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ABSTRACT: Chiral polycyclic aromatic hydrocarbons con-
taining bis(1-adamantyl) groups at the peri-positions, named
equatorenes, were synthesized in optically pure form starting
from optically pure 4,5-bis(1-adamantyl)-8-methoxy-1-naph-
thol. A sequential Diels—Alder reaction of furan and arynes
generated from 1,2-bromotriflates provided tricyclic and
tetracyclic epoxides, and acid-catalyzed aromatization gave

phenanthrol and chrysenol. Deoxygenation reactions involving the hydrogenolysis

Ad Ad Equatorenes
OO Chiral polycyclic arenes
«._~2wn. Non-ortho-condensed structure

is. 4. .. Thermally stable

of triflates gave 1,8-bis(1-adamantyl)-

naphthalene, 1,10-bis(1-adamantyl)phenanthrene, and 1,12-bis(1-adamantyl)chrysene. 3,4-Bis(1-adamantyl)pyrene was
synthesized from phenanthrol by Sonogashira coupling and Pt-catalyzed cyclization. Essentially no racemization occurred
during the synthesis. X-ray analysis indicated the distorted naphthalene moiety possessing the peri-diadamantyl groups and the
flat structure of the other benzene rings. UV—vis analysis of the equatorenes showed considerable redshifts compared with that of
the corresponding achiral arenes. Electrochemical analysis of the naphthalene and pyrene indicated that the distortion decreased
the highest occupied molecular orbital stability with no marked effect on the lowest unoccupied molecular orbital energy level,

and the origin was discussed on the basis of calculation results.

B INTRODUCTION

Polycyclic aromatic hydrocarbons (PAH) are produced as raw
or pure materials in large quantities, and exploring their
properties is an important subject in organic chemistry as a
basis for the development of functional materials and
biologically active substances.' Many aromatic compounds
have planar sp* carbon structures, often with some protons
bound at the peri-positions, and 7-electrons on both sides of
their aromatic plane play critical roles in their reactivity and
properties. It is thus interesting to obtain chiral polycyclic
aromatic hydrocarbons by introducing distortions into the
aromatic system, since distorted z-systems can exhibit proper-
ties not shown by achiral derivatives. Helicenes, which contain
an o-condensed polycyclic arene skeleton for inducing helical
chirality, have been examined for chiral aromatic hydro-
carbons.” Their structure diversity, however, is limited because
of the intrinsic o-condensed rings, but a fusion with other
structures or rings partly alleviate this drawback.® In this regard,
several distorted non-o-condensed chiral polycyclic arenes,
particularly 1,8-disubstituted naphthalenes,* ® and related
compounds,”® have been examined. Although these com-
pounds had chiral structures, they could not be resolved
because of their low activation barrier of racemization. Thus, a
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general method of providing chiral arenes with sufficient
thermal stability to racemization is desired, which, for example,
will provide optically active naphthalenes and pyrenes.

We previously developed chiral naphthalene derivatives with
1,8-bis(1-adamantyl) groups, which do not racemize at ambient
temperature.” In this study, several chiral polycyclic aromatic
hydrocarbons were synthesized using the chirality exerted by
the bis(1-adamantyl) group at the peri-position: 1,8-bis(1-
adamantyl)naphthalene 1, 1,10-bis(1-adamantyl)phenanthrene
2, 1,12-bis(1-adamantyl)crysene 3, and 3,4-bis(1-adamantyl)-
pyrene 4 were synthesized in racemic and optically pure forms
(Figure 1). Such compounds were named equatorenes, which
have distorted structures at the equator plane of the molecules.
Spectroscopic and electrochemical analyses along with DFT
calculations were conducted to compare racemic, optically
active, and achiral arenes, which revealed notable physical

properties of equatorenes.
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Figure 1. Structures of equatorenes.

B SYNTHESIS

The synthesis of chiral polycyclic aromatic hydrocarbons
started from known (P)-4,5-bis(1-adamantyl)-8-methoxy-1-
naphthol (P)-§, which was synthesized from 6-(1-adamantyl)-
3-(t-butyldimethylsilyloxy)-2-iodophenyl trifluoromethanesul-
fonate and 2-(1-adamantyl)furan in five steps in 19% overall
yield containing an optical resolution in multigram quantities.’
The aryne Diels—Alder reaction was employed to extend the z-
system from bicyclic naphthalene to tricyclic phenanthrene and
tetracyclic chrysene.

