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Abstract: New enantiomerically pure
alleno-acetylenic macrocycles were
prepared by oxidative homocoupling of
optically active 1,3-diethynylallenes.
Enantiomer separation resulted from a
combined strategy of synthesis and
chiral HPLC techniques. Two other

macrocycles are discussed on the basis
of quantum chemical calculations, by
using the CAM-B3LYP functional
Studies were carried out to investigate
the vibronic fine structure observed ex-
perimentally in the UV/Vis and CD
spectra. The origin of the intense chi-

roptical response of the chiral alleno-
acetylenic macrocycles is explained by
considering the topology of the molec-
ular orbitals involved, thus relating
electronic properties to structural fea-
tures. Further analysis of the canonical
molecular orbitals and the electron lo-

achiral stereoisomers were also isolated
and fully characterized. In addition, the
X-ray structures of the chiral D,- and
C,-symmetric macrocycles are report-

. . . rocycles
ed. The chiroptical properties of these

Introduction

Acetylenic shape-persistent macrocycles are among the
most interesting structures in modern organic chemistry.
These carbon-rich systems have been used in a very broad
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calization function (ELF) shows that
these macrocycles belong to a relative-
ly rare class of highly stable and for-
mally anti-aromatic Hiickel
pounds.

aromaticity -

com-

range of applications, including formation of liquid-crystal-
line phases,!! extended tubular channels in solution,?
porous organic solids,”! aggregates on surfaces, and host-
guest complexes.’! Furthermore, the properties of these
macrocycles have also been extensively studied. Particularly
interesting features include their second- and third-order
nonlinear optical behavior," and their electrochemical”! and
chiroptical properties.>”! In addition, they have been ex-
ploited by theoreticians to gain insight into the intriguing
electronic properties of acetylenic structures.!'”!

Most shape-persistent macrocycles are based on arylacety-
lenic building blocks. A variety of methods and strategies
for the construction of phenylacetylene-""! and other aryl-
acetylene-based!"” macrocycles have been published. How-
ever, advantages of macrocycles containing conjugated all-
carbon backbones without annellated aryl units have been
pointed out recently.”! Such compounds have mostly been
prepared as potential molecular precursors of still elusive,
two-dimensional (2D) carbon networks, and some examples
include perethynylated dehydroannulenes, expanded radia-
lenes, and radiaannulenes."*'¥ While 2D acetylenic scaffold-
ing has been vigorously pursued, three-dimensional (3D)
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acetylenic scaffolding with all-carbon backbones without
aryl spacers remains limited to very few examples, namely a
buta-1,3-diyne-1,4-diyl-expanded cubane!'”! and alleno-acet-
ylenic macrocycles and foldamers*!*'%

Shape-persistent alleno—acetylenic macrocycles with in-
herent chirality are of interest from many points of view.
Their conformational rigidity and asymmetry can be used to
relate chiroptical properties to structural features. In addi-
tion, functionalization of the exocyclic allenic substituents
promises new approaches to build up chiral supramolecular
assemblies in solution and in the solid state. Asymmetric
alleno-acetylenic macrocycles could also be used to induce
macroscopic chirality, leading to optically active liquid-crys-
talline phases in solution or to chiral patterns on surfaces.
Molecular recognition in their chiral cavities also remains to
be explored.

From the theoretical point of view, allene-containing mac-
rocycles are also of great interest. Allenes have been pre-
dicted to impart half-turns to s-electronic manifolds to fur-
nish Mobius and Hiickel aromatic and anti-aromatic com-
pounds.’” It has been proposed that chiroptical properties,
such as electronic circular dichroism (CD) and optical rota-
tory dispersion (ORD), could be crucial in the experimental
characterization of novel chiral aromaticities.” In this
regard, enantiopure, shape-persistent, alleno—acetylenic
macrocycles provide a unique opportunity to find chiroptical
“fingerprints” of chiral mt-electronic manifolds.

