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Fullerene fragmentssuch as corannulene, inspire the design
of several cyclophane motifd:ansa baskets, covered baskets,

and “basket balls” (Figure 1). These related structural types

potentially serve as fullerene mimics with novel physical
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Figure 1. Corannulene-based cyclophane motifs: (a) ansa-baskets, (b)
covered-baskets, (c) “basket balls”.
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Figure 2. Retrosynthetic analysis df.

properties; for example, as fullerenoid receptors, they would gcheme ¢

be precursors to endohedral compleXe€orannulene alone
shows intricate redox behavfoand photochemistry. Despite

the abundance of novel molecular designs, the synthetic routes
to these structures are not yet well developed. In particular,
the synthetic challenge, although addressed in some elegant flash 4 P

vacuum pyrolysis techniquég,does not have a general solution

for the preparation of keystones suitable as cyclophane precur-
sors. In response to this synthetic challenge, we present the

first synthesis of a corannulene based cyclophdneyhich
showcases a new route to the corannulene nucleus.
Retrosynthetic analysis df shows obvious disconnections
to 2,5-dimethylcorannulen) that retains bilateral symmetry
(Figure 2). Disconnection of the rim borfdiirects the synthesis
through 1,6-dimethyl-7,10-diethylfluoranther®,(a molecule
with readily functionalized benzylic positions. A variety of
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a Conditions: (a) 4-heptanone, KOH; (b) norbornadiene, acetic
anhydride (49%, 2 steps); (c) NBS, benzoylperoxide(quantitative);

(d) TiCls, LiAIH 4 (33%); (e) DDQ (55%); (f) NBS, benzoylperoxide,
hv (quantitative); (g) potassiurtert-butoxide, 1,4-bis(mercaptometh-

methods have been developed to couple functionalized benzylicyl)benzene (40%).

carbons®. From 3 the retrosynthetic path to 2,7-dimethylnaph-
thalene parallels our previous work on corannuléhe.
Scheme 1 shows the synthesidafitiated from the diketone

bis(1-bromoethyl)fluoranthene§)( which was not separated.
Internal cyclization of the benzylic bromides &fby reductive

(4),° which was condensed with 4-heptanone under basic coupling with TiCk/LIAIH 4 or VCI3/LIAIH 4 yielded a mixture

conditions to yield a crude cyclopentenone carbil (Reac-
tion of crude5 under dehydrating conditions (acetic anhydride)
with an acetylene equivalent (2,5-norbornadiene) prodGcéd
Bromination withN-bromosuccinimide in carbon tetrachloride
forms a diastereomeric mixture of 1,6-bis(bromomethyl)-7,10-

TUCSD.

*SDSC.
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of cis- and trans-dimethyltetrahydrocorannulene; dehydroge-
nation of this mixture with 2,3-dichloro-5,6-dicyanobenzo-
quinone (DDQ) produced.’? Bromination withN-bromosuc-
cinimide afforded bis(bromomethyl)corannuleri®,® which
upon slow addition to 1,4-bis(mercaptomethyl)benzene in potas-
sium tert-butoxide/tetrahydrofuran solution cyclized 1d*

The variable temperatufé! NMR of 7 provided an alterna-
tive determination of the barrier to bowl-to-bowl inversion for
comparison with that previously reported by Scott etfait
—100°C, the diastereotopic methylene proton§ show a four-
line AB pattern centered at 5.36 J = 10.5 Hz;Av = 38.5
Hz). With warming, the signals broaden, then coalesce 5&
°C. Further warming, to ambient temperature affords a sharp
singlet atd 5.31, corresponding to the methylene protons under
rapid exchange by the bowl-to-bowl inversion. From the NMR
datal5 the AG.* for the bowl-to-bowl inversion is calculated to
be 10.5+ 0.2 kcal/mol (10.2+ 0.2 kcal/mol, Scott et al%

The structure ofl is deduced fromiH NMR, 13C NMR, and
ab initio computations; the molecular weight was confirmed
by high-resolution mass spectroscdfy®1” Three conforma-
tional isomers of the cyclophane are feasible: ®@aymmetric

(12) Spectral data fo2: 'H NMR (CDCls, 500 MHz) 6 2.83 (s, 6H),
7.55 (s, 2H), 7.68 (d) = 8.5 Hz, 2H), 7.74 (d) = 8 Hz, 2H), 7.94 (s,
2H); 13C NMR (CDCk, 125 MHz)6 18.74, 124.83, 125.79, 126.31, 127.12,
129.97, 130.66, 131.56, 134.93, 135.50, 136.04, 136.66; HRMS {FAB
MCs' = 411.0150; expectes411.0166.

(13) Spectral data for: 'H NMR (THF-ds, 500 MHz) 6 5.31 (s, 4H),
7.92 (d,J=9Hz, 2H), 7.94 gd,] = 8.5 Hz, 2H), 8.05 (s, 2H), 8.30 (s, 2H).

(14) Spectral data fot: 'H NMR (CDCl;, 500 MHz) ¢ 1.89 (s, 2H,

Ha), 2.64 (d,J = 14.5 Hz, 2H, H), 3.31 (d,J = 14.5 Hz, 2H, H), 4.45 (d,
J=12.5Hz, 2H, H), 4.68 (d,J = 12 Hz, 2H, H), 6.75 (s, 2H, H), 7.62

(s, 2H, Hy), 7.73 (s, 2H, H), 7.91 (s, 4H, Kand H). *3C NMR (CDCE,

125 MHz)d 32.39, 34.05, 122.42, 125.47, 126.48, 127.32, 128.99, 129.04,
130.12, 130.40, 130.96, 134.21, 135.09, 135.22, 135.65, 137.96. HRMS
(FAB™) MCs' = 577.0085; expected 577.0061.