The bromination of (P)-S with benzyltrimethylammonium
tribromide'® gave the bromonaphthol (P)-6, which was
converted to the triflate (P)-7 (Scheme 1). Aryne generation

Scheme 1. Synthesis of Phenanthrol (P)-9 and Chrysenol
(P)-13
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with methyllithium and the Diels—Alder reaction in furan
solvent were conducted giving the tricyclic epoxide (P)-8 as a
separable mixture of two diastereomers in 1:1 ratio in the yield
of 61%. The treatment of the isomeric mixture of (P)-8 with p-
toluenesulfonic acid provided the phenanthrol (P)-9 in 85%
yield. The presence of a hydroxy group at the 1-position was
determined by nuclear Overhauser effect (NOE) studies. Then,
another sequence of bromination, triflation, and aryne Diels—
Alder reaction in furan-THF (1:1) gave the tetracyclic epoxide
(P)-12 as a 1:1 mixture of diastereomers. The acid treatment of
(P)-12 gave chrysenol (P)-13 in 40% yield. The hydroxy group
at the 1-position was determined by NOE experiments. Starting
from racemic (+)-5, a racemic series of the tri- and tetracyclic
compounds (+)-9 and (+)-13 were obtained. The regiose-
lectivity in the acid-catalyzed ring-opening may be explained by

the stability of the benzyl carbocation intermediates formed by
the ring-opening.

Then, the above polycyclic compounds 5, 9, and 13 in
racemic and (P)-forms were converted to the corresponding
hydrocarbons by the hydrogenolysis of triflates. The naphthol
(P)-5 was demethylated with boron tribromide giving the ketol
(P)-14 in 50% yield (Scheme 2). Probably because of the steric

Scheme 2. Synthesis of Optically Active (P)-l
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repulsions and aromatic ring tension exerted by the peri-bis(1-
adamantyl) groups, (P)-14 was obtained in keto form. Reaction
of (P)-14 with triflic anhydride gave the bistriflate (P)-15 in
93% yield, which was subjected to hydrogenolysis using formic
acid in the presence of palladium acetate, and optically active
(P)-1 was obtained in 91% yield. HPLC analysis indicated
>95% ee (Supporting Information, Figure S2), and no
racemization occurred during the keto—enol interconversion
and hydrogenolysis. Racemic (#)-1 was synthesized from
(£)-14, which was obtained from 1,8-di(1-adamantyl)-5-(tert-
butyldimethylsilyloxy)-1,4-dihydro-1,4-epoxynaphthalene’ by
the removal of the silyl protecting group and acid treatment.
The removal of the oxygen functional groups in the
phenanthrol (P)-9 was conducted by stepwise hydrogenolysis
(Scheme 3). The hydroxy group in (P)-9 was reduced via

Scheme 3. Synthesis of Optically Active (P)-2
Ad Ad Ad Ad

O Pd(QAc),, dppp,
Sf

Pd(OAc),, dppp,

R HCOH, Et:N HCO,H, Et;N

90% 84%
OMe ° ’
(P)9:R=H THO,EtN  (P)-17: R = Me PhoPLi (P)-2
0,
(P)-16: R=Tf 92% (P)18: R=H o1%

TH,0, EtsN
(P19: R =Tf =) 05% °

triflate giving the 4-methoxyphenanthrene (P)-17. Then,
demethylation,'" triflation, and hydrogenolysis provided (P)-
2. Essentially no racemization was observed as indicated by
99% ee of (P)-2 (Supporting Information, Figure S3). Racemic
(£)-2 was obtained by the same method starting from (+)-9.
Using the same method, the chrysenols (P)-13 and (+)-13
were deoxygenated giving the chrysenes (P)-3 and (*)-3,
respectively (Scheme 4).

