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ABSTRACT: Two distinct structural elements that render z-systems nonplanar, ie.,
geodesic curvature and helical motifs, have been combined into new polyarenes that
contain both features. The resultant corannulene—[n]helicenes (n = S, 6) show unique
molecular dynamics in their enantiomerization processes, including inversion motions of
both the bowl and the helix. Optical resolution of a corannulene-based skeletally chiral
molecule was also achieved for the first time, and the influence of the bowl-motif

annulation on the chiroptical properties was investigated.

Corannulene-Helicene
Hybrid

C orannulene, the smallest geodesic (bowl-shaped) polyar-
ene, consisting of five radially fused benzene rings, occupies
a venerated position among nonplanar 7-systems.”” Notable
properties of this simple trigonal-carbon framework include high
electron-accepting ability, facile bowl-to-bowl inversion dynam-
ics, and unique chemical reactivity.” Although many 7-extended
corannulenes have been synthesized,ze‘f skeletally chiral cor-
annulene derivatives have been little-studied. The corannulene
cyclotrimer reported by Sygula (1) (Figure 1a, left) is one of the
rare examples, with three [S]helicene fjord regions and three

a. corannulene-based skeletally chiral n-systems

b. corannulene-[n]helicenes (this work)
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Figure 1. Corannulene-based skeletally chiral z-systems.
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distinct corannulene moieties, each of which has a different bowl-
to-bowl inversion barrier.” We also reported that warped
nanographene (2) (Figure 1a, right), a new class of nanocarbon,
exhibits chirality due to the presence of five helical hexa[7]-
circulene moieties centered on a corannulene core.” In that study,
wavelike dynamics of a chiral nanographene with multiple odd-
membered-ring defects was demonstrated in solution. As in these
molecules, the incorporation of a helical motif endows a
corannulene core with skeletal chirality and provides unforeseen
molecular behavior. To our surprise, however, no simple chiral
corannulene fused with just a single helical motif has ever been
reported.

Helicenes are helical ortho-fused polycyclic aromatic com-
pounds whose #-electron systems are characterized by non-
planarity, large optical rotations, and dynamic behavior.” To
modulate such properties, 7-extension of helical motifs is an
effective strategy and has become a recent trend.” Nevertheless, it
is still unclear how bowl annulation affects helical 7-systems.
Thus, we were motivated to explore the properties and behavior
of the prototype corannulene—[n]helicenes 3a—c (Figure 1b).

For the synthesis of corannulene—[n]helicenes, we selected
formyl corannulene (4) as a bowl-shaped starting material and
employed photocyclizations to construct the helicene moieties.
Wittig reactions of 4 with ylides derived from phosphonium salts
Sa—c afforded the corresponding stilbenes 6a—c (Scheme 1).
Subsequent photocyclization of 6a—c successfully furnished the
target corannulene—[n]helicenes, where n = S for 3a and 6 for 3b
and 3c. For steric reasons, presumably, a structural isomer 7a was
also produced during the photocyclization of 6a (3a:7a = 3:2).
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Scheme 1. Synthesis of Corannulene—[n]Helicenes
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The formation of 7a was unexpected, because few examples are
known to involve photocyclization at the less reactive -position
of a naphthalene onto a large polyarene composed of three or
more fused benzene rings.8 In the photocyclizations of 6b and 6c,
structural isomers 7b and 7c were the dominant products (3b:7b
= 3c:7c = 2:3). The greater steric congestion during [6]helicene
formation probably accounts for the observed partitioning.

An important aspect of the structures of corannulene—
[n]helicenes is the existence of two diastereomeric forms. The
terminal ring of the helicene can face either the convex or concave
surface of the bowl. Helix inversion results in P and M helicenes,
producing four stereoisomers in total (convex-P, concave-P,
convex-M, and concave-M).

X-ray crystallographic analysis of a racemic single crystal of 3b
confirmed the distortion caused by the combination of the bowl
and the helix, with the molecule adopting a convex form (Figure
2). Structural parameters of the two crystallographically
independent molecules of convex-3b in the crystal and the two
parent molecules, corannulene and [6]helicene, are listed in

Figure 2. X-ray crystal structure of 3b. The ORTEP drawing of one of
two crystallographically independent molecules (convex-P-3b) is shown
with 50% probabilities.
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Table 1. While corannulene has a Cs,-symmetric structure, the X-
ray crystal structure of convex-3b shows significant bond length
changes. For example, the rim bond a, which is annulated with the
helical motif, is greatly lengthened to 1.439(3)/1.437(3) A
compared with 1.383 A for that of corannulene. The flank bonds b
and d and the hub bond ¢ were also lengthened slightly. The sum
of the four dihedral angles calculated from the four inner carbon
atoms of the [6]helicene moiety of convex-3b (96.8°/93.8°) was
larger than that of [6]helicene (86.8°). For the dihedral angles
individually, those near the termini of the helix (d and g) are
increased and those in the middle of the helix (e and f) are
decreased relative to the ones in [6]helicene.