(15) Sandstrom, Dynamic NMR Spectrosoppcademic Press: New
York, 1982; Chapter 7.
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Figure 3. Three conformers df: relative energies (RHF/6-31G(2d,p)/
/3-21G(2d,p)) in parentheses.

1-1T
(3.7 kcal/mol)

isomers (one with both sulfurs pointing out away from the bowl
(2-1) and one with both sulfurs pointing in toward the bowl
(2-11) and oneC; symmetric isomer (one sulfur in and one out
(2-111)) (Figure 3). Ab initio computations at the RHF/6-31G-
(2d,p)//3-21G(2d,p) level of theory predict a relative ordering
of these conformerg,-l (0.0 kcal/mol),1-11 (3.7 kcal/mol), and
1-1ll (2.4 kcal/mol). Conformatiori-I has the benzene ring
suspended above the cavity of the bowl, with two protons
pointed into the cavity of the bowl, reminicent of the t-shaped

dimer of benzene. Although t-shaped structures have been
indicated as a structural imperative in some systems, certainly

the conformational controlling effect ib-1 is the steric strain
between the juxtaposed aromatic fragments.

J. Am. Chem. Soc., Vol. 118, No. 11, 12P&5

a=m(2.8 A); b=s(1.8 A);
c=s(1.8A); d=m@28A);
e=m(24 A); f=m(3.0A);
g=5(2.2 A)

(d))*¢ and NOE intensities between protonsldintensities: s= strong,
m = medium; distance between hydrogens in parentheses).

Rotation renders
H, and Hy
equivalent

Rotation renders
H, and Hy, and H,
and H¢ equivalent

For a more precise comparison to the experimental data, arigure 5. Dynamic processes fd.

higher level density functional theory optimization of the lowest
energy isomer X-I) was performed. Hydrogerhydrogen
distances in isomet-l are consistent with NOE difference
intensities (Figure 4). A calculated bowl depth (hub plane to
rim plane) of 0.87 A agrees well with the experimental bowl

depth found in corannulene, 0.89 A, and suggests that the dithiol

linker is not introducing a significant amount of strain iritd.
The number of signals in thC NMR of 1 are consistent

with a Cs symmetric isomer; however, several novel shifts

appear in théH NMR spectrum. One anomaly in the spectrum

is that the endo aromatic protons of the para-substituted benzen

ring, Ha (6 1.89), appear far upfield from the usual protons of
an aromatic ring (Figure 5). This upfield shift can be explained
by the magnetic anisotropy of the corannulene bowl. The

concave face of corannulene should be similar to the endohedra

surface of a fullerene. Significant upfield shiftsiHe NMR

(16) Computational details: The molecular structures of isomerks of

have been observed for the endohedral complexes: He@C
(0 —6.3) and He@& (6 —28.8)18 Alternatively, corannulene
can be thought of as an annulus inside an annulus. A
zwitterionic resonance form ascribes a 14-electron aromatic
cationic ring to the outer 15 carbons and a six-electron aromatic
cyclopentadienyl-like ring to the inner five-membered ring.
Comparison ob shifts in1 and dimethyldihydropyrent®,a 14-
electron annulene with protons in a shielding environment
similar to those ofl, affords a quantitative explanation of the
upfield shift. The aromatic protons, tof 1-I (DFT/6-31G-
D)), lie 2.5 A above the best plane of the rim carbons and 3.4
above the plane of the five-membered ring, and the observed
shift is 5.4 ppm upfield. The methyl protons of dimethyldihy-
dropyrene lie 2.3 A above the plane of the annulene and
Lexperience a 5.2 ppm upfield shift. Another anomaly in the
spectrum is that the signab (7.91) corresponding to four
protons, H and H, appears as a singlet and not as the two

were determined at a variety of theoretical methods to determine self- doublets predicted by symmetry arguments. The assumption
consistency. Reported optimized structures have been calculated using thehat this singlet is due to accidental isochrony is not unreason-

split valence 3-21G(2d,p) basis 5éat the restricted Hartree=ock (RHF)
self-consistent field (SCF) level of theory. Higher level single-point energies

were perfomed using the 6-31G(2d,p) basis set. Both basis sets include

able; these same protons in dimethylcorannulene and bis-
(bromomethyl)corannulene appear as four-line AB patterns

two sets of six d polarization functions on all non-hydrogen atoms and one Separated by only 0.059 and 0.027 ppm, respectively.
set of p functions on all hydrogen atoms. These calculations were performed  Two different dynamic processes can be envisionedifor

with the aid of the analytically determined gradient and search algorithms
in GAMESS!7 Additional calculations were performed on the lowest
energy isomer of, using density functional theory (DFT), which inherently

(Figure 5). The first is rotation around the-€C, bonds, which
renders the endo and exo aromatic protons equivalent. The

incorporates dynamical correlation, giving a more refined structure. These Second is a rotation around the-&C; bond, forcing the entire
latter calculations were performed with the Becke88 nonlocal exchange chain around the outside of the bowl and concomitant bowl

correctiont’¢ and Perdew and Wangs 1991 gradient-corrected correlation
function’dBPW91/6-31G(d), using the GAUSSIAN94 suite of progra#fs.
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inversion, which renders both :Hand H;, and H and H
equivalent. While observing thtH NMR spectrum at 300
MHz, the sample was heated to 148 and no coalescence or
peak broadening was observed. This observation sets a
minimum limit for the barrier of both processes att8 kcal/

mol. Thus, construction of the cyclophane effectively locks the
structure into only one bowl.
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