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ABSTRACT: The synthesis of 11a,25a-dibora-11,12,25,26-
tetraoxatetranaphtho[1,2-a:2',1'-f:1",2"-j:2",1""-0]perylene, a double
[7]heterohelicene containing OBO units, has been achieved via tan-
dem demethylation-borylation, representing the highest double heli-
cene reported thus far with all six-membered rings. Single-crystal X-ray
analysis clearly demonstrated a significantly twisted structure with the
terminal aromatic rings overlapping at both ends, giving the first exam-
ple of a double helicene with intramolecular n-layers. Such structural
features resulted in a high theoretical isomerization barrier of 45.1
kcal/mol, which is the highest value for all the double helicenes ever
reported, rendering the achieved molecule with high chiral stability.
The (P,P)- and (M,M)-isomers were separated by chiral HPLC and the
chiroptical properties were investigated, revealing opposite circular
dichroism responses.

Helicenes, which are screw-shaped helical n-skeletons with ortho-
fused aromatic rings, have attracted continuous attention due to their
inherent chirality that has led to promising applications in asymmetric
catalysis, molecular recognition, molecular machines, and chiroptical
devices.! With more ortho-annulated rings, the helical n-system starts to
form additional layers, i.e., the helicene skeleton covers more than one
whole rotation of a helical twist (360°). [n]Carbohelicenes, where n
represents the number of ortho-fused benzene rings, exhibit a double
layer when n = 7 and a triple layer when n = 13.2, During the past dec-
ades, significant progress has been made in pushing the limit of higher
homologues of [n]helicenes,’ and [16]carbohelicene was achieved in
2015 as a new record.* While carbohelicenes have dominated the
helicene chemistry over the past century, heterohelicenes have recently
emerged as a new class of attractive molecules through incorporation of
heteroatoms in the helical frameworks, providing different catalytic and
optoelectronic properties as well as new synthetic entries to such
chiroptically active skeletons.®

On the other hand, helicenes with multihelicity can offer diverse
conformations, increased nonplanarity, and three-dimensional inter-
molecular interactions.® In particular, intensive effort has been devoted
to the synthesis of double helicenes (structures with two helicenes
fused together), including both double carbohelicenes” and double
heterohelicenes® (Figure 1). However, double helicenes thus far re-

ported are only single layered structures. As to double helicenes with all
six-membered rings, their length is limited to double [6]helicene while
thiophene-fused double [7]helicene was reported as the longest double
helicenes by incorporating five-membered rings,” which nevertheless
do not establish overlap between the terminal aromatic rings due to the
smaller turning angle of five-membered rings. Compared to the inspir-
ing advances in the synthesis of double- and even triple-layered mono-
helicenes, a double helicene with layered structures at both ends has
remained elusive due to the challenge in synthesis

Selected examples of double carbohelicenes:
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Figure 1. Representative examples of double helicenes.

Herein, we report the first example of a layered double helicene, a
highly strained OBO-fused double [7]helicene 1 with all six-membered
rings (Scheme 1). Single crystal X-ray analysis elucidated a substantial
overlap between the terminal benzene rings, which provided the high-
est reported isomerization barrier for double helicenes as revealed by
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DFT calculations and thus excellent chiral stability, facilitating the
successful optical resolution of the chiral isomers.

Scheme 1. Synthetic route to double [7]heterohelicene 1.