The chiral pyrenes (P)-4 and (+)-4 were synthesized from
(P)-19 and (+)-19, respectively (Scheme S). The Sonogashira
coupling with trimethylsilylacetylene, and deprotection gave the
4-ethynylphenanthrenes (P)-25 and (+)-25. Then, platinum-

Scheme 4. Synthesis of Optically Active (P)-3
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Scheme 5. Synthesis of Optically Active (P)-4
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catalyzed cyclization'” gave (P)-4 and (+)-4. The optical purity
>99% ee of (P)-4 was determined by HPLC analysis
(Supporting Information, Figure SS).

The sequential expansion of the aromatic ring system using
the aryne Diels—Alder reaction converted the chiral naph-
thalene 5 to the phenanthrene 2, the chrysene 3, and the
pyrene 4 without racemization. Four chiral polycyclic arenes, all
equatorenes, in racemic and optically pure forms were obtained,
and their properties were compared with the properties of
naphthalene, phenanthrene, chrysene, and pyrene to determine
the effect of the distorted aromatic 7-systems. Note that the
chiral version of all the polycyclic aromatic hydrocarbons can,
in principle, be obtained by introducing the bis(1-adamantyl)
group at the peri-position, and that chiral arenes do not
racemize under ambient conditions.

With regard to the thermal stability of the equatorenes,
kinetic studies on racemization in o-dichlorobenzene were
conducted to obtain the rate constants (k) and half-lives (T /,)
(Table 1). The T, for (P)-2, (P)-3, and (P)-4 at 120 °C were

Table 1. Rate Constants (sec™') and Half-Lives (min) of (P)-
1 (70 °C), (P)-2, (P)-3, and (P)-4 (120 °C) in o-
Dichlorobenzene (0.02 mM)

compound temp (C°) k/107* (sec™) Ty/, (min)
(P)-1 70 2.0 S8
(P)-2 120 2.5 46
(P)-3 120 2.6 44
(P)-4 120 0.85 140

longer than 40 min (Supporting Information, Figures S7, S8,
and S9). The stability of (P)-1 was lower, and T}, 58 min was
obtained at 70 °C (Supporting Information, Figure S6). The
order of the configurational stability (P)-1 < (P)-2 = (P)-3 <
(P)-4 increased with the number of benzene rings attached to
1,8-bis(1-adamantyl)naphthalene core. The results showed that
the compounds (P)-1, (P)-2, (P)-3, and (P)-4 can be treated by
usual manipulations at ambient temperature.

B CRYSTAL STRUCTURES

X-ray analysis'® of (+)-1 exhibited a distorted naphthalene ring
with two 1-adamantyl groups directed to both sides of the 7-
plane (Figure 2) with a dihedral angle, C19—C8—C1-C9, of
71.6°. C1 and C8 in the naphthalene ring at the peri-position
were separated by 0.090 nm above and below the naphthalene
mean plane, and the adamantyl carbons C9 and C19 were
separated by 0.282 nm. The angles C7—C8—C8a and C8—
C8a—C4a were 117° and 116°, respectively, with only a slight
distortion from the achiral naphthalene with 120°, which
indicated that the aromatic system was maintained. The
packing structure in the crystal showed that the adamantyl
groups are faced toward the aromatic rings of other molecules,

Figure 2. Thermal ellipsoid plot of (+)-1 (a and b) at 50% probability.
Hydrogen atoms are omitted for clarity. Two adamantyl groups are
removed for clarity in panel b. The packing structure of (+)-1 in the
crystal is also shown (c).

which was generally observed in equatorenes, as will be shown
in (£)-2, (£)-3, and (+)-4.

The A and B rings of the phenanthrene (+)-2 obtained by X-
ray analysis were similar to those of naphthalene (+)-1 with a
dihedral angle, C11-C1—-C10—C21, of 76.0° (Figure 3). The
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Figure 3. Thermal ellipsoid plot of (+)-2 (a, b) at S0% probability.
Hydrogen atoms are omitted for clarity. Two adamantyl groups are
removed for clarity in panel b. The packing structure of (+)-2 in the
crystal is also shown (c).

C ring had a flat structure, which was confirmed from the sum
of the internal angles of the C ring of 720°. C1 and C10 in A
and B rings, and the adamantyl carbons C11 and C21 lay above
and below the mean plane by 0.097 nm, and 0.299 nm,
respectively, which were again similar to those of (+)-1.

