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ABSTRACT

Pyrenophane (6) and an octaphenyl derivative (16) were synthesized using two different routes. Both cyclophanes contain a severely bent
pyrene unit (6: θ ) 93.6° and 16: θ ) 95.8°, according to DFT-calculations (B3LYP/6-311G**)), which was generated at room temperature by
a valence isomerization/dehydrogenation (VID) reaction. HOMA and NICS indicate 92 −98% retention of aromaticity of the highly distorted
pyrene systems compared to planar pyrene.

Cyclophanes constitute a very broad class of compounds,
which overlaps with various other classes of compounds. For
example, cyclophanes consisting solely of arylene units, can
also be viewed as cyclic oligoarylenes. Larger representatives
of such systems, e.g., hexa-m-phenylene (1) and related
systems,1 are usually categorized as shape-persistent mac-
rocycles,2 whereas smaller systems, e.g.,23 and3,4 usually
attract attention from the cyclophane perspective.5 Exactly
how such systems are perceived is, of course, entirely viewer-
dependent. Whatever the perspective, there has been no
previous report of an oligoarylene cyclophane that contains
an arylene unit as large as a 2,7-pyrenylene unit,6 let alone
a severely bent one. We report here two synthetic approaches
to such a system.

Our group has synthesized several (2,7)pyrenophanes by
exploiting a valence isomerization/dehydrogenation (VID)
reaction of tethered [2.2]metacyclophane-1,9-dienes.7 As
part of an effort to apply this methodology more broadly,
pyrenophane6 was identified as an attractive target. This
was arrived at through a process of incremental struc-
tural modification, which commenced with the parent
[n](2,7)pyrenophanes48 (x ) 1-4) and progressed through
[2]paracyclo[2](2,7)pyrenophane59 and then to6. Pyreno-
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phanes4 and5, which have clearly identifiable aromatic and
aliphatic moieties, are quintessential cyclophanes. By com-

parison, pyrenophane6,10 which has no sp3-hybridized atoms,
can also be viewed as a cyclic oligoarylene.11 Either way,
the system contains a highly distorted pyrene moiety. Before
embarking on synthetic work, the bend angle (θ)12 of the
pyrene system was calculated at the AM1 level of theory.
The calculated value of 100.6°, although quite high, was well
within what the VID methodology had been able to deliver
in other systems.13

A more important consequence of having only sp2-
hybridized atoms is that the general Sonogashira-based
synthetic strategy8 employed for the syntheses of4 and5 is
not applicable to6. In view of the three biaryl bonds present
in 6, a new strategy based on the Suzuki-Miyaura reaction
was devised (Scheme 1).

The synthesis began with the Suzuki-Miyaura coupling
of 1-bromo-2-iodobenzene (7) with (3,5-dimethylphenyl)-
boronic acid (8) to afford biphenyl9 (87%).14 Suzuki-
Miyaura coupling of9 with 1,4-phenylenebis(boronic acid)
(10) resulted in the formation of several compounds, from
which quinquephenyl11 was isolated in 24% yield. An
alternative approach to11 involving Suzuki-Miyaura cou-
pling of 8 with 2,2′′-dibromoterphenyl or 2,2′′-diiodoterphe-
nyl gave inferior results. Reaction of11 with NBS under
irradiation with visible light afforded a mixture of brominated
products, ca.70% of which (1H NMR analysis) was
tetrabromide12. Attempts to isolate12by crystallization and
chromatography failed, so the crude product was treated with
Na2S/Al2O3.15 Again, the majority of the crude mixture
appeared to be the desired compound (13), but attempted
separations failed. The product mixture was then carried
though to cyclophanediene14 without purification of the
intermediates via bis(S-methylation) with Borch reagent,16

thia-Stevens rearrangement, another bis(S-methylation) and
Hofmann elimination. Cyclophanediene14was obtained, but
it was contaminated with ca. 10% of pyrenophane6.
Treatment of the mixture with DDQ in benzeneat room
temperaturegave, after chromatography, pure6 (3% over
seven steps). The most significant losses were suffered during
the Hofmann elimination and VID reaction. The overall yield
of 6 from 4 was 0.8% (nine steps).

Although there was much room for improvement in the
synthesis of6, the prospect of working primarily with
compound mixtures made this unattractive. Attention was
therefore turned to an alternative synthesis leading to an
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Scheme 1. Synthesis of 6
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octaphenyl derivative,16, which was inspired by de Meijere’s
[2.2]paracyclophane derivative154b and Müllen’s work on
polyphenylenes17 and nanographenes.18

The synthesis of16 (Scheme 2) started with the construc-
tion of tetraesterdiyne17 in five steps from 5-hydroxyiso-
phthalic acid according to our previously published proce-
dures.8 Heating17 with tetraphenylcyclopentadienone (18)
in diphenyl ether at reflux (bp) 260°C) gave tetraester19
in 65% yield. Reduction of19 with LiAlH 4 afforded tetraol
20 (100%), which was reacted with PBr3 to generate tetra-
bromide 21 (55%). Compounds19-21 were obtained as
slowly equilibrating mixtures ofcis and trans isomers.19

