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Abstract Synthesis of an unprecedented aromatic saddle consisting of
80 sp2 carbons is enabled by including naphthylene groups in the
substrate of the Scholl reaction. The negatively curved polycyclic
framework of this aromatic saddle is revealed by the single crystal X-ray
crystallography, and its stereodynamics are studied with density
functional theory calculations.

Key words polycyclic aromatics, eight-membered ring, scholl reac-
tion, negative curvature

Introduction

TheScholl reaction1 is apowerfulmethod for thesynthesis
of polycyclic aromatics enabling formation of multiple
carbon–carbon bonds in a single step. The Scholl reaction
proceeding through the radical cation mechanism2 is very
sensitive to the distribution of the electron densitywithin the
substrate, and the oxidative aromatic coupling occurs at the
positionwith thehighestelectrondensity.3On thebasis of this
concept, we have recently demonstrated that the Scholl
reactions can be facilitated by introducing naphthalene
moieties in the substrate leading to highly curved polycyclic
aromatics.4,5 Herein, we expand the scope of this strategy by
showing successful synthesis of an unprecedented aromatic
saddle (1 in Scheme 1), which is enabled by including
naphthylene groups in the substrate of the Scholl reaction.
Aromatic saddles, also known as negatively curved polycyclic
arenes, have recently received increasing attention6,7 for two
reasons.First, theyrepresentfragments incarbonschwarzites8

(also known as Mackay crystals9), which are theoretical
negativelycurvedcarbonallotropesofaestheticstructuresand
interesting properties but have not been synthesized unam-
biguously yet.10,11 Second, they present unique stereochemis-
try and properties that are not available to planar or positively
curved polycyclic arenes.5,12 The negative curvature of
aromatic saddles is usually induced by embedding seven- or
eight-membered rings in a graphitic framework. Compound1
consisting of 80 sp2 carbons is a newmember of the family of
octagon-embeddedaromaticsaddles,5,13–17whicharestill less
studied than heptagon-embedded aromatic saddles.18

Scheme 1 Synthesis of 1.
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Detailed below are the synthesis, structural analysis, stereo-
chemistry, and electronic properties of 1.

Results and Discussion

Scheme 1 shows the synthesis of 1, which started with
the twofold Diels–Alder reaction of diyne 419 and cyclo-
pentadienone 5 to afford compound 3 in a yield of 76%. The
Scholl reactionof3under stronglyacidicconditions (CF3SO3H)
with 11 equivalents of DDQ as an oxidant20 at 0 °C for 6 hours
resulted in1with the formationof10carbon–carbonbonds. In
contrast, the reaction of 3with 4.5 equivalents of DDQ under
the same conditions for 1 hour resulted in compound 2 as the
major product (71%). Compound 2was further converted to 1
by subsequent Scholl reaction in a yield of 40%. The two-step
yield of 1 (28%) is comparable to the direct yield (38%). These
results suggest that the formationof1 is through2with the [8]
circulenemoietyformedfirst.WhenFeCl3wasusedasboththe
oxidant and the Lewis acid in the Scholl reaction of 3,
compounds 2 and 1were also formed in the same subsequent
manner, however, accompanied by inseparable chlorinated
products as found by MALDI-TOF mass spectroscopy.

In contrast to the above synthesis of 1, the Scholl reaction
of 6a (Scheme 2) was reported by Müllen and coworkers
earlier to result in apartially cyclizedproduct (7a),whichwas
detected only by mass spectroscopy due to its poor
solubility.21 Elevating the reaction temperature did not
enable complete cyclization but gave a rearranged product
(8), which was also detected by mass spectroscopy only
(Scheme 2).21 Similar skeletal rearrangements of octagon-
containing polycyclic arenes under the Scholl reaction

conditions were also reported by Tobe22 and Yamada.23 In
order to exclude the possibility that the poor solubility of 7a
might suppress the further cyclization, we synthesized 6b
with tert-butyl groups to enhance the solubility. The Scholl
reaction of 6b with FeCl3 or DDQ/TfOH yielded inseparable
mixtures, from which the high-resolution mass spectra
indicated formation of a partially cyclized product with a
presumable structure of 7b in good agreement withMüllen’s
result. The different results of the Scholl reactions of 3 and
6a/b indicate that the formation of the [8]circulene frame-
work in1 isdirectedby thenaphthalenesubunits,whichhave
a higher reactivity at the α-positions.

The structure of 1 was studied with density functional
theory (DFT) calculationsandX-raycrystallography. To reduce
the computational cost, a simplified model molecule (1′)
having eightmethyl groups to replace the tert-butyl groups in
1wascalculatedat thelevelofB3LYP/6-31G*ofDFT.Geometry
optimization reveals that the global energy minimum of 1′
adopts a saddle-shaped geometry (Saddle-1′) with the C2v
symmetry, while the transition state for saddle-to-saddle
inversion adopts a twisted geometry (TS-Twisted-1′) with the
D2 symmetry, asshowninFigure1a. Incontrast, thepreviously
reported octagon-embedded twisted nanographene (9
in Figure S2) presents the D2 symmetry at the
globalminimum and the C2v symmetry at the localminimum
(see the Supporting Information).15 This suggests that the
presence of four [4]helicene moieties in 1 helps to stabilize
the saddle-shaped conformation. As shown in Figure 1b, the
saddle-to-saddle inversion of 1′ occurs through the transition
state, TS-Twisted-1′, accompanied by conversion of each (P)-

Scheme 2 Cyclodehydrogenation of 6a/b.