The X-ray structure of the chrysene (+)-3 in the naphthalene
moiety showed a similar tendency to those of (+)-1 and (+)-2
with a dihedral angle, C13—C1—C12—C23, of 79.2° (Figure 4).
The distances between C1 and Cl12, and between the
adamantyl carbons C13 and C23 were 0.103 and 0.309 nm,
respectively. The C and D rings had flat structures.

The X-ray structure of the pyrene (+)-4 showed similar
distortions at the A and B rings attached to the adamantyl
group and flat structures at the C and D rings (Figure S). A
dihedral angle, C11-C3—C4—C21, of 77.8° was observed,
which was similar to those of (+)-1, (+)-2, and (+)-3. The
distances C3/C4 and C11/C21 were 0.097 and 0.300 nm,
respectively.
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Figure 4. Thermal ellipsoid plot of (+)-3 (a, b) at 50% probability.
Solvent molecules (2,2,5,5-tetramethyltetrahydrofuran) and hydrogen
atoms are omitted for clarity. Two adamantyl groups are removed for
clarity in panel b. The packing structure of (+)-3 in the crystal is also
shown (c).
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Figure 5. Thermal ellipsoid plot of (+)-4 (a and b) at 50% probability.
Hydrogen atoms are omitted for clarity. Two adamantyl groups are
removed for clarity in panel b. The packing structure of (£)-4 in the
crystal is also shown (c).

Generally, equatorenes have a distorted naphthalene moiety
attached to their bis(1-adamantyl) groups and a flat structure at
other aromatic rings. This may be common in other equatorene
families.

B SPECTROSCOPIC PROPERTIES

UV—vis analyses exhibited a notable feature of equatorenes.
Racemic and optically pure (P)-1 and (+)-1 in ethanol
provided an absorption maximum at 323 nm (¢ 5.7 X 10°
M 'em™), which was in contrast to the considerably shorter
wavelengths of the absorption maximum for naphthalene and
1,8-dimethylnaphthalene at 264 and 285 nm, respectively
(Figure 6). Thus, the distortion of the aromatic system induced
a 60 nm redshift in 1. Related redshifts were observed for 1,8-
di-(t-butyl)naphthalene™ and a cyclophane naphthalene,* but
1 exhibited a considerably larger redshift.

The chiral phenanthrene 2, the chrysene 3, and the pyrene 4
also exhibited redshifts of 40 nm by UV—vis (Figure 7 and
Supporting Information, Figures S10 and S12). The redshifts
appear to be a common phenomenon in equatorenes.

CD spectra of (P)-1, (P)-2, (P)-3, and (P)-4 showed
negative Cotton effects between 300 and 350 nm (Figure 8).
The fluorescence for the chiral equatorenes was very weak in
solution and solid state compared with that for the achiral
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Figure 6. UV—vis spectra (0.1 mM, 25 °C, EtOH) of naphthalene
derivatives. Blue and green lines are overlapped.

4x10*
x — (P)-4
s L — ()4
=~ 3x10 —— pyrene
5
< 2x10*
s
w
1x10*
0

250 350 450
Wavelength (nm)

Figure 7. UV—vis spectra (0.1 mM, 25 °C, cyclohexane) of pyrene
derivatives.
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Figure 8. CD spectra (cyclohexane, 25 °C) of diadamantyl aromatic
hydrocarbons.

arenes (Figure 9and Supporting Information, Figures S11, S13,
and S14). Since 2-(1-adamantyl)naphthalene was reported to
be highly fluorescent,'* the observation may not be due to the
presence of the adamantyl group but to the distorted 7z-system.
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Figure 9. Emission spectra (0.1 mM, ethanol, 25 °C, A, = 300 nm) of
naphthalene derivatives. The inset shows enlarged spectra.
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Table 2. Oxidation and Reduction Potentials of Naphthalene Derivatives in 0.1 M n-Bu,NCIO,/Acetonitrile Solution

E,* (V vs Fc'/Fc)

naphthalene -2.99
1,8-dimethylnaphthalene —-3.09
(£)-1 —2.94
(P)-1 —2.94

“Determined by DPV.