Table 1. Structural Parameters of the X-ray Crystal Structures
of Corannulene,” [6]Helicene,'® and 3b”

corannulene: black & red
[B]helicene: black & blue
corannulene-[6]helicene (3b): all

corannulene [6]helicene 3b
bond a (A) 1.383 - 1.439(3)/1.437(3)
bond b (A) 1.446 - 1.460(3)/1.462(4)
bond ¢ (A) 1415 - 1.429(3)/1.430(3)
bond d (A) 1.446 - 1.473(3)/1.477(3)
dihedral d - 15.2° 27.4(3)°/26.4(3)°
dihedral e - 30.3° 25.9(3)°/24.2(3)°
dihedral f - 30.0° 24.8(3)°/25.3(3)°
dihedral g - 11.3° 18.7(3)°/17.9(3)°

“Bond lengths a—d for the X-ray structure of corannulene are averaged
values. Dihedral angles were calculated using four consecutive inner
carbon atoms inside the helix.

The frozen structure of 3b in the crystal is fixed in a convex
conformation, but it is expected to be flexible in solution. Hence,
to estimate the dynamic behavior of corannulene—[n]helicenes,
density functional theory (DFT) calculations at the B3LYP/6-
31G(d) level were performed on both the convex and concave
forms of 3a and 3b and the transition states for the bowl and helix
inversions. Substantial disparities between the thermodynamic
stabilities of the convex and concave conformations were found;
convex-3a is more stable than concave-3a by 7.5 kcal'mol ™', and
convex-3b is more stable than concave-3b by 6.3 kcal-mol ™. These
results clearly derive from the differences in steric congestion
between the two forms. For example, the nonbonded distance
between the two helicene termini in the optimized structure of
convex-3b is significantly shortened in concave-3b (3.294 A vs
3.061 A, respectively). Barriers for bowl-to-bowl inversions from
the convex to the concave conformation were also estimated to be
10.6 kcal-mol™ for 3a and 10.1 kcal-mol ™ for 3b. These values are
slightly lower than that for pristine corannulene (~11.5 kcal-
mol~1),>%¢ reflecting the steric influence of the helical motifs on
the corannulene motifs during the inversions. The calculations
indicate that the convex form is the greatly favored conformation
and that fast interconversion between the two diastereomeric
forms should occur in solution. These conclusions are consistent
with the '"H NMR spectra, which exhibit signals for just 16
hydrogens for 3a, 18 hydrogens for 3b, and 17 hydrogens for 3c.

As with the slightly lowered bowl-to-bowl inversion barriers,
the calculated helix inversion barriers of 3a (20.9 kcal-mol™) and
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3b (34.6 kcal'mol™') predict easier racemization processes
relative to those of pristine [5]helicene (24.1 kcal-mol™)"" and
[6]helicene (362 kcal'mol™),"* respectively. Conventional
transition states with face-to-face oriented terminal rings of the
helicene moieties were found for each compound. The curved
structures of the corannulene moieties, which resemble the
deformations seen in the transition states, help to lower the
energetic costs for the helix inversions in 3a and 3b.

Enantiomerizations of corannulene—[n]helicenes require both
of the two inversion motions discussed above. Namely, when
starting from the thermodynamically most stable convex forms,
either one of the inversions of the two flexible motifs, bowl or
helix, takes place first to generate a corresponding concave form.
Then subsequent inversion of the other motif completes the
enantiomerization (Figure 3).

o -1
Ts2 Tgp  (kealmol™)
34.6 34.6
{TS1-P b ot TS1-M 4
S ioa . concave-P w concaveM T qoq %

convex-P '
—
0.0
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= transition states during helix inversions
= {ransition states during bowl-to-bowl inversions
ground states

Figure 3. Interconversion pathways of 3b as a representative of
corannulene—[n]helicenes. Relative Gibbs free energies (AG) were
calculated at the B3LYP/6-31G(d) level at 298.15 K and 1 atm. See
Figure S6 for the interconversion pathways of 3a.

Fortunately, optical resolution of convex-3b was achieved by
means of HPLC equipped with a COSMOSIL chlolester column
(Figure S3). To the best of our knowledge, this is the first example
of a successful separation of enantiomers of a corannulene-based
skeletally chiral molecule.'” With the enantioenriched sample in
hand, a kinetic study of the thermal racemization process of
convex-3b in 1,2,4-trichlorobenzene solution was performed by
monitoring the decreasing enantiomeric excess (ee) by HPLC
(Figures S4 and SS). The activation parameters of the helix
inversion were experimentally determined to be AH¥ = 31.5 kcal-
mol™! and AS* = —6.9 cal-mol™-K™!, giving AG* = 33.5 keal:
mol ™" at 25 °C. This value is smaller than that for helix inversion of
[6]helicene and agrees well with the calculations.

