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Is the [9]Annulene Cation a Mobius Annulene ?**

Gtz Bucher,™ Stefan Grimme,* Robert Huenerbein, Alexander A. Auer,™ Eva Mucke,

Felix Kohler, Jan Siegwarth, and Rainer Herges*

Mabius annulenes!!! are highly unusual compounds because
they break the Hiickel rule. This violation of one of the most
pivotal laws in chemistry was first theoretically predicted in
1964 by Heilbronner, who stated that introducing a 180° twist
in an antiaromatic 4n m electron annulene would make it
stable: that is, the Mébius twist would reverse the Hiickel
rule.”! As a restriction, Heilbronner argued that the reduced p
orbital overlap induced by the twist would lower the stability,
and only very large rings (> [20]annulenes) would be isolable.
However, Heilbronner's concerns are only valid for planar
Mabius rings. In three dimensions, the twist can be projected
into writhe, (that is, the twisted ring adopts a figure-of-eight
shape), which alleviates the overlap problem and most of the
strain.l’ Therefore, smaller Mabius rings could also be stable.
Indeed, the first Mdbius annulene that was synthesized
(39 years after Heilbronner's theoretical prediction) was a
[16]annulene.*! Meanwhile, a number of extended Mdobius
porphyrins were prepared and characterized.”!

The first evidence for a Mébius annulene as a short-lived
intermediate was obtained a few years after Heilbronner’s
seminal work. In 1971, Schleyer et al. observed that upon
solvolysis, 9'-chloro-9-deuterobicyclo[6.1.0]nona-2,4,6-triene
1 yields dihydroindenol (5a) in which the deuterium was
stochastically distributed over all nine carbon centers.”!
Anastassiou and Yakali observed a similar scrambling process
upon solvolysis of deuterated 9-chlorocyclononatetraene 2
(Scheme 1)
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Scheme 1. Generation of the [9]annulene cation 3 as a short-lived
intermediate by solvolysis of two different precursors (1 and 2). If 1
and 2 are deuterated at the 9-position, the deuterium is equally
scrambled over all the carbon centers in 5.

The ease of solvolysis is remarkable, and Yakali specu-
lated that the otherwise instable and antiaromatic [9]annu-
lene cation 3 could be stabilized by Mobius aromaticity.”!
However, direct spectroscopic observation by NMR spec-
troscopy at —80°C and trapping reactions to show the
intermediacy of the [9]annulene cation were unsuccessful.
The formation of a transannular bond by electrocyclic ring
closure at (symmetry or time averaged symmetry) equivalent
positions is clearly very fast and leads to the dihydroindene
cation 4, which explains the deuterium scrambling.

In 1998, Schleyer et al. presented evidence, based on
theoretical calculations, that the [9]annulene cation is indeed
a strongly aromatic Mabius annulene (NICS: —13.4).”) The
structure has one frans bond and a three-dimensional figure-
of-eight structure with C, symmetry. According to DFT
calculations (B3LYP/6-311 + G**), there is another (all-cis)-
isomer, which is not twisted and only 0.9 kcalmol ' higher in
energy. (Scheme 2.) Frequency calculations revealed that this
structure is a transition state. CCSD(T)/DZP single-point
calculations confirmed the energy difference in favor of the
Maohius isomer. (AE = 1.1 kcalmol ')

Meanwhile, it has become evident that DFT methods
suffer from the self-interaction error that leads to the
overestimation of the stability of delocalized states.']

—‘+

electiocyclic
—_—

ring closure

Hickel
Cs c,

Mobius

bicyclic

Scheme 2. Huickel and Mabius isomers of the [9]annulene cation and
the hormoaromatic product of the electrocyclic ring closure reaction.
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Hybrid density functionals including HF exchange attenuate
the problem; however, there are a number of examples in
which B3LYP favors aromatic over non-aromatic structures
by several kealmol !, especially for annulenes!'!! Recently,
two reviews were published that address the severe problems
of the B3LYP functional ¥ Therefore, it was to be expected
that the very small energy preference of the aromatic Mébius
structure over the non-aromatic Hiickel isomer could even-
tually be reversed if adequate theoretical methods would be
applied.

Herein we present theoretical and experimental evidence
that the [9]annulene cation is probably not an aromatic
twisted Mobius structure, but rather a weakly antiaromatic or
non-aromatic Hiickel annulene (NICS: —0.9). However,
based on our calculations and LFP experiments, we cannot
exclude that the Mdbius species could be present in small
concentrations in a fast equilibrium with the Hiickel isomer.