E,* (V vs Fc'/Fc)

1.23
1.05
0.81
0.82

E, — E; (V) difference from naphthalene (V)
421 0
4.14 —0.07
3.75 —0.46
3.76 —0.45

B ELECTROCHEMICAL PROPERTIES

The oxidation and reduction potentials of the chiral
naphthalenes (P)-1 and (+)-1 were compared with those of
naphthalene using cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) in 0.1 M n-Bu,NCIO,/acetonitrile
solution (Table 2). It was observed that (P)-1 and (+)-1 gave
the same oxidation and reduction waves of E; = —2.94 V for
(P)-1 and —2.94 V for (£)-1, and E, = 0.82 V for (P)-1 and
0.81 V for (+)-1, respectively, referenced to the redox potential
of ferrocenium/ferrocene (Fc'/Fc). For comparison, naph-
thalene provided E; = —2.99 V and E, = 1.23 V. Note that 1
and naphthalene exhibited similar E; values but different E,
values, and that distortion facilitated oxidation with reduction
remaining relatively unchanged: The distortion destabilized the
highest occupied molecular orbital (HOMO) energy level but
hardly affected the lowest unoccupied molecular orbital
(LUMO) energy level. The E, — E, values of 3.76 V for (P)-
1, 3.75 V for (£)-1, and of 4.21 V for naphthalene indicated
that the distortion decreased E, — E, by 0.45—-0.46 V.
Electrochemical analysis was also conducted for pyrenes
(Table 3). The compounds (P)-4 and (+)-4 gave the same

Table 3. Oxidation and Reduction Potentials of Pyrene
Derivatives in 0.1 M n-Bu,NClO,/Acetonitrile Solution

E,* E,* difference from
(V vs Fc*/Fc) (Vvs Fc'/Fc) E, — E; (V)

pyrene (V)
pyrene —2.53 0.87 3.40 0
(£)-4 -2.57 0.62 3.19 —0.21
(P)-4 —2.57 0.62 3.19 —0.21

“Determined by DPV.

oxidation and reduction waves of E; = —2.57 Vand E, = 0.62 V,
respectively. Compared with pyrene with E; = —2.53 V and E,

= 0.87 V, chiral 4 had a similar E; and a different E,. The E, —
E, values of 3.19 V for (P)-4 and (+)-4 and of 3.40 V for
pyrene indicated that the distortion reduced E, — E; by 0.21 V.
The distortion of equatorenes facilitated oxidation but hardly
affected reduction, which was due to the destabilized HOMO
energy level and relatively unaffected LUMO energy level. Such
properties would generally be observed in equatorenes.

B CALCULATIONS

DFT calculations were conducted for naphthalene, 1,8-dimethylnaph-
thalene, 1,8-diisopropylnaphthalene, 1,8-di(t-butyl)naphthalene, and 1,
in order to compare the effects of the substituents (Table 4). The
molecular structures were optimized at the B3LYP/6-31G(d) level in
vacuum, and absorption spectra were calculated within a time-
dependent DFT framework using the PBEO hybrid functional with the
6-311G(d,p) basis set."> All the DFT calculations were carried out
using the Gaussian 09 program package.16 The calculations showed
that naphthalene and 1,8-dimethylnaphthalene have flat structures, and
distorted structures were obtained for their derivatives with isopropyl
and larger 1,8-substituents, which were consistent with the X-ray
structure.*'” The calculated structure of 1 well reproduced the
experimental structures obtained by X-ray analysis. For example, the
dihedral angle H/C—C1-C8—H/C of 71.6° was obtained exper-
imentally for (+)-1, and that of 72.2° was obtained by calculation. The
calculated UV—vis absorption maximum of 326 nm coincided with the
experimental maximum of 323 nm. The difference in the HOMO—
LUMO gap between 1 and naphthalene was calculated to be 0.58 eV,
which was in good agrrement with the experimental E, — E, of 0.45 eV
obtained by the electrochemical analysis. Compared with that of
naphthalene, the HOMO energy level of 1 was destabilized by the
introduction of 1,8-bis(1-adamantyl) substituents, whereas the LUMO
energy level showed a small change.'® These were also consistent with
the result of the electrochemical analysis.