Recently, we reported the enantioselective synthesis and
optical resolution of stable, optically pure 1,3-diethynylal-
lenes (DEAs) bearing tert-butyl moieties to protect the
allene moiety.!! Alleno-acetylenic macrocycles obtained
from these DEA building blocks show high thermal, chemi-
cal, and photochemical stability.”"'’! Herein, we report the
synthesis of two enantiomeric alleno—acetylenic macrocycles
and their two achiral stereoisomers, taking a different ap-
proach from the one reported in an earlier communica-
tion.”! The solid-state structures of two chiral macrocycles
were solved, providing unambiguous configurational assign-
ments. Chiroptical properties are analyzed on the basis of
time-dependent quantum chemical calculations, and com-
ments about the vibronic fine structure observed in the UV/
Vis and CD spectra are provided. Based on these calcula-
tions, an explanation of the origin of the remarkably intense
chiroptical response in the chiral alleno-acetylenic macrocy-
cles is proposed. Finally, analysis of canonical molecular or-
bitals (MOs) and the electron localization function (ELF)
delivers conclusions about the extent of aromaticity of these
systems.

Results and Discussion

Synthesis: In a previous communication,””’ we hypothesized
that macrocyclization of a racemic DEA building block by
acetylenic homocoupling, following the three-step protocol
shown in Scheme 1, would lead to six stereoisomers of mac-
rocycle 1. The DEA derivative 2 was dimerized by Pd-cata-
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lyzed oxidative homocoupling,”? using air as oxidant and
N,N,N',N'-tetramethylethylenediamine (TMEDA) as base to
obtain 3 quantitatively. Deprotection to deliver dimer 4 was
performed in good yield by treatment with NaOH in tolu-
ene at 90°C. Macrocycle 1 was obtained in a one-pot dimeri-
zation-cyclization reaction of compound 4 under Eglinton—
Galbraith conditions.

The expected stereoisomers of 1 are two racemates and
two achiral diastereoisomers. The D, -symmetric (all the zert-
butyl groups are magnetically equivalent) enantiomers
(M,M,M,M)-(+)-1 and (P,B,P,P)-(—)-1, with crown geome-
try, were prepared and characterized earlier using the enan-
tiomerically pure DEAs (M)-(—)-2 and (P)-(+)-2, respec-
tively.”) The other racemate is the C,-symmetric (four mag-
netically different tert-butyl groups) (M,M,M,P)/(P.P,P,M)-1
pair with twist geometry. The two achiral isomers are C,,-
symmetric (two magnetically different terr-butyl groups)
(PPM,M)-1 with chair geometry and D,,symmetric (all the
tert-butyl groups are magnetically equivalent) (P,M,P.M)-1
with boat geometry (Figure 1).

Figure 1. Isomers of 1. From top left to bottom right: ((P,M,P.M)-1 boat),
((PPM.M)-1 chair), (PP.P.P)-(—)-1 crown), and (PPPM)-(—)-1 twist).
Hydrogen atoms are not shown.

In order to prove that all isomers are actually formed, the
synthesis depicted in Scheme 1 was performed using (+)-2.
The macrocyclization afforded a white solid that displayed a
'"H NMR spectrum with five partially overlapped signals be-
tween 1.153 and 1.167 ppm (Figure 2, lowest spectrum). The
absence of signals corresponding to terminal acetylenic hy-
drogen atoms confirmed the cyclic nature of the products.
Gel permeation chromatographic analysis ruled out the
presence of larger macrocycles. Separation of the mixture by
using recycling HPLC delivered four compounds in a 1:4:2:1
ratio (in order of elution, for details see the Experimental
Section). The first compound eluted had a '"H NMR spec-
trum with one singlet at 1.157 ppm, the second compound
eluted showed four singlets at 1.153, 1.157, 1.161, and
1.162 ppm, the third compound showed two singlets at 1.153
and 1.168 ppm, and the fourth compound showed a singlet
at 1.161 ppm (Figure 2). The fourth compound eluted had
identical 'H and “C NMR spectra to those of the previously
obtained (M,M,M,M)-(+)-1 and (P,P,P,P)-(—)-1, and there-
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Scheme 1. Synthesis of macrocycles 1. Reagents and conditions: a) [PdCL(PPh;),], Cul, TMEDA, air, toluene, 50°C, 24 h, 99%; b) NaOH, toluene,
90°C, 10 h, 65 %; c¢) CuCl, CuCl,, pyridine, 20°C, then addition of 4 as a mixture of stereoisomers over 20 h, 70 %. TMEDA = N,N,N',N'-tetramethylethy-

lenediamine.

fore was assigned to be the (M,M,M,M)/(P,P,P,P)-1 crown
racemate. Based on symmetry considerations, the first com-
pound eluted was assigned to the (P,M,P,M)-1 boat isomer,
the second compound eluted to the (M,M,M,P)/(P,P,P,M)-1
twist racemate, and the third compound eluted to the
(P,P,M,M)-1 chair isomer. The isomeric ratio corresponds to
the statistically expected one, demonstrating that there is no
preference for the formation of a particular stereoisomer.