The UV—vis absorption spectrum of 3b (CHCl;) shows
maxima at 418 nm (& = 1.6 X 10° M™"-cm™), 315 nm (£ = 4.8 X
10*M ™ .cm™),289 nm (e =4.1 X 10* M~ -cm™"), and 263 nm (&
= 6.0 X 10* M~":em™"), with a shoulderlike absorption around
343 nm (Figure 4). The fluorescence maxima appear at 425 and
447 nm (g = 0.06) (Figure S7). The circular dichroism (CD)
spectrum of the faster-eluting peak (>99% ec¢) in the HPLC
separation exhibits a positive Cotton effect in the region 300—430
nm (Ae*? ™ =+168 M~"-cm™") and negative ones below 300 nm
(Ae* ™ = —231 M~".cm™). From the CD spectrum simulated
by TD-DFT calculations, this faster-moving enantiomer was
assigned as convex-P-3b (Figure S8). The overall CD spectrum is
similar but is red-shifted with smaller ellipticity relative to that of
P-[6]helicene (A ™ = 4259 M~L-cm™ and Ag?* ™™ = —272
M~ hem™)."* The specific rotation of convex-P-3b was also
determined to be [a]3 +4037 (c=0.0108, CHCL;), which is larger
than the value [a]¥ +3707 (c = 0.082, CHCL,) for P-[6]helicene.
In contrast to the cases of the hitherto-reported z-extended
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Figure 4. UV—vis absorption (black) and CD (red) spectra of 3b. The
faster-eluting enantiomer was used for the CD measurement.

helicenes, corannulene annulation confers an additional optical
rotatory power on the helicene core.”>"

Cyclic voltammetry of 3b was performed to investigate the
electrochemical behavior of the corannulene—[n]helicene hybrid
m-systems. As in the case of corannulene,”” 3b showed an
irreversible one-step oxidation wave with a peak potential (E,) of
1.14 Vvs FcH/FcH" in acetonitrile. On the other hand, the good
electron-accepting ability of corannulene was maintained,'® and
two reversible reduction waves were observed in THF with half-
wave potentials (E, ) of —2.35 and —2.65 V vs FcH/FcH*.

Magnetic shielding effects of the ring currents in corannulenes
have previously been reported to move chemical shifts upfield by
2to Sppm. '7 All of these effects, however, were measured over the
concave surfaces of corannulenes. The uniquely fixed aromatic
rings over the corannulene moiety in our compounds, on the
other hand, are suited for probing ring current effects over the
convex surface of a geodesic 7-system. The 'H NMR signal of the
tert-butyl group of 3¢, whose convex form is also predicted to be
favored over the concave form by 7.2 kcal-mol ™, is shifted upfield
by ca. 0.65 ppm compared with the signal of the t-Bu group in 7¢
(0.94 vs 1.59 ppm, respectively). Consequently, the t-Bu group
probe in 3¢ provides the first experimental evidence that magnetic
shielding over the convex surface of corannulene is not as great as
that over the concave surface.

NMR spectral calculations predict chemical shifts of 0.87 ppm
for the t-Bu group in convex-3c¢ and —0.06 ppm for that in concave-
3¢, as averaged values of the chemical shifts of the nine H atoms in
the optimized structures (Figure S). The sizable difference in
these predicted chemical shifts presumably reflects the divergence
of the shielding effect on the convex face and the convergence of
the shielding effect on the concave face. The good agreement
between the experimentally observed chemical shift of the t-Bu

convex-P-3¢ concave-P-3c
-Bu group: 0.87 ppm (caled.) +-Bu group: -0.06 ppm (calcd.)
(0.0 kecal-mol-") (7.2 keal-mol-')

Figure 5. Divergent and convergent shielding effects in the geodesic
polycyclic z-systems. "H NMR chemical shifts were calculated at the
B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d) level with SiMe, (0.0 ppm)
as a reference.
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group in 3c and that calculated for convex-3c adds further support
to the conclusion that the convex form predominates not only in
the solid state but also in solution.

Compound 3c is one of the first molecules designed to probe
the magnetic environment above the convex surface of
corannulene. Following the lead of this NMR study, further
studies with other strategically placed groups in helicene moieties
could lead to even more interesting results. Similarly, because
corannulene can be an aromatic ligand for alkali and transition
metals™ '® and helicenes also can coordinate with metals in a
tweezer fashion,'” properly designed corannulene—[n]helicenes
could serve as a new type of molecular tweezers with geodesic
curvatures by utilizing their intramolecularly proximal 7-systems.

The corannulene—[n]helicenes provide fundamental insights
into a little-explored combination of geodesic curvature and a
helical motif. On these characteristic 7-systems, the theoretical
and experimental studies reveal that the two merged nonplanar
motifs, bowl and helix, mutually affect each other’s inversion
motions, lowering both energetic costs. Optical resolution of the
corannulene-based skeletally chiral z-systems was accomplished
for the first time, and the influence of bowl annulation on the
chiroptical properties of [6]helicene was determined. Addition-
ally, it proved possible to probe the magnetic environment above
the convex surface of the corannulene core using the 'H NMR
signal of a tert-butyl group attached to the helicene moiety.
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