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Chiral allenes attract increasing interest owing to the devel-
opment of improved syntheses and their emerging use in
pharmaceuticals.[1] While strained small-ring allenes have
been investigated in greater detail for their theoretical
properties and their limits of stability and isolability,[2] allenic
macrocycles, in particular shape-persistent ones,[3] are mostly
unknown.[4] The scarcity of allenic macrocycles is rather
surprising in view of the opportunities for creating new
nonplanar, chiral topologies and for developing new chiral
host molecules. The first allenic macrocycle known was a
[34]cyclophane, reported by Krause and co-workers,[5] in
which four p-phenylene moieties are bridged by four 1,3-
dimethylallene-1,3-diyl linkers and which was isolated as a
mixture of several stereoisomers. Fallis and co-workers
reported the preparation of the first optically active alleno-
phanes.[6] Despite their elegant methodologies , clear proof of
the enantiomeric purity of the final compounds was not
provided. Furthermore, the absolute configuration of the
allene moieties was not unambiguously determined, but only
inferred from the reaction mechanism.

In our group, we have shown that di-tert-butyl-diethyny-
lallenes (DEAs) are stable chiral building blocks.[7] Racemic
mixtures of DEAs were converted into stereoisomeric
mixtures of an alleno-acetylenic macrocycle and an alleno-
phane. All diastereoisomers were separated and character-
ized,[8] but the enantiomers were not resolved. In this sense,
much information concerning the structural, chiroptical, and
electronic properties of chiral allenic macrocycles is still
missing.

A deeper understanding of a chiroptical response,
obtained from electronic circular dichroism (CD) spectros-

copy,[9] can be accomplished by full CD calculations using
quantum-mechanical methods. Such calculations provide
more complex information regarding the assignment of
Cotton effects to specific transitions, determination of abso-
lute configuration, and even investigation of conformational
preferences.[10] Nevertheless, to relate the chiroptical proper-
ties to structural and electronic features, conformationally
stable compounds are desirable.

Macrocyclization of a DEA building block by acetylenic
homocoupling, following the three-step protocol shown in
Scheme 1, is expected to yield the alleno-acetylenic tetramer
macrocycle 1. When the racemic DEA derivative (� )-2 is
used, the cyclization affords six stereoisomers of macrocycle
1, including two racemates and two achiral diastereoisomers.
The two racemates are the D4-symmetric (all the tert-butyl
groups are magnetically equivalent) (M,M,M,M)/(P,P,P,P)-1
pair with crown geometry and the C2-symmetric (four
magnetically different tert-butyl groups) (M,M,M,P)/
(P,P,P,M)-1 pair with twist geometry. The two achiral isomers
are C2h-symmetric (two magnetically different tert-butyl
groups) (P,P,M,M)-1 with chair geometry and D2d-symmetric

Scheme 1. Enantioselective synthesis of the macrocycle (P,P,P,P)-(�)-
1. Reagents and conditions: a) [PdCl2(PPh3)2] , CuI, TMEDA, toluene,
50 8C, 24 h, 99%, d.r. (P,P)-3/(P,M)-3/(M,M)-3 100:0:0; b) NaOH,
toluene, 90 8C, 10 h, 65 %, d.r. (P,P)-4/(P,M)-4/(M,M)-4 100:0:0;
c) CuCl, CuCl2, pyridine, RT, then addition of (P,P)-4 over 20 h, 68 %,
d.r. (P,P,P,P)-1/(M,P,P,P)-1)/(P,P,M,M)-1/(P,M,P,M)-1/(M,M,M,P)-1/
(M,M,M,M)-1 100:0:0:0:0:0. TMEDA= N,N,N’,N’-tetramethylethylene-
diamine.
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(all the tert-butyl groups are magnetically equivalent)
(P,M,P,M)-1 with boat geometry (Figure 1). The targeted
crown macrocycle (M,M,M,M)/(P,P,P,P)-1 is expected to be

conformationally highly stable and shape-persistent. The
conformational analysis of this system was carried out at the
AM1 level of theory by systematic variation of the dihedral
angle between opposite sides of the macrocycle. All the initial
structures converged to the same minimum. The minimum
found was further optimized at the B3LYP/6-31G(d) level of
theory (the Cartesian coordinates can be found in the
Supporting Information).

The enantiopure macrocycles (P,P,P,P)-(�)-1 and
(M,M,M,M)-(+)-1 were obtained starting from optically
pure DEA derivatives (P)-(+ )-2 and (M)-(-)-2, respectively
(Scheme 1). Recently, we reported the synthesis of nearly
enantiopure (P)-(+)-2 and (M)-(�)-2 in 69 % yield with an
enantiomer ratio (e.r.) of 96:4.[11] X-ray crystallographic
analysis confirmed the first example for a palladium-medi-
ated enantioselective syn-SN2’-type cross-coupling reaction of
an alkyne with an optically pure bispropargylic ester.
Subsequently, the DEA derivatives (M)-(�)-2 and (P)-(+)-2
were obtained in enantiopure form after resolution by HPLC
methods on a chiral stationary phase.

The enantiomerically pure DEA derivative (P)-(+)-2 was
dimerized by palladium-catalyzed oxidative homocoupling[12]

to yield (P,P)-(+)-3 quantitatively. After deprotection, mac-
rocycle (P,P,P,P)-(�)-1 was obtained in a one-pot dimeriza-
tion–cyclization reaction of compound (P,P)-(+)-4 under
Eglinton–Galbraith conditions. To favor the cyclization over
oligomerization, a solution of (P,P)-(+)-4 in pyridine was
added slowly to the solution of CuCl/CuCl2 in pyridine over a
period of 20 h. Under these conditions (P,P,P,P)-(�)-1 was
obtained in a yield of 68 %. Similarly, the (M,M,M,M)-(+)-1
enantiomer was obtained starting from enantiomerically pure
(M)-(�)-2 (a detailed description of the synthesis and the
NMR spectra are shown in the Supporting Information).