Figure 1 (a) Energy-minimized models for the global minimum (Sad-
dle-1′) and the transition state (TS-Twisted-1’); (b) conformational
change of 1′ with relative Gibbs free energy (kcal/mol) as calculated at
the B3LYP/6-31G* level of DFT.
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[4]helicene(showninred) to(M)-[4]helicene(showningreen)
and vice versa. The calculated energy barrier for the saddle
inversion is 14.9 kcal/mol, which corresponds to a rate
constant of 74 s�1 at 25 °C, as estimated using the Eyring
equation k ¼ κ(kBT/h)exp(�ΔG‡/RT) and assuming a value of
unity for the transmission coefficient (κ).24 The above
calculation results indicate that 1 has a less flexible polycyclic
framework than tetrabenzo[8]circulene13 and octabenzo[8]
circulene,5which have energy barriers of 7.3 and9.2 kcal/mol,
respectively, for the inversion of saddle. This is presumably a
result of fusing [8]circulene with the essentially flat dibenzo
[cd,pq]bisanthene moieties, which retard the pseudorotation
process of the central [8]circulene moiety in 1.

Single crystals of 1 suitable for X-ray crystallography
were obtained from a solution in mixed CH2Cl2 and
acetonitrile by slow evaporation of solvents.25 As shown
in Figure 2a, 1 is saddle-shaped with a width of 11.5 Å and a
depth of 4.8 Å. The polycyclic backbone adopts the C2
symmetry (Figure 2b), which slightly deviates from the
calculated C2v symmetry, presumably due to the crystal
packing force. As a result of the C2 symmetry, 1 is chiral and
its crystal lattice consists of a pair of enantiomers, which are
shown in red and blue in Figure 2c. The adjacent
enantiomers are separated by a π-to-π distance larger
than 4.4 Å, which is attributable to the peripheral tert-butyl
groups blocking the interactions between π-faces.

On thebasis of the crystal structures, the local aromaticity
of individual rings in 1 was analyzed using the harmonic
oscillator model of aromaticity (HOMA),26 and the curvature
of individual ringswasanalyzed in termsofnonplanarity.27As
shown in Table 1, rings A, D, E, and H present significantly
largerHOMAvaluesthanother rings.This is inagreementwith
the aromatic sextetspredicted by the Clar’s rule.28 In contrast,
rings B and C have the HOMA values as low as 0.21 and 0.31,
respectively, indicating that theyare largely nonaromatic. The
[8]circulenemoiety in1hasonly twoaromaticsextets (ringD)
with a HOMA value of 0.87. In contrast, the earlier reported
peri-substituted [8]circulene has four aromatic sextets with a
HOMAvalue of 0.63.14 As shown in Table 1, rings B and C are
themost curvedhexagons in1having thenonplanarity values
larger than 0.11, in agreement with their small HOMAvalues.
The six-membered ring with lower aromaticity (e.g. a lower
HOMA value) has a better chance to be bent in the curved π-
backbone. In comparison to them, the rings in dibenzo[cd,pq]
bisanthene units are essentially flat with nonplanarity values
in the range of 0.011 to 0.068, indicating that the curvature is
concentrated on the central [8]circulene moiety.

Compound 1 dissolved in CH2Cl2 forming an orange
solution, which exhibited weak yellowish orange lumines-
cence upon irradiationwith UV light. Figure 3 shows the UV
absorption spectrum of 1 with the absorption edge at
578 nm and the emission spectrum of 1 with peaks at 495,

Figure 2 Crystal structure of 1: (a) side view and (b) top view of the
polycyclic framework (tert-butyl groups and hydrogen atoms are
removed for clarity and carbon atompositions are shown as ellipsoids at
50% probability level); (c) molecular packing of 1 as viewed along the b-
axis of the unit cell.

Table 1 Analysis of HOMAa and nonplanarityb for individual rings in 1

aThe HOMA value is calculated by using the normalization constant (α) of 257.7
and the optimal bond length (Ropt) of 1.388 Å.
bThe nonplanarity value is calculated by constructing a best-fit plane for each
ring and measuring the average distance of the carbon atoms from this plane.
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524, and 568 nm. The cyclic voltammogram of 1 in CH2Cl2 in
the testing window exhibited two reversible oxidation
waves with the half-wave oxidation potential of 0.35
and 0.66 V, respectively, versus ferrocenium/ferrocene
(Figure S1 in the Supporting Information). Based on the
first oxidation potential, the HOMO energy level is
estimated to be �5.45 eV.29

Conclusions

In summary, the successful synthesis of the new
octagon-embedded aromatic saddle (1) indicates that the
earlier reported problems of incomplete cyclization or
skeletal rearrangement during the Scholl reaction can be
solved by introducing naphthalene moieties to the sub-
strate. This synthesis, together with other recent successes
in the synthesis of strained nonplanar polycyclic aromatics,
indicates that, in contrast to earlier assumptions, the Scholl
reaction is capable of ring closure accompanied by the
introduction of significant steric strain30 when the sub-
strates are rationally designed.
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