DFT calculations were also conducted for pyrene and 4 (Table ).
The experimental dihedral angle H/C—C3—C4-H/C of 77.8°
obtained by X-ray analysis of (+)-4 was in agreement with the

Table 4. Results of Calculations for Naphthalene and 1,8-Disubstituted Naphthalenes

R

R

27

R H
symmetry D,,
sum of the bond angles at 1,8-carbon 360.0
dihedral angle
H/C-C1-C8-H/C 0.0
H/C-C2-C7-H/C 0.0
absorption (nm) (oscillation strength in parentheses) 276 (0.064)
HOMO (eV)* —5.79
LUMO (eV)* —0.96
LUMO — HOMO (eV) 4.83
difference from naphthalene (eV) 0

Me i-Pr t-Bu 1-Ad (1)

Cy G o (o

360.0 359.8 357.7 357.6

0.0 27.4 70.1 722

0.0 25.1 632 65.1

285 (0.099) 295 (0.112) 321 (0.090) 326 (0.101)
—-5.50 —5.45 —-5.30 -523
—0.80 —0.87 —1.01 —-0.98

4.70 4.58 429 425

—0.13 —-0.25 —0.54 —-0.58

“HOMO and LUMO energy levels were derived from B3LYP/6-31G(d) calculations. “The optimized geometry was very close to C, symmetry

structure.

16530
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Table S. Results of Calculations for Pyrene and 4
R R

R H 1-Ad (4)

symmetry D, C,
sum of the bond angles at 3,4-carbon 360.0 358.0, 357.4
dihedral angle
H/C-C3—-C4—H/C 0.0 73.6
H/C-C2-C5-H/C 0.0 67.1
absorption (nm) (oscillation strength in 330 (0.271) 366 (0.285)

parentheses)
HOMO (eV)* -5.33 —5.00
LUMO (eV)® -148 —141
LUMO — HOMO (eV) 3.85 3.8
difference from pyrene (eV) 0 -0.27

“HOMO and LUMO energy levels were derived from B3LYP/6-
31G(d) calculations.

calculated value of 73.6°. The calculated UV—vis absorption maximum
of 366 nm coincided with the experimental value of 362 nm. The
difference in the HOMO—-LUMO gap between 4 and pyrene was
calculated to be 0.27 eV, which was in good agreement with the
experimental E, — E; of 0.21 eV obtained by the electrochemical
analysis. The HOMO energy level of 4 was destabilized compared with
that of pyrene, and the LUMO energy level of 4 showed a small
change compared with that of pyrene. These were also consistent with
the result of the electrochemical analysis. The effect of distortion on
the aromatic 7 systems of naphthalenes and pyrenes appears to be a
common feature of equatorenes.

To determine the origin of the different effects of distortion on the
HOMO and LUMO in 1, the structures of the HOMO and LUMO
were compared between naphthalene and 1 (Figure 10). The LUMO
had similar structures on the naphthalene ring for both compounds,

Figure 10. HOMOs (a, ¢, and e¢) and LUMOs (b, d, and f) of
naphthalene and 1 calculated at the B3LYP/6-31G(d) level.

which was consistent with the small differences in LUMO energy level
between naphthalene and 1. As for the HOMO, the pseudo-7-
conjugation,'® mixing of the o-orbitals of the adamantyl group with the
aromatic z-orbitals, was substantial in 1, differently from naphthalene.
The apparent mixing of the aromatic z-system with the o-orbitals in
the adamantyl moiety in 1 reduced the aromaticity of the HOMO,
which induced the destabilization of the HOMO energy level.
Perturbation by distortion depends on the orbitals, which exert
different spectroscopic properties.

Bl CONCLUSION

In summary, a series of chiral naphthalene, phenanthrene,
chrysene, and pyrene with bis(1-adamantyl) groups at the peri-
position were synthesized in optically pure form, which did not
at all racemize at ambient temperature. X-ray analysis showed
that the naphthalene moiety attached to the bis(1-adamantyl)
group of equatorenes is distorted, and that the other aromatic
rings have flat structures. The physical properties of the
equatorenes are different from those of the original arenes
lacking the adamantyl groups: UV—vis showed a considerable
redshift in the absorption maximum; a very weak fluorescence
was observed; the distortion destabilized the HOMO but
hardly affected the LUMO; the aromatic z-system was
extended to the adamantyl group in the HOMO. Note that
equatorenes can be exploited in the devlopment of various
chiral versions of aromatic compounds exhibiting notable
functions.
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