The proposed structure of the new enantiomeric macro-
cycles was fully confirmed by the spectral data. In the

MALDI MS, the protonated molecular ion [M+H]+ appeared
as the parent ion at m/z 793. The D4 symmetry of the
macrocycles was supported by the NMR spectra (in CDCl3;
see the Supporting Information). The 1H NMR spectrum
displayed a single resonance for the 72 tert-butyl protons at
d = 1.16 ppm, whereas the 13C NMR spectrum featured two
tert-butyl resonances at d = 29.0 and 35.8 ppm. In addition,
one peak was observed at d = 216.2 ppm for the central
carbon atom in the allene moieties. The stability of com-
pounds (P,P,P,P)-(�)-1 and (M,M,M,M)-(+)-1 (m.p. 220 8C
(decomp.)) is remarkable. The macrocycles show no decom-
position or isomerization/racemization upon heating in solu-
tion to 110 8C, as ascertained by both 1H NMR and CD
spectroscopy. They are also stable under air atmosphere and
in the presence of moisture for weeks. Unlike other allenic
p chromophores previously reported,[8, 11] these macrocycles
do not undergo photoisomerization under daylight. The CD
curves for both enantiomers are mirror images along the
abscissa (Figure 2). The CD spectra show extremely intense

Cotton effects, with an intensity of the peaks around 253 nm
of De =� 790m�1 cm�1. There are literature reports of chiral
macrocyclic,[13a, b] polycyclic,[13c,d] and acyclic[13e–i] compounds
that show strong CD intensities. In most of these cases, the
intense CD bands can be represented by a sum of contribu-
tions of the monomeric units. In contrast, the Demax intensities
of (P,P,P,P)-(�)-1 and (M,M,M,M)-(+)-1 are approximately
100 times greater than those of the corresponding monomers
(P)-(+)-2 and (M)-(�)-2 and roughly eight times greater than
those of the dimers (P,P)-(+)-4 and (M,M)-(�)-4 (see the
Supporting Information).

To determine the origin of such outstanding chiroptical
properties, the g-factor plot was analyzed (Figure 3). The g-
factor is defined as the ratio between the molar circular
dichroism De and the molar extinction coefficient e (g = De/
e).[14] The g-factor plot can be used to estimate the relative
contributions of electric and magnetic transition dipole
moments to the Cotton effects. In the case of (P,P,P,P)-(�)-
1, the larger g-values between 350 nm and 270 nm clearly

Figure 1. Isomers of 1. a) (P,P,P,P)-1 (crown), b) (P,P,P,M)-1 (twist),
c) (P,P,M,M)-1 (chair), and d) (M,P,M,P)-1 (boat). The conformations
were optimized at the AM1 level of theory.

Figure 2. Top: CD spectra of enantiopure (P,P,P,P)-(�)-1 (black line)
and enantiopure (M,M,M,M)-(+)-1 (gray line), measured in n-hexane.
Bottom: UV/Vis spectrum measured in n-hexane.
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indicate stronger magnetic dipole contributions, while the
opposite is evident with regard to the Cotton effects around
253 nm.

To prove the absolute configuration of macrocycle
(P,P,P,P)-(�)-1 and to gain further insight into the origin of
the Cotton effects, quantum-mechanical calculations of the
CD spectrum were performed using the semiempirical
method ZINDO.[15] The basic pattern of the CD curve
including the sign, magnitude, and position of Cotton effects,
but not the vibronic structures[16] around 350–270 nm (see the
Supporting Information), was reproduced well by the ZINDO
calculation.[17] Therefore, the absolute configuration of mac-
rocycle (�)-1 was determined as P,P,P,P also by the theoret-
ical calculation.

The calculated Cotton effect at 296 nm is produced mainly
by the transition S1 (Figure 4). The calculated rotational
strength (R) of this transition is remarkably high. R is
obtained as the scalar product of the electric transition dipole
moment (ETDM) and the magnetic transition dipole moment
(MTDM). The analysis of S1 reveals that the value of R is
dominated by the MTDM contribution (see the ETDMs and
MTDMs of selected transitions in the Supporting Informa-
tion). Both transition dipole moments of S1 are perpendicular
to the ring plane, as depicted in Figure 5, where two vectors
are antiparallel to each other (angle between the two vectors:
q = 1808) and hence the rotational strength is negative. Since
the MTDM of S1 is much larger than its ETDM, the
rotational strength of S1 is mostly governed by its MTDM,
in agreement with the experimentally observed g-factor
(configuration interaction coefficients of the MOs for the
relevant transitions and selected MO plots can be found in the
Supporting Information).

The De value of the CD band at 252 nm is one of the
largest ever reported.[13] This CD band originates from the
degenerate transitions S2 and S3 (Figure 4). ETDM and
MTDM of S2 are parallel to each other, giving rise to a
positive Cotton effect (see the Supporting Information). The
ETDM and MTDM of S3 are also parallel to each other, also
giving rise to a positive Cotton effect. Further studies on the

mechanism of such intense CDs and the fascinating topology
of the MOs involved in these transitions are underway.

In summary, the first enantiomerically pure alleno-acety-
lenic macrocycles were synthesized. The origin of the main
CD band proposed by the calculations was found to be in
accordance with the experimental conclusion obtained from
the g-factor plot. The unique combination of geometric and
electronic properties explains the magnitude of the Cotton
effects. This study suggests that exceptional CD intensities
can be expected for helical alleno-acetylenic oligomers and
supramolecular assemblies of alleno-acetylenic macrocycles,
reaching to unprecedented De values.
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