To make sure that we would not overlook a stable isomer
of the [9]annulene cation 3, we generated a large number of
structures using a Monte Carlo algorithm, checked for
redundancy," and optimized the remaining structures at
various DFT levels (see computational details). In agreement
with Schleyer etal.l! the M&bius (C, symmetry) and the
Hickel structure (C, symmetry) were found to be the most
stable stationary points of the [9]annulene cation. To compare
the relative energies of the [9]annulene cation isomers, we
applied the density functionals KMLYP and BH&HLYP!™
including a large amount of Fock exchange (50 % vs. 20% in
B3LYP). As expected, the relative stability of Hiickel and
Mobius isomers changed in favor of the non-twisted Hiickel
structure (Table 1).

Both the Mobius and Hiickel structures vary mainly in the
dihedral angle @ of a single bond (Figure 1). The Mobius
isomer contains one trans bond and the Hiickel species is afl-
cis. Both structures can be converted into one another by a
torsion around this bond.

The potential energy surface (PES) is quite flat in the
region of the torsion angle 0 between 70-95°. At this section,
three stationary points, weakly antiaromatic or non-aromatic
Hiickel structures of C, C;, and C, symmetry (NICS =0.34,
0.27, —0.13 (KMLYP)), were located. The C, Hiickel isomer,
which was previously found to be the transition state of the
racemization of the C; Mobius species at the B3LYP level P is
more stable than its Mobius topology counterpart when using
the KMLYP functional (see Table 1). The energy difference
between the C,, Cy, and C, Hiickel structures is smaller than
1.0 kcalmeol ! at all basis sets, the C, structure being the most
stable at KMLYP/aug-ce-pVIZ. Calculations using the
BH&HLYP functional agree with those obtained with
KMLYP. The C, C;, and C, stationary points with Hiickel
topology were also found at the BH&HLYP level (see the
Supporting Information).

We also repeated the calculations using the B3LYP
functional (see the Supporting Information). In agreement
with previous calculations,”) the Mabius isomer is the global
minimum and the C; structure is a transition state. The C; and
C, Hiickel isomer were not found on the potential energy
surface. Although B3LYP is known to overestimate delocal-
ization in annulenes, as mentioned above, the energy differ-

www.angewandte.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Takle 1: Relative erergies of the Hiickel and Mabius isomers using
various DFT and ab initio methods.

Level
Energy Optimization AE
KMLYP cc-pVTZ -1.15
BH&HLYP cc-pVTZ -
B3LYP ccpVTZ 1.04
SCS-MP2 TZVPPH 3.45
cCesp(my cc-pVTZ SCS-MP2 TZVPP 1.23
cCsbm/ CcBgH SCS-MP2 TZVPP 0.83
cesp(m/e cBst cesb(m /e cc-pVTZ 0.62
Corrections:
Solvent® -031
Frozen core SCS-MP2 cc-pVTZ —0.12
Thermol” SCS-MP2 TZVPP —-0.27
Final energy including corrections:
casp(my/ cBsH SCS-MP2 TZVPP 0.13
cesp(m™ CBS cesp(m™ cc-pVTZ 0.04

[a] Relative energy of the C, Hickel structure with respect to the C,
Mébius isomer in kcalmol™'. [b] The Mébius isomer is rot a stationary
point. [c] def2-TZVPP basis set.”¥ [d] Complete basis set extrapolation
applying the Helgaker scheme™ using SCS-MP2/cc-pVQZ and SCS-
MP2/ce-pV5Z calculations and a CCSD(T) fee-pVTZ correction. [e] All-
electron caleulation. [f] Complete basis-set extrapolation applying the
Helgaker scheme™ using CCSD(T)/cc-pVTZ and CCSD(T)fcc-pVQZ
calculations. [g] COSMO"™ calculations using acetonitrile as solvent at
the B3LYP/def2-TZVPP level. [h] Vibrational contributions to the enthalpy
at the SCS-MP2/def2-TZVPP level.

24 - ®— KMLYP/6-311+G™
— KMLYP/6-31G*

C1C2 C3C4F

Mébius

I
S C. [ ]
E TS : /
8 L /
=2 ° e _* |/

2 /
uf /

T
120
ore

T
80 100

Figure 1. KMLYP calculated minimum energy reaction path of the
topological isomerization of Hickel and Mébius [9lannulene cations.
Relative energy is given as a function of the dihedral angle 8,

TS =transition state.

ence between the C, Hiickel isomer and the C, M&bius species
decreases from 2.18 to 0.92 kcalmol ! upon increasing the
basis set from 6-31G to 6-311+4 G** and from 146 to
0.74 kcalmol ! (cc-pVDZ to aug-cc-pVTZ).