Taking advantage of the statistical distribution of isomers,
a strategy was envisioned for the synthesis of the enantio-
merically enriched twist isomer. When the synthesis depict-
ed in Scheme 1 is performed using a mixture of (P)-(4)-2/
(M)-(—)-2 91:9 as starting material, the macrocycles should
be obtained in the ratio shown in Table 1.

According to this ratio, after separation of the diastereo-
isomers, the crown and twist isomers should be isolable in
an enantiomeric ratio (e.r.) of (P,P,P,P)-(—)-1/(M,M,M,M)-
(+)-1>99:1, and (PPPM)-(—)-1/(M,M,M,P)-(+)-1 =99:1,
respectively.

The synthesis shown in Scheme 1 was subsequently per-
formed with a mixture (P)-(4)-2/(M)-(—)-2 91:9 (deter-
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mined by HPLC), and the products of the last step were
separated by recycling HPLC. The chromatogram showed
traces of the boat and chair isomers, and a relation of
crown/twist isomers of approximately 2:1, in agreement with
the statistically predicted ratio (Table 1). The chiroptical
properties of the (P,P,P,P)-(+)-1 crown isomer isolated by
this method were identical to those previously reported for
enantiopure material.”! All these facts confirmed that the
twist isomer (P,P,P,M)-(—)-1 was obtained in very high enan-
tiomeric ratio (&99:1). The synthesis of the (M,M,M,P)-
(4)-1 enantiomer was performed in the same way. Full spec-
troscopic characterization of all stereoisomers is provided in
the Experimental Section, and "C NMR spectra can be
found in the Supporting Information.

Solid-state structures: The structures of racemates (P,P,P,P)/
(M, M,M,M)-1 and (P,P,PM)/(M,M,M,P)-1 were further con-
firmed by X-ray diffraction studies. Single crystals of the
(PPPP)(M,M,M,M)-1 racemate, suitable for X-ray analy-
sis, were obtained by slow evaporation of a mixture of
hexane/ethanol/methanol 9:0.5:0.5. The investigated crystal
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Figure 2. Stacking of 'H NMR (300 MHz, CDCl;) spectra of the mixture
of stereoisomers of 1 and the individual spectra (arbitrary intensities)
after recycling HPLC separation.

(highly solvated and extremely fragile) was mounted at low
temperature to prevent evaporation of enclosed solvents.
The crystal was found to be tetragonal, space group P4/nnc
(for further details, see the Experimental Section).

Two conformers of (B,PB,P,P)/(M,M,M,M)-1 were found in
the asymmetric unit. In addition to the D,-symmetric struc-
ture, a C,-symmetric conformer was also found in the crystal
lattice. When the latter was optimized at the B3LYP/6-31G*
level of theory, it converged to the D,-symmetric conformer.
This calculation suggests that the C,-symmetric conformer is
probably a consequence of crystal packing forces. The geom-
etry of the D,-symmetric conformer (Figure 3) is in agree-
ment with the structure predicted earlier by theoretical cal-
culations,””’ and the torsion angle between neighboring al-
lenes is around +102° in contrast to the torsion angle of
0 < 0 <45 predicted for its open chain analogue.['”)

Single crystals of the (P,P,P.M)/(M,M,M,P)-1 racemate,
suitable for X-ray analysis, were obtained by slow evapora-
tion of a mixture of hexane/ethanol/methanol 9:0.5:0.5. This
crystal was also mounted at low temperature to prevent
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Figure 3. X-ray crystal structure of (P,P,P,P)/(M,M,M,M)-1. ORTEP plot
of the D,-symmetric conformer. Arbitrary numbering, atomic displace-
ment parameters obtained at 260 K are drawn at 30% probability level
(for details see the Experimental Section). Selected bond lengths [A],
bond angles [°], and torsion angles [°]: C16—C17 1.295(6), C17—C18
1.427(8), C18—C19 1.215(8), C19—C19j 1.367(8), Cl6f-C17f-C18f
117.0(5), C18-C17-C171-C18l 85.6(6), C16-C17-C17j-C16d —102.5(6).