MgBr ‘
i S gy
SHse .
MeQ O

MeO
Br Br THF,80°C, 48 h
Br then H*/H,0 O

18% ‘
3

Recently, Hatakeyama et al. and our group independently reported
the skeleton of 9a,19a-dibora-9,10,19,20-
tetraoxatetrabenzo[ a,fj,0 ]perylene, that is, a double [S]heterohelicene
G (Figure 1) through different methods.** In this work, we demon-
strate the synthesis of the unprecedented double [7]helicene 1 via

tandem reactions of demethylation and direct C—H aryl borylation
(Scheme 1).#° Hexabromobenzene 2 was treated with (2-
methoxynaphthalen-1-yl)magnesium bromide in THF for 48 h fol-
lowed by quenching with dilute hydrochloric acid to provide 1,2,4,5-
tetrakis(2-methoxynaphthalen-1-yl)benzene (3) in 18% yield. Then a
solution of compound 3 in o-dichlorobenzene (ODCB) was heated in
the presence of BBr; at 180 °C to build up the OBO-fused double
[7]helicene 1 in 7% yield after purification by column chromatography.
The yield is apparently much lower than that in the case of double
[S]helicene G (over 90%),% probably because of the high strain during
the ring closure. The chemical structure of double [7]helicene 1 was
characterized by 'H, *C, and 2D NMR as well as high-resolution
MALDI-TOF MS. A well-resolved '"H NMR spectrum was obtained in
THF-ds (see the Supporting Information). It is noteworthy that the
signals assigned to the naphthalene B-positions on the terminal rings
appeared at 6.88 and 6.57 ppm, reflecting the m-overlap at the terminal
rings, which resulted in a high shielding effect.

(PP) ) (M, M)

Figure 2. Single crystal structure of OBO-fused double [7]helicene 1.
(a) Top view and (b) side view of (P,P)-1. Thermal ellipsoids are
shown at 50% probability. Hydrogen atoms are omitted for clarity. (c)
Crystal packing structure of 1 viewed along the b axis.

The single crystal of compound 1 was grown by slow evaporation of
its solution in CH>Cl/hexane and its double [7]helicene structure
unambiguously determined by X-ray crystallography. As depicted in
Figure 2, two [7]heterohelicene substructures are fused together,
sharing a common benzene ring. Seven ortho-annulated six-membered

rings clearly cover more than one circle of a helical turn, with the two
terminal benzene rings overlapping onto each other. The pitch distance,
which is defined as the average distance between the outer rim atoms
from different layers, is 4.63 A, close to the value of [7]carbohelicene
(4.64 A).1* The layered structure makes the molecule more twisted
than the OBO-fused double [S]helicene G. In addition, the central
benzene ring is highly distorted, with the dihedral angles of 27.8° for
C1-C2-C3-C4, 28.7° for C1-C6-C5-C4, and 26.5° for C2-C3-C5-C6
(23.5°, 24.6°, and 22.3°, respectively, for those of compound G).% The
bond lengths of the central benzene ring (e.g. C1-C2: 1.411 A; C2-C3:
1.427 A; C3-C4: 1.409 A) are also longer than those of planar benzene
(about 1.39 A), indicating the n-distortion. Nucleus-independent
chemical shift (NICS) calculations revealed the low aromaticity of the
central benzene with a NICS (0) value of 4.9 ppm (Figure S3), much
lower than that of benzene (-7.6 ppm, calculated at the same level of
theory) as a result of the strong distortion. In one unit cell, two enanti-
omers, (P,P)-1 and (M,M)-1 are present in aratio of 1 : 1. As illustrated
in Figure 2c, homochiral molecules are packed along the a axis, where-
as along the ¢ axis, heterochiral molecules are packed alternately.
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Figure 3. (a) Normalized absorption and emission spectra of com-
pound 1 in CH,CL solutions. (b) Molecular orbitals and their energy
diagrams calculated by TD-DFT at the B3LYP/6-31G(d) level. H:
HOMO; L: LUMO.

The absorption spectrum of 1 recorded in CH»CL solutions (Figure
3) exhibited a maximum at 376 nm (absorption coefficient: 6.2 x 10*
M cm™) which is significantly red shifted compared with that of
double [SThelicene G (310 nm).% The absorption onset of 1 is 479 nm,
corresponding to an optical energy gap of 2.59 eV, which is lower than
that of double [S]helicene G (2.88 eV) due to the extended -
conjugation. According to TD-DFT calculations, the low-energy ab-
sorption band from 400 to 500 nm is assignable to the
HOMO->LUMO transition. The band at 376 nm is attributed to
almost equal contributions of HOMO-1-LUMO and
HOMO->LUMO+1 transitions. These orbitals are delocalized over
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the entire double helicene skeleton, and boron atoms play an im-
portant role in HOMO-1 and LUMO+1. Compound 1 displayed a
green-yellow fluorescence with the emission maximum at 487 nm and a
quantum yield of 26%.