We also applied the SCS-MP2 method™ in combination
with a TZVPP basis set for optimization and performed
single-point calculations at the CCSD(T) level of coupled-
cluster theory. The complete basis-set limit (CBS) was

Angew, Cherm. tnt. £d. 2009, 48, 99719974
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Single and Double Twisted [36]Annulenes, Synthesad Calculations

Ali Reza Mohebbi® Eva-Katrin Mucke, [ Gaston R. Schallef?! Felix Kohler,® Frank D.
Sonnichsen® Ludger Ernst,'® Christian Nather," and Rainer Herge&”

Dedication ((optional))

Abstract: A [36]annulene including analysis. Two conformations exhibit aNMR data do not provide evidence for
four anthrylene and two phenylenedouble twist (Hiickel topology) and two aromaticity (for Moébius structures) or
units was synthesized in a four stepstructures include a single twistantiaromaticity (for Hlckel structures).
sequence using a McMurry cyclization.(Mébius ~ topology). Using DFT

Upon crystallization from different calculations a conformation with a Keywords: annulenes « Mobius
solvents four different conformations triple twist (Mobius) was located. Topology * double twisted

were determined by X-ray structureHowever, our calculations and the McMurry reaction ¢ cyclophanes

hydrogen atoms, but still exhibit distinct aroméyi¢” Theoretical
Introduction calculations predict that the stability rules fonalenes are reversed
if an odd number of half twists (180° twists) areluded in the
Most of the annulenes that are experimentally knavennot twisted ring? If in a gedankenexperiment a linear conjuggiesystem (or
and follow the Huickel rule. Thp systems e.g. in cyclopentadienyl a strip of paper) is twisted byhalf twists and both ends are joined
anion, benzene, and the tropylium cation are plamak lie in the to form a ring, the system is said to exhibit &ilig number | of n.
ring plane. Higher annulenes such as the [14]-[a8thnnulene are At a first glance such twisted annulenes might leeky strained,
somewhat distorted because of the sterical hingraricthe inner however, as Rzepet al. recently stated, part of the strain induced
by the twist T, is projected into writhe W The linking number
L, twist T,, and writhe W are topological invariants that are

_ ) connected via the Qg reant theorem:
[a] Dr. A. R. Mohebbi, E.-K. Mucke, G. R. Schall&x. F. Kohler, Dr. F. D.
Sonnichsen, Prof. Dr. R. Herges
Institut fiir Organische Chemie, Universitat Kiel Lk = TW + Wr
Otto-Hahn-Platz 4, 24118 Kiel (Germany)
Fax: (+49)431-880-1558

E-mail: therges@oc. uni-kiel.de Wheras the writhe Wis difficult to depict, the twist [J (in its

topological sense) in annulenes is defined asuhedf all dihedral

[b]  Dr. C. Néther angles of all bonds included in the cyclic conjigrat path
Institut fur Anorganische Chemie, Universitat Kiel (including their algebraic sign). According to thifinition the
Otto-Hahn-Platz 6/7, 24118 Kiel (Germany) twist T,, is identical to the linking numberlif all carbon atoms lie

in a plane. However, even if that seems countetiméy L, and T,

[c] Prof. Dr. L. Ernst are different if the object is distorted into 3D.

Institut fir Organische Chemie, Universitat Braunseig
Hagenring 30, 38108 Braunschweig (Germany)

((If supporting information is submitted, pleaselirde the following line:))
Supporting information for this article is availaldn the WWW under
http://www.chemeurj.org/ or from the author.
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performed and the 90 most stable isomers were @aimat
B3LYP/6-31G* and BH&HLYP/6-31G*.

Results and Discussion

For an efficient cyclization reaction forming cyxli [n]-
arylpolyethylenes, a precursor wihZ configuration such asyn
(2,2)-1,4-bis[(9-ethenyl-10-formyl)anthryllbenzen) (is needed.
Cyclization precurso6 was prepared in a three step synthesis
(Scheme 1) starting from 9-iodoanthraceng) (and 1,4-
diethynylbenzenes3).

Figure 1. Both bands exhibit a linking number+ 2 and therefore are topologically
homeomorphous. The twist of the object on the([Eft= 2) is projected into writhe by
distortion into a 3D figure 8 object (right, E 0, W = 2).