evaporation of enclosed solvents and was found to be mono-
clinic, space group P2,/n. In this case, only one conformer
(approximately C,-symmetric, Figure 4) was found in the
crystal. This conformer found in the solid state also agrees
with the minimum found at the B3LYP/6-31G* level of
theory.
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Figure 4. ORTEP plot of (P,P,PM)/(M,M,M,P)-1. Arbitrary numbering,
atomic displacement parameters obtained at 220 K are drawn at 30%
probability level (for details see the Experimental Section). Selected
bond lengths [A], bond angles [°] and torsion angles [°]: C15-Cl6
1.308(5), C16—C17 1.436(6), C17—C18 1.203(7), C18—C19 1.383(7), C20-
C21-C22 119.5(4), C8-C9-C10 116.8(3), C1-C2-C7-C8 119.8(4), C8-C9-
C14-C15 135.9(4), C15-C16-C21-C22 —37.6(4), C22-C23-C28-C1 —4.1(4).
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Table 1. Statistical distribution of stereoisomers [%] of macrocycle 1, starting from optically enriched DEA 2.

(P)-(+)-2 M)-(-)-2
91 9
(B.P)-(+)-4 (PM)-4 (M. M)-(—)-4
82.8 16.4 0.8

(PPEP)-(-)1 (PPEM)-(—)-1 (PM.PM)-1 (PPM.M)-1 (M,M.M.P)-(+)-1 (MMM .M)-(+)-1

Crown Twist Boat Chair Twist Crown

68.6 272 13 2.6 0.3 <0.01
Chiroptical properties: In the earlier communication, we re- molecules was carried out at various levels of theory includ-
ported the unusually intense CD of enantiomers (P,P,P,P)- ing the semiempirical ZINDO, time-dependent Hartree—

(=)-1 and (M,M,M,M)-(+)-1.”) Cotton effects of enantio- Fock (TD-HF), and time-dependent density functional
mers (P,P,PM)-(—)-1 and (M,M,M,P)-(+)-1 are less intense theory (TD-DFT) employing a variety of functionals and

and their CD profiles are different. These divergences can basis sets.
be attributed to the dissimilar symmetries of the molecules, Although most of these methods provided similar CD
in particular because of the different torsion angles between profiles, we are aware of the deficiencies of the TD-DFT

neighboring allenes (102° in (M,M,M,M)-1 and 120, 136, methodology. It has been observed that conventional func-
—38, and —4° in (M,M,M,P)-1). UV/Vis and CD spectra of tionals are unreliable for evaluating electronic properties,
both pairs of enantiomers are shown in Figure 5. polarizability, and hyperpolarizability in compounds exhibit-
ing moderate to extended m conjugation,® as is the case for
alleno-acetylenic macromolecules. In 2004, Yanai et al.” in-

700000 - 1000 troduced the Coulomb-attenuated hybrid exchange-correla-
T 1750 tion functional (CAM-B3LYP), which has the same correla-
000000, Js00 tion functional as the traditional B3LYP functional, but
500000_' .’/'" T I s -:250 combines the exact Hartree-Fock and DFT exchange in a
| X% 0 ratio depending on the interelectronic distance. A number
400000 0. i \/\/‘v J.2s0 - of recent reports have demonstrated these improvements.*!
\\\ e J -s500 rs These studies included molecules containing oligoyne and
300000 Yi 175 £ oligoene moieties as benchmark systems due to the strong
100 < correlation between their nonlinear optical properties and
2000004 / 1255  their geometrical characteristics. In the present study, we
mmo_' \ J 1500 employed the CAM-B3LYP functional for the investigation
j — of the chiroptical properties of alleno—acetylenic macromo-

4 | . : : lecules.
250 300 350 As evidenced in Figure 6, CAM-B3LYP provides a satis-
Alam ——— factory reproduction of the main CD features for the crown

Figure 5. CD spectra (upper chart) of (M,M,M,M)-(+)-1 (dashed black macrocycle (P,PPP)-(—)-1 with the exception of the fine

line), (P.PPP)-(=)-1 (solid black line), (M,M,M,P)-(+)-1 (dashed grey structure of the negative Cotton effect. In fact, the vertical

line), and (P,P,P,M)-(—)-1 (solid grey line) measured in n-hexane. UV/Vis transition energies are in a notably better agreement with
{ hart) of (P.P.P,P)-(—)-1 (black li P.PP.M)-(—)-1 : . .

spectra (lower chart) of (RRFP)-(—)-1 (black line) and (RRRM)-(-) experimental data in comparison to data from the TD-HF