(a)

(b) . ;

P-isomer M-isomer

0.0 0.0

Figure 4. Isomerization process of (a) double helicene 1 from (P,P)-
isomer to (P,M)-isomer and (b) [7]carbohelicene from P-isomer to M-
isomer. The relative Gibbs free energy (kcal/mol) was calculated at the
B3LYP/6-31G(d) level.

The isomerization process of double [7]helicene 1 was further stud-
ied by DFT calculations at the BALYP/6-31G(d) level. As illustrated in
Figure 4, the twisted (P,P)- or (M,M)- conformation is thermodynami-
cally more stable than the (P,M)-conformation by 4.4 kcal/mol, which
is consistent with the fact that only (P,P)- and (M,M)-isomers were
experimentally observed. The isomerization from the chiral (P,P)- or
(M,M)-isomer to the achiral (P,M)-isomer proceeds through the
transition state (TS) where the terminal benzene rings are oriented in a
face-to-face manner. The energy barrier for the isomerization process is
calculated to be 45.1 kcal/mol, which is the highest among the values
for all reported double helicenes.”” Notably, the isomerization barrier
of the OBO-fused double [7]helicene is higher than that of
[7]carbohelicene (42.0 keal/mol), indicating the advantage of double
helicenes over monohelicenes in terms of conformational stability.

The high isomerization barrier enabled the optical resolution of
double [7]helicene 1 by using chiral HPLC on a Daicel Chiralcel IE
column (eluent: EtOAc/MeOH = 9 : 1). Two peaks were observed in
the chiral HPLC analysis (see the Supporting Information), corre-
sponding to the two enantiomers of 1. After the separation by prepara-
tive chiral HPLC, the circular dichroism (CD) spectra of the two
isolated fractions displayed perfect mirror symmetry, indicating that
they are enantiomers with opposite helicity (Figure S). The simulated
CD spectra of (P,P)-1 and (M,M)-1 were in good agreement with the
experimental results, and revealed that the first peak corresponded to
(M,M)-isomer and the second peak to (P,P)-isomer. In order to exam-
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ine the chiral stability of double [7]helicene 1, enantiomer (P,P)-1 and
(M,M)-1 were respectively heated up to 200 °C and monitored by
chiral HPLC. No racemization was observed for 24 h, highlighting
good conformational stability due to the high isomerization barrier.
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Figure S. (a) CD spectra of the two enantiomers of 1 separated by
chiral HPLC in CH:CL. (b) Simulated CD spectra of (P,P)-1 and
(M,M)-1 based on TD-DFT calculations at the B3LYP/6-31G(d)
level.

In summary, the first double [7]helicene with all ortho-fused six-
membered rings has been achieved, inspite of the high strain built up in
the synthesis. As evidenced by NMR analysis and X-ray crystallography,
the terminal aromatic rings of the OBO-fused double [7]helicene
exhibited significant overlaps at both ends, representing the first exam-
ple of a layered double helicene. This feature endowed the molecule
with the highest isomerization energy barrier (45.1 kcal/mol) among
all reported double helicenes. The enantiomers were separated by
chiral HPLC, exhibiting mirror-image CD spectra, which are consistent
with DFT modelling. This work has demonstrated the efficacy of the
direct aryl C—H borylation method in the synthesis of highly strained
molecules, and will stimulate more efforts on pushing the limit towards
higher double helicenes and further exploring their functional proper-
ties.
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Crystallographic data for 1 (CIF)
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