Figure 1 (left) presents a double twisted band. déshed line in the
middle of the band forms a planar circlg &-T,, = 2). Topological
transformation into a three dimensional figure §etystructure
(Figure 1, right) does not change the linking numbewever,
converts the twist into writhe 1= 0, W = 2). In an annulene such
a transformation would reduce the molecular stwathout affecting
the electron counting rules (Hiickel or reverse Hl)d@"

A number of double twisted extended porphyrins an
annulenes have been synthesized that exhibit aefi@u shape
geometry® For cyclic conjugated systems with an even linkin
number (k = 2) these annulenes should follow the Hiickel.rlie
some cases aromaticity .Wlthn-l42 electrons has mdee_d been Statecgcheme 1. Synthesis of the dialdehgd&eagents and conditions: a) Pd(BEI,, Cul,
Recently, Latos-Gry ski et al. and Osuka synthesized extendedjiisopropylamine, 82 %; b) 4 Pd/C ethylacetate, 100%; c) SRCCLCHOCH,
porphyrins with a linking number = 1!® Several of these Mébius CH:Clz, 64 %.
porphyrins exhibit strong aromaticity witm4lectrons in agreement
with the theoretical predictions. The first anndewith Mdbius
topology (L=1) and weak aromaticity was synthesized by ou€onsequently, a Sonogashira cougfiigvas applied to furnish 1,4-
group™” bis(9-ethynylanthryl)benzened)( followed by asyn/syrselective

In search of a triple twisted annuleng & 3) we synthesized palladium catalyzed hydrogenatith to obtain (Z,2)-1,4-bis(9-
[36]annulene derivatives including anthrylene ahenylene rings. ethenylanthryl)benzenesy. Finally, a formylation reacti¢h! was
The bulky anthracene units were introduced to faheesystem out employed to forn® in an overall yield of 52 %. Paracyclophahe
of planarity and to ease the twist. Herein, we refite successful was synthesized applying the McMurry couplihgo precursor
synthesis of a [36]annulene derivati¥ewhich can adopt several (Scheme 2).
conformations in the solid state with a single odauble twist
depending on the solvent used for recrystallizatim energetically
low lying triple twisted conformation was locatedy Wensity
functional theory calculations.

Computational Methods

All calculations were carried out using the Gaus$ia programnff!
Geometries were optimized at the B3LYP/6-31G* leskdensity
functional theory. Recently it became evident thas functional
gives rise to large errors in the relative enerdyconjugated
systemd” We therefore performed the calculations also & th
BH&HLYP/6-31G* level of DFT which includes a larger
contribution of HF exchange to attenuate this probl Linking
number, twist and writhe were recently introducgdizepeaet al. in
annulene chemist®) and are calculated by our program anewrithm
using an implementation of the equations given Hgnid and
Langowski® The isomers of the [36]annuletievere generated by
applying a Monte-Carlo algorithmus. After checking fedundancy
single point calculations at the semiempirical PN&¥el were



Scheme 2. Synthesis of paracycloph&rend the proposed mechanism of its formation.

Reagents and conditions: a) Ti@n(Cu), DME, toluene, 14 %.

McMurry coupling reactions usually are nots/trans selective.
Precursor6a, thus, could furnishra (lll trans) and 7b (VI cis
coupling). The second McMurry reaction would thewegrise to
ring closure.7a would form eitheBa (VI cis) and8c (VI trans); 7b
gives either8a (Il trans) or 8b (Il cis) (for numbering of double
bonds see Scheme 2). To our surprise none of dtneeis8a-c was
isolated but isomet with alternatingcis andtrans double bonds.
The formation of [36]annuleng (Figure 2) can only be explained
by subsequentis/transisomerization of the McMurry products. To
elucidate the mechanism of its formation we perfendensity
functional theory (DFT) calculations at the B3LYR®6G* level of
theory (Table 1)7a is thermodynamically more stable th@h by
4.7 kcal/mol. Model calculations (see Supportindoimation)
revealed that the ring closure @b to 8b is sterically hindered.
Upon approaching both terminal aldehyde grovass more likely
to form acis and 7b atrans double bond both forming isom8a.

Table 1. Relative energy of proposed intermedittesrdsl (see Scheme 2).

7a 7b 8a 8b 8c

Erel @l
Erel ©l

4.71

11.50 12.30 0.07 0

[a] Eel [kcal/mol] is the relative energy with respecttie energetically most stable
structure of7a. [b] E. [kcal/mol] is the relative energy with respecthe energetically
most stable structurk

Osukaet al’® observed different topologies (Hiickel or M6bius) i
X-ray crystal structures of the same compound, nidpg on the
solvent used for recrystallization. This is due tte different
packing arrangements including the solvents in trgstal.
Therefore, we recrystallized (Figure 2) from different solvents
(benzene, DMF, dichloromethane/ether).