(grey line).
and ZINDO levels of theory, which exhibit ~1 eV over- and
underestimation respectively (Figure 6). The previously as-
signed (P,P,P,P) absolute configuration of crown (—)-1 was
Through our previous investigations of enantiopure DEA again confirmed by this quantum mechanical calculation of
oligomers"” and macrocycles® (M, MM M)-(+)-1 and the CD spectrum. As it can be seen in Figure 6, the CD re-
(P,P,P,P)-(—)-1, we established that these molecules exhibit sponse is mainly due to the contributions of three electronic
exceptional chiroptical responses manifested through unpre- transitions: the negative Cotton effect originates from tran-
cedented CD intensities. In the case of DEA oligomers, the sition S1 and the positive Cotton effect from joint contribu-
nonlinear enhancement of CD and ORD from dimer to oc- tions of degenerate transitions S2 and S3. It should be noted
tamer/hexadecamer has been related to a conformational that all methods used previously to study the chiroptical re-
preference along the backbone. Correlation between experi- sponse of alleno—acetylenic structures provide the same
mental spectra and quantum mechanical predictions of CD qualitative information, and our earlier conclusions are con-
and ORD responses enabled us to propose an ensemble of firmed by the CAM-B3LYP results. Although the main
single-handed helical conformers for these oligomers. Our Cotton effect features are optimally reproduced by CAM-
previous theoretical analysis”'” of alleno-acetylenic macro- B3LYP, additional efforts in this study were directed to the
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Figure 6. Experimental (black line) and simulated CD spectrum of
(P,P,P,P)-(—)-1 (grey line, scaled by 0.6, not shifted, rotational strength in
grey bars) at the CAM-B3LYP/6-31G(d) level of theory. The inset shows
experimental (black line) and simulated CD spectrum of (P,P,P,P)-(—)-1
at the HF/6-31G(d) (dashed black line scaled by 0.2, not shifted),
ZINDO (dashed grey line scaled by 0.4, not shifted), and CAM-B3LYP/
6-31G(d) (grey line scaled by 0.6, not shifted) levels of theory.

ab initio prediction of the vibronic fine structure of transi-
tion S1.

In our previous studies on the DEA dimer 4,” an analo-
gous pattern of peaks with a regular spacing of about
2200 cm™' was accurately reproduced by a full-harmonic
adiabatic approach (including displacements, frequency
changes, and Duschinsky mixings)”* and assigned to a pro-
gression along the symmetric combination of the CC triple-
bond stretching. In the D,symmetric (P,P,P,P)-(—)-1, the
eight CC triple-bond stretchings are combined in eight col-
lective normal modes (two degenerate pairs of E symmetry,
plus four modes belonging to the A,, A,, B, and B, ir-
reducible representations, respectively). Their harmonic fre-
quencies, according to CAM-B3LYP/6-31G(d) calculations,
span a narrow frequency region from 2300 to 2400 cm™,
showing that these modes are separated from the lower fre-
quency modes by more than 200 cm™', and from the higher
frequency ones by more than 600 cm~'. Considering that the
computed frequencies are usually overestimated by a factor
of ~1/0.95, it is reasonable to assign that the progression ob-
served in the CD spectrum of the macrocycle (average
spacing about ~2200 cm™) originates from displacements
along these eight modes.

The first attempt to uncover the origin of the observed vi-
brational structure was to use the adiabatic model.”*! How-
ever, the dimension of the system, along with the dense
manifold of electronic states around transition S1, precludes
optimization of the excited state geometry, which is a pre-
requisite for applying the adiabatic model.”* Therefore, it
was not possible to simulate the CD line shape with the

Chem. Eur. J. 2010, 16, 9796 -9807
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single-state adiabatic approach adopted for the DEA dimer
4.[26a]

Trying to overcome this challenge, we used a simplified
model to compute the spectrum, namely the vertical gradi-
ent (VG) approach, in which normal modes and frequencies
of the excited state are assumed to be equal to those of the
ground state. Although this alternative model only accounts
for the effect of total symmetric a; modes, it reproduces the
full-harmonic results obtained for the dimeric alleno—acety-
lenic structure 4 previously reported.”

