produced by compound 7 is approximately 6 times that
produced by TPH, which is related to the cumulative increase
in the number of [5]helicene moieties with full-P or full-M
configurations. According to the TD-DFT calculations shown
in Figure S13, the second eluted enantiomer was assigned to
the (3P,3P,3P,3P)-configuration ((+)-7A, red line in Figure 3b).
Inevitably, the first eluted enantiomer that produced a mirror-
image spectra to that of (+)-7A was assigned to the
(3M,3M,3M,3M)-configuration ((-)-7A, black line in Figure
3b).

CONCLUSIONS

In summary, we achieved stereoselective synthesis of highly
symmetric chiral molecular nanocarbon imides featuring quad-
core twelvefold [5]helicenes by introducing eighteen imide
groups into the Cjo4 skeleton and adopting an inside-out ring
closing strategy. A particular advantage of introducing eighteen
imide groups into the Cyy skeleton is the enhanced steric hin-
drance effect from the multiple helicenes, in addition to the
additional modification sites. The large steric hindrance effect
from the overlapping imide groups helps prevent inversion of
the configuration. The inside-out ring closing strategy enables
configurational controllability via the induction effect of the
internal TPH core on the stereostructure of the external TPH
moieties. Moreover, the symmetry of the building block core is
very important to the stereostructure of the final molecular
nanocarbon. A highly symmetric building block core is often
able to construct molecular nanocarbons with high symmetry.
This work not only provides effective strategies for constructing
highly symmetric molecular nanocarbons featuring multiple
helicene moieties, but also provides a feasible way to directly
produce chiral molecular nanocarbons via the induction effect
of chiral seeds. Further exploration of the direct construction of
chiral molecular nanocarbons starting from monochiral build-
ing block with a TPH core is ongoing in our laboratory.
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