The unit cell of 1, crystallized from benzene, includes two
independent structureka and 1b. Structurela has a Huckel-type
conformation with a double twist (1= 2), whereas the isom#b is

a single twisted Mobius speciesy(E 1) (Figure 2, Table 2). Both
structures differ only in the dihedral anglg) ©f the single bond
between double bond Il and one the neighboringractne units.
Rotation around this bond gives rise to a chang®pology from
Huckel @ =137.2°) to Mdbius (53.9°).

Figure 2. Crystral structures of compouhdla and 1c with Hiickel-topology,1b and
1d with M6bius-topology.

Crystals obtained by recrystallizatiosf 1 from DMF exhibit a
double twisted Huiickel structufie (L = 2) in their unit celllc as

Hence, even thougBc is the most stable isomer which can becompared tolb differs in the orientation of the ethenyl unit (1)

formed by two subsequent McMurry reactions it wopitdbably not
be formed for kinetic reason8b is 12.23 kcal/mol higher in energy
as8c, and therefore kinetically, and thermodynamicaihfavorable

(Figure 2). Yet another conformatiodd) was found in crystals
grown from a mixture of diethyl ether and dichloetimaneld is a
single twisted Mobius isomefl, = 1). 1d and 1b differ in the

leaving 8a (E = 11.43 kcal/mol) as the compound which is mosbrientation of ethenyl unit (V).

likely formed as the primary product of the McMurrgaction.
Isomerization of double bond | and V would thendlea the final
productl. According to our calculationkis the most stable isomer
of the [36]annulene system (11.5 kcal/mol morelst#tan8a).

IIA
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Table 2. Linking number ), twist (Ty), and writhe (W) of 1a-d (see Figure 2).

Lk Tw A foeartt  fma solvent”
la 2 2.10 -0.10 18.0 78.6 benzene
1b 1 1.05 -0.05 24.6 68.1 benzene
1c 9 - - 20.9 89.2 DMF
1d 1 1.11 -0.11 18.6 74.4 B /DCM

temperature NMR spectra (-10, -30, -50, -71, -923;1113, -118, -
124 °C). However, no coalescence was observed amd th
conformational motions are not frozen at these t¥atpres. The
rather large deviation from planarity, in the X-raructures (see
fmax Table 2) suggests that the ring currents mosbably are
rather small in the conformations of both topolegd 1. Hiickel
structure 1b is the conformation which exhibits the smallest
deviation from planarity f(,.c 68.1°). The largest torsional angle
(f max 89.2°) was determined in structure hence the conjugation

[a] f mean @verage deviation from planarity in °. fa}ax maximum deviation of dihedral should be completely interrupted and no ring cur'rerexpected in

angles from planarity in °. [c] solvent: solvenbrin which the crystals were grown. [d] this conformation.

the largest dihedral angle (89.2) is very close9@; therefore the topology is
ambiguous.

According to the'H- and**C NMR spectra the [36]annulerieis a
very flexible structure which undergoes rapid confational
interconversions. With 16 signals in the-NMR and 26 signals in
the C NMR spectrum only a reduced number of signals are
observed as compared to the number of correspondirgiei
(CgHsp) in structure 1. Hence, the structure exhibitsetiaveraged
C, or C; symmetry including a rotation or rocking motion tbie
phenylene and anthrylene rings and a “crank haygk’ motion of
the trans double bonds I, Ill, and V. Thus, inner and oyiastons
rapidly exchange.

The structurel was confirmed by NMR and all signals iH- and
13C-NMR were assigned by HMBC, and HSQC spect. and
13C-NMR data ofl at room temperature are presented in Table 3.

Table 3.H- and*3*C-NMR shifts of1 in solution.

Figure 3. The Mobius conformatidib was choosen for the numbering of the atoms in
the [36]annulene. The conjugated 36lectron circuit is indicated in darker colour.

To gain more information into the dynamic structuné the
[36]annulenel, we performed density functional theory (DFT)
calculations at the B3LYP/6-31G* level of theoryhel ten most
stable isomers, which could be located at the PHESthe