However, application of the VG method in (P,P,P,P)-(—)-
1 did not provide a satisfactory prediction of the experimen-
tal vibrational fine structure. A progression along the a; col-
lective CC triple bond stretching is actually predicted, but it
is strongly underestimated. However, we are aware of the
fact that due to the symmetry of the molecule and the dense
manifold of states, Jahn-Teller and pseudo Jahn-Teller ef-
fects might be operative. Therefore, more refined theoretical
modelling including non-adiabatic effects would be needed
for a simulation of the spectrum which is beyond the current
state-of-the-art methods.

Origin of CD spectra based on MO analysis: As shown in
Figure 6, the CD spectrum of (P,P,P,P)-(—)-1 shows extraor-
dinary strong Cotton effects. This fact indicates that the ro-
tational strength, which is proportional to the product of
electric transition dipole moment (ETDM) and magnetic
transition dipole moment (MTDM), is very large. To gain
insight into the mechanism of such outstanding Cotton ef-
fects of (BBPP)-(—)-1, the origin of the ETDM and
MTDM for each relevant electronic transition was studied
on the basis of the topology of the MOs involved.

As mentioned before, the CD response of the (P,P,P,P)-
(—)-1 macrocycle mainly arises from transition S1 and de-
generate transitions S2 and S3 (Figure 6). The calculated
ETDM and MTDM of the transition S1 are depicted in Fig-
ure 7 a, in which both transition moments are parallel to the
z axis (C,-symmetry axis). Namely the MTDM is parallel to
the z axis, while the ETDM is anti-parallel to the z axis, and
therefore, the rotational strength is negative yielding a nega-
tive Cotton effect. The characteristic of transition S1 is that
its MTDM is extraordinarily large, which consequently con-
tributes to the intense Cotton effects. On the other hand,
the ETDM of transition S1 is very small, which means that
the transition S1 is electrically weak, but magnetically al-
lowed and strong. Therefore, the g-factor (g=Ae/e) of the
transition S1 is large, as observed experimentally.”

The calculated MTDM and ETDM of the transition S2
are perpendicular to the z axis as shown in Figure 7b. Both
transition moments are in the xy plane, the plane intersect-
ing all four sp carbons of the allene moieties (see Figure 7).
The MTDM is thus parallel to the ETDM generating a posi-
tive Cotton effect in agreement with the observed CD. The
ETDM of transition S2 is larger than that of transition S1 as
shown in Figure 7, and hence the transition is electrically al-
lowed. Since transitions S2 and S3 are degenerate, the same
is true for the transition S3.
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Figure 7. Schematic representation of ETDM (dark grey) and MTDM
(light grey) of a) transition S1 and b) transitions S2 and S3 for the
(PPPP)-1 crown macrocycle at the CAM-B3LYP/6-31G(d) level of
theory. For clarity, tert-butyl groups were replaced by methyl groups and
hydrogen atoms are not shown.

The characteristic features of the MTDM and ETDM of
transition S1 can be qualitatively explained by the topology
and symmetry of the MOs involved in the transition. For ex-
ample, one of the configuration interactions (Cls) contribu-
ting significantly to transition S1 is HOMO (MO216)—
LUMO (MO217), the two MOs of which are depicted in
Scheme 2a. Both MOs are mostly distributed in the xy
plane. When looking at the butadiyne part, the transition
generates the local ETDMs as indicated by the long arrows,
which are arranged around the ring (Figure 8a). Therefore,
the xy components of the local ETDMs cancel each other,
while the z component remains non-zero, because the buta-
diyne units are tilted into the z axis. Consequently, the total
ETDM has a small z component.

The circular arrangement of local ETDMs generates a
very large MTDM, which is parallel to the z-axis. The
MTDM is theoretically proportional to the vector product,
T x [, in which T is the distance vector from the center of
ring to the local ETDM . The local MTDMs generated by
four ETDMs arranged in a circle are perpendicular to the
T and [ vectors, and hence the total MTDM of this ring
system is parallel to the z axis and becomes very large,
while the xy components of the local MTDMs cancel each
other. The transition S1 is thus magnetically large but elec-
trically weak as shown in Figure 7a.
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Symmetry Allene-C:2 Butadiyne-C:  Center-Cs Center-C2
MO214 A,S = = A
MO216 S.S A A A S
MO217 AA S, 8 A S

Scheme 2. MOs and symmetry involved in the CIs of a) transition S1 and
b) transition S2. In the table below, S and A indicate symmetry and anti-
symmetry, respectively.