Reaction of21 with Na2S/Al2O3 yielded dithiacyclophane
22 in 83% yield, which is the highest yield yet obtained for
a dithiacyclophane using this reagent. Bridge contraction to
give 23 (73%) and double bond formation to give24 (19%)
was achieved as for13f14. The 14-step synthesis of
pyrenophane16 (1.6% overall yield) was then completed
upon VID reaction (73%) of24, again under remarkably mild
conditions (room temperature). The poor yield of24 is yet
another indication that there is a need for the development
of superior methodology for the conversion of dithiacyclo-
phanes into cyclophanedienes.

In the1H NMR spectra of6 and16 (Figure 1) the chemical
shifts of the protons on thep-phenylene ring were observed
at δ 5.67 and 5.54, respectively, which are not significantly
different from the corresponding protons in5 (δ 5.54). The
protons of the pyrene systems of6 and 16 appeared atδ
7.72 (Ha) and 7.47 (Hb) , andδ 7.60 (Ha) and 7.44 (Hb). The
analogous protons of5 resonate atδ 7.67 (Ha) and 7.40 (Hb).
The similarity of these chemical shifts suggests that neither
the “benzannulation” of5 nor the addition of eight phenyl
groups to6 results in significant changes in the structure of
the pyrene system.

Despite many attempts to grow crystals of6 and16, none
that were suitable for an X-ray crystal structure determination
were obtained. Their structures were therefore calculated.

A series of geometry optimization and frequency calculations
at B3LYP/6-311G** level of theory20 found aCs-symmetric

(17) Grimsdale, A. C.; Müllen, K.AdV. Polym. Sci.2006,199, 1.
(18) (a) Wu, J. S.; Pisula, W.; Müllen, K.Chem. ReV.2007,107, 718.
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Figure 1. 1H NMR spectra of6 and16.

Scheme 2. Synthesis of 16
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minimum energy conformation for compound6 in which
the p-phenylene ring is twisted by 74.4° relative to the
neighboringo-phenylene units. DegenerateCs minima in-
terconvert via aC2V-symmetric transition-state structure (in
which the p- and o-phenylenes are orthogonal), which is
calculated to be only 0.07 kcal/mol higher in energy. This
implies that the central fragment librates easily. This is
supported by the calculated lowest vibrational frequency for
the Cs conformer, which corresponds to libration of the
p-phenylene fragment and has an intensity of 46.8 cm-1.

In 16, unlike in 6, the lowest-energy structure hasC2

symmetry, which results from the minimization of a close
nonbonded interaction between the “para” H atoms of the
two phenyl groups that point toward one another (see Figure
2). This H‚‚‚H distance is 3.199 Å, which compares to

distances of 2.651 Å and 2.698 Å in higher energy (up to
1.4 kcal/mol) geometries havingC2V or Cs symmetry,
respectively. In theC2-symmetric conformation, the macro-
cyclic oligoarylene framework is somewhat twisted. The
twist of thep-phenylene ring with respect to theo-phenylene
fragments is 84.8°, whereas the twoo-phenylene rings are
twisted with respect to each other by 10.4°. In turn, the
peripheral phenyl rings are twisted with respect to the
o-phenylene units by 67.6-78.9°.

The degree of distortion from planarity of the pyrene
moieties of6 and16 is similar. The bend angle (θ)12 for the

lowest-energy conformers of6 and 16 is 93.6°and 95.8°,
respectively. By comparison, the crystallographically deter-
mined value for5 is 89.7°.9

Despite the large distortion from planarity, theπ-electron
delocalization is highly preserved. The geometry-based
HOMA index21 for the pyrene system in6 and16 is 0.714
and 0.719, respectively. For planar pyrene, HOMA is 0.742,
which implies a 96-97% retention of aromaticity in the
pyrene systems of6 and16. The magnetism-based nucleus
independent chemical shift, NICS22 (computed at GIAO/
B3LYP/6-311G**), leads to an almost identical conclusion.
NICS for the central rings of both6 and16 is -4.5 ppm,
which compares to-4.4 ppm for planar pyrene (98%
retention of aromaticity). For the apical rings, NICS is-11.1
(6) and-11.0 ppm (16), which compares to-11.9 ppm for
planar pyrene (92-93% retention).

In summary, two syntheses of the 1:2,13:14-dibenzo-[2]-
paracyclo[2](2,7)pyrenophane-1,13-diene system have been
developed. The addition of eight phenyl groups (i.e.,6 to
16) does not significantly influence the geometry or the
aromaticity of the severely bent pyrene moiety. However, it
does offer the potential to gain access to pyrenophane-
graphene hybrids via cyclodehydrogenation.
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Figure 2. Lowest-energy geometries of6 and16.
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