Atoml® aH dc Aton?) dH dc . . .
number number [36]annulenel are listed in Table 4. Since the structures were
generated by a Monte Carlo algorithm (see computatimethods)
1 708 13221 14 6.56 128.68 the re;ults are. non-deterministic, and there iguarantee that the
) 13129 15 136.34 list of isomers is complete. However, we foundsdimers that were
5 128'74 16 717 134'40 detected by X-ray structure analysis among the I3tnstable
4 797 126' 09 17 7'43 127' 50 theoretically predicted isomers. The isomgas 1b, 1c and1d are
' ' ' ' identical with the entries 6, 8, 5, and 4 in Tabl€alculated.d and
5 6.80 124.17 18 - 132.77 . . : .
the experimentally determined structure of entrydiffer in the
6 6.93 124.33 19 - 129.23 ) g
rotation of the single bond between double bond diid the
7 7.70 125.72 20 8.27 126.62 neighborin h it (Sch 5 d tharediffer i
8 ) 128.83 1 21 195 37 ig ing anthracene unit (Scheme 2) an aetbffer in
topology.
9 - 131.97 22 7.53 125.63
10 7.15 125.42 23 8.71 126.47
11 6.21 136.00 24 - 129.77 o ,
Table 4. “Energy ranking list” of the most stabkomers of the [36]annuleng
12 - 135.97 25 - 133.13 calculated at B3LYP/6-31G* and BH&HLYP/6-31G*.
13 6.90 125.94 26 7.77 134.56
[a] For numbering of the nuclei see Figure 3. Entry Ee® Ere™ L« Tu W, meal™ f masd) del
1 0.000 0771 2 2.21 021 178 63.9
1. : ; ; 2 0.106 0420 0 0.03 -0.03 172 74.6
The H.l\.lMR sngngls of a.n.nulen.& do not provnQe eyldenf:e for 3 0144 0000 1 11> 01> 186 643
aromaticity or antiaromaticity. Either (a) thereris diatropic or 4 0.149 0374 0 0.06 006 171 76.0 1d
paratropic ring current and hence no aromaticitgbdithere is a fast 5 0.150 0001 1 115 -015 186 641 1lc
L N . el - 6 0179 1048 2 214 014 17.8 63.2 1la
equilibrium of Hickel aromatic and Mo6bius antiardima 5 0289 0691 3 321 .021 187 64.8
conformations whose magnetic anisotropies cancethen NMR 8 0314 0160 1 -1.09 0.09 18.5 65.7 1b
. » “ ” 9 0335 0374 0 0.09 -0.09 177 65.0
time scale or (c) “inner” and “outer” protons exoge by fast ;o i 0374 2 512 012 191 5.0

conformational motions (see above). Therefore, aeonded low

ll>
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[a] Ee [kcal/mol] is the relative energy at B3LYP/6-31G#ith respect to the
energetically most stable structure. [b]le Hkcal/mol] is the relative energy at
BH&HLYP/6-31G* with respect to the energetically stcstable structure.. [dlmean
average deviation from planarity in ° (B3LYP/6-31)G[d] f max maximum deviation of
dihedral angles from planarity in ° (B3LYP/6-31G[¢] c is the compound number.

The linking number [, the twist T,, and the writhe \W(Table 3) of
each isomer were determined using the program dthem/t"
Among the ten most stable conformations the linkingnbers k
vary from 0 (no twist) to |3] (triple twist). Suigingly, only a small
fraction of the twist is converted into writhe,.ihe 36 carbon

on a Bruker DRX-500 spectrometer in CR@bking TMS as internal standard. El and
CI-MS mass spectra were recorded on a Finnigan M200 instrument, and MALDI-
TOF mass spectra were recorded on a Brucker Biflérstrument withtrans-2-[3-(4-
tert.-butylphenyl)-2-methyl-2-propenylidene]-malonoiléras a matrix in a saturated
solution of dichloromethane.

Synthesis of 1,4-bis(9-ethynylanthryl)benzene (4} A two-necked, round-bottom
flask containing 1,4-bis(ethynyl)benzen8) (0.252 g, 2 mmol), 10-iodoanthracene
(1.216 g, 4 mmol), Pd(PRBCl, (30 mg), and Cul (30 mg), was charged with
diisopropylamine (40 mL). After stirring for 4 h ambient temperature, the reaction
mixture was heated to reflux for an additional 3.nThe resulting precipitate was
collected by filtration, redissolved in hot tolugred filtered through a short column (6
“ 10) of silica gel, eluting with toluene. Coolinbet hot toluene solution yielded!
(0.784 g, 82 %) as orange solid. *H-NMR (500 MHBRQI/TMS): = 8.68 (d,J=8.7
Hz, 4H, anthracene Hs), 8.48 (s, 2H, anthracene 88} (d,J=8.5 Hz, 4H, anthracene

atoms defining th@ circuit lie approximately in a plane. A figure 8 Hs), 7.85 (s, 4H, phenyl Hs), 7.55-7.65 (m, 8H heatene Hs) ppm. MS (El+Jn/z

type conformation probably is prohibited by theistdemand of the
anthracene units. The most stable conformatiorryeht Table 4),
which was found theoretically, is a double-twisgtdicture (L = 2)

with a high value of twist (2.21) and a low valuewrithe (-0.21).