Figure 8. Schematic representation of electron motion in a) transition S1
and b) transitions S2 and S3 for the (P,P,P,P)-1 crown macrocycle at the
CAM-B3LYP/6-31G(d) level of theory. For clarity, tert-butyl groups were
replaced by methyl groups and hydrogens are not shown. Long arrows
represent the linear motion of electrons in the butadiyne units, and short
circular arrows give the rotational motion of electrons at the sp carbons
of the allene units.

There is another mechanism to generate MTDM. In the
HOMO (MO216), the p-orbital of the sp carbon in the
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allene unit is directed to the xy plane, while in the LUMO
(MO217), it is directed to the z axis (Scheme 2a). Therefore,
due to the rotational motion (~90°) of electrons at the sp
carbon atoms of the allene units, this excitation generates
local MTDMSs, which are parallel to the allene axis. Since
these four local MTDMs are circularly arranged, their xy
components cancel each other, while the z component re-
mains non-zero, due to the tilt of allenes into the z axis.

In a similar way, the features of transition S2 are qualita-
tively explained by the topology and symmetry of MOs (Fig-
ure 8b). Scheme 2b shows two representative MOs involved
in the CIs of transition S2 together with the symmetrical
character. The excitation from MO214 to MO217 generates
four local ETDMs along the butadiyne units. By summing
the four ETDM vectors, the y component vanishes because
of the symmetry of MOs, while the ETDM vector is large in
the x axis. Additionally, the z axis component also vanishes,
because two ETDMs (1 and 2, see Scheme 2) are directed
to the +z axis, while the remaining two (3 and 4) are direct-
ed to the —z axis (Figure 8b). The excitation transition
MO214—-MO217 is thus polarized in the plane of the ring
(Figure 8b).

The ETDMs along the butadiyne axes also make non-
zero MTDMs: the z axis components of two MTDMs gener-
ated by local ETDMs (1 and 3) cancel each other, while the
Xxy components remain non-zero. The same is true for the
MTDMs generated by ETDMs (2 and 4) and the xy compo-
nents remain non-zero. The resulting MTDM is thus polar-
ized in the xy plane (Figure 8b).

The local MTDMs (5 and 6) generated along the allene
axis, also contribute to the MTDM. The z component van-
ishes, while the x component remains non-zero
(Scheme 2b). Both ETDM and MTDM are thus polarized
in the xy plane, which is consistent with the result shown in
Figure 8b.

A similar qualitative analysis holds for the transition S3,
because transitions S2 and S3 are degenerate. The explana-
tion described before is thus helpful for understanding the
mechanism of the intense chiroptical responses of this chiral
macrocycle. In addition, it will allow the rational design of
new shape-persistent alleno—acetylenic structures with opti-
mal geometries, to maximize the chiroptical properties.

ELF analysis: During the analysis of the electronic structure
of (P,P,P,P)-(—)-1, we found many m-like MOs with interest-
ing topologies. Some of them are continuous tori, displaying
many turns around the sigma frame. This interesting finding
prompted us to investigate the nature of the aromaticity of
this compound.

A common way to investigate aromaticity is through the
nucleus-independent chemical shift (NICS), introduced by
Schleyer and co-workers.””” The original NICS(0) value
(placed at the ring centroid) and further refinements, such
as dissected NICS, ! work well for systems in which a
plane of symmetry can define the difference between o and
7t symmetry, but they are less unique for nonplanar helical
systems, in which only axes of symmetry can be formally de-
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fined. In addition, NICS values depend on the size of the
ring and the distances from the centroid to the periphery,
making comparison of our macrocycle with known systems
difficult.

The ELF (electron localization function)? is an empirical
function that has been used to indirectly study aromaticity
in carbocycles,"**! and nonplanar phyrins and annule-
nes.'”3! ELF has several advantages compared with ring-
current derived methods. It does not require definition of a
plane of symmetry with respect to an external applied mag-
netic field, it is not ring-size extensive, and it is nearly inde-
pendent of the level of theory used to compute it. With
these advantages, we decided to use ELF to explore the de-
localization characteristics of the m-electron manifold in the
macrocycle (P,P,P,P)-1.

ELF provides information about the delocalization of
electrons. In the closed-shell density functional approach,
the ELF function is related to the additional kinetic energy
density of the electrons due to the Pauli principle. The func-
tion is normalized between the values of 0 and 1, with a
value of 0.5 being that for a uniform electron gas of the
same density. A volume of space enclosed by a particular