The most interesting conformation is “entry 7" (Talt) with a
linking number (L) of 3, (T, = 3.21 and W= -0.21). Thep system
of this conformation includes 3 half twists (Figu¢ With one
phase shift the system has Mobius topology.

Figure 4. The LCAO p-orbitals of the conjugated 3électron pathway from “entry’7
form a triple twist with one phase shift.

Conclusion

A [36]annulene derivative 1) was synthesized in a four step[b]

sequence with 7 % overall yield. According to thBRI data the
structure is conformationally flexible even at tergtures as low as
-124°C. Upon crystallization ol from different solvents X-ray
structures of four different conformations wereedetined. Two of
the structures exhibit a double twistedystem and two are Mobius
structures with a single twist. Theoretical caltioldss and NMR
data predict a very small or no aromaticity. Thelicyconjugation
in the 36p electron circuit is reduced by large dihedral asgl
According to our calculations there is an intergsgtiriple twisted
(Lx = 3) conformation among the 10 most stable strestu

Experimental Section

All reactions were carried out under nitrogen (8okl conditions). Unless otherwise

noted, all chemicals were obtained from commersi@lirces and used as received MHz, CDCLTMS):

without further purification. Solvents were purii@nd dried using common methods.
Dichloromethane and DME were distilled from GaHtoluene from sodium.
Diisopropylamine was purchased predried from Fl@&alumn chromatography® cm

" height cm) was carried out using Merck silica 6@1(0.040 — 0.063 mm), and Merck
neutral aluminumoxid 90, activity II-1ll (70 — 23@esh). NMR spectra were recorded

ll?

(%): 478 (100) [M], 239 (20).

[a]

Due to the low solubility of compoun@, a 3C-NMR spectrum could not be
obtained. The analytical data are in agreement thitHiteraturd*?!

Synthesis of Z,Z)-1,4-bis(9-ethenylanthryl)benzene (5): A two-necked, round-
bottom flask with a gas outlet tube, was equippedith w 1,4-bis(9-
ethynylanthryl)benzened) (0.400 g, 0.836 mmol), ethyl acetate (400 mL) &r¥ Pd /
BaSQ (800 mg). Under a hydrogen atmosphere, the shay vigorously stirred at
room temperature for 40 min. After filtering the xire through a pad of celite, the
solvent was evaporated to affosd(0.404 g, 100 %) as yellow solid. *H-NMR (500
MHz, CDCKL/TMS): = 8.36 (s, 2H, anthracene Hs), 8.03Jd8.8 Hz, 4H, anthracene
Hs), 7.96 (dJ=8.5 Hz, 4H anthracene Hs), 7.27-7.40 (m, 8H, aaime Hs), 7.03 (d,
J=12.5 Hz, 2H, double bond Hs), 6.87 J&12.45 Hz, 2H double bond Hs), 6.88 (s, 4H,
phenyl Hs) ppm. ¥C-NMR (125.8 MHz, CDZIMS): = 133.58, 132.37, 131.50,
128.68, 128.62, 128.51, 126.44, 126.32, 126.08,5825.25.26 ppm. MS (El+m/z
(%): 482 (100) [M], 293 (27), 279 (26), 241 (21), 203 (36), 191 (72)

Synthesis of Z,2)-1,4-bis[(9-ethenyl-10-formyl)anthryl]benzene(6):"! A suspension
of (Z,2)-1,4-bis(9-ethenylanthryl)benzeng) (0.404 g, 0.837 mmol) in Gi&l, (in 40
mL) was cooled to 1°C. To this mixture Sp@.35 mL, 3.0 mmol) was slowly added
over a period of 30 min. The stirring was continded additional 30 min before the
mixture was allowed to warm up to room temperaturd maintained there for 10 min.
Afterwards, the mixture was cooled back to 1°C @wCHOCH; (0.32 mL, 3.6 mmol)
was added before the reaction was allowed to warme uoom temperature again. After
stirring for 3 h at ambient temperature the reactioixture was quenched by adding
cooled water. The crude product was filtered offd avashed with acetone to gige
(0.290 g, 64 %) as orange solitH-NMR (500 MHz, CDCYTMS): = 11.58 (s, 2H,
aldehyde Hs), 9.03 (d=8.9 Hz, 4H, anthracene Hs), 8.49 Jd8.8 Hz, 4H, anthracene
Hs), 8.02 (dJ=16.6 Hz, 2H, double bond Hs), 7.80 (s, 4H pheny), H.58-7.72 (m,
8H, anthracene Hs), 7.02 @16.6 Hz, 2H, double bond Hs ) ppm. MS (Elr)z (%):
538 (91) [M1], 510 (37), 481 (10), 322(18), 279 (49), 203 (10B)(KBr): 1663 (C=0)
cmt,

Due to the low solubility of compoun@l a 3C-NMR spectrum could not
be obtained.

Synthesis of paracyclophanel:! A flame-dried round-bottom flask equipped with a
nitrogen inlet tube was charged with Zn-Cu (325 Bgamol) and anhydrous DME (50
mL). After cooling the mixture to 0°C, Ti€(0.27 mL, 2.5 mmol) was added carefully
before the black-gray suspension was refluxed flor Phe reaction mixture was cooled
to room temperatureZ(Z)-1,4-bis[(9-ethenyl-10-formyl)anthryl]lbenzené) (134 mg,
0.25 mmol) dissolved in anhydrous DME (25 mL) antu¢ne (50 mL) was slowly
added. The mixture was stirred for 2 d at room teragre and afterwards refluxed for
3 h. The mixture was filtrated through a short ewiu(3”~ 15) of neutral aluminumoxid
eluting withdichloromethane. The solvent was evaporated andetidue was purified
by column chromatography (3 30) on silica gel eluting with hexane/@H, (3/1) to
give 1 (17.6 mg, 14 %) as orange solid. tH-NMR (500 MBRCL/TMS): =8.71 (d,
J=8.8 Hz, 4H), 8.27 (dJ=8.8 Hz, 4H), 7.98 (s, 2H), 7.97 (&9.3 Hz, 4H), 7.77 (s,
2H), 7.70 (d,J=8.8 Hz, 4H), 7.53 (ddd)=8.8, 6.5, 1.3 Hz, 4H), 7.43 (d712.3 Hz,
2H), 7.41 (dddJ=8.5, 6.5, 1.1 Hz, 4H), 7.17 (d=12.2 Hz, 2H), 7.15 (d}=16.5 Hz,
2H), 6.93 (ddd)=8.8, 6.5, 1.2 Hz, 4H), 6.90 (d+8.5 Hz, 4H), 6.80 (ddd]=8.8, 6.6,
1.2 Hz, 4H), 6.56 (dJ=8.4 Hz, 4H), 6.21 (dJ=16.5 Hz, 2H) ppm. 3C-NMR125.8

= 136.34, 136.00, 135.97, 134.56, 134.40, 13311®.77,
132.21, 131.97, 131.29, 129.77, 129.23, 128.83,7428128.68, 127.50, 126.62,
126.47, 126.09, 125.94, 125.72, 125.63, 125.42,3128.24.33, 124.17 ppm. MALDI-
TOF MS: m/z 1012.24, 1013.21, 1014.21 (Calcd. 1013.296 f@sHE;). UV/Vis
(CHxClp):  max[nm] (log ) = 235sh (0.75), 255 (2.55), 320 (0.37), 406 (0.55).
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[c] Due to the presence of multiple solvent molesuin crystals ofl, a suitable  [3]
elemental analysis could not be obtained. For aesignt of signals in theC-
NMR spectrum see Table 2.

CCDC 755277 1a, b), 755275 1c), and 755279 1(d) contain the supplementary [4]
crystallographic data for this paper. These datalm obtained free of charge

from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif
[5]
[6]
Table 5. Selected crystal data and results ofttiuetsire refinements for compoutdn (7]
different solvents
Benzene DMF Diethylether
Formula CradHss CgoHs2 CgaHeO
M[g mor] 1481.86 1013.22 1087.34 8]
Crystal system triclinic monoclinic triclinic
Space group P-1 C2/c P-1
alA] 15.3793(11) 28.9655(16) 9.1670(8) (9]
b[A] 29.488(2) 9.8062(4) 15.0221(11)
c[A] 31.100(2) 46.272(3) 22.2194(18)
[°] 91.063(9) 105.960(6) 79.086(10)
VIAT] 12640.5(15) 12636.6(11) 2895.8(15)
TIK] 170 170 170 [10]
z 6 8 2 [11]
caledg €T 1.168 1.065 1.247
2 range [] 1.78-22.40 1.83-22.37 2.29-25.96
H(Mox )[mm]* 0.066 0.060 0.072
Measured reflns 72374 20404 27359
Rint. 0.0380 0.0530 0.0341
Independent reflns 32247 7873 10918 [12]
parameters 3274 822 779
Ri[I1>2 (1)] 0.0564 0.0865 0.0513
WR(all data) 0.1650 0.2597 0.1418 [13]
Goof 1.022 0.958 1.033 [14]
Residual election 0.359/-0.224 0.498/-0.291 0.868/-0.359
density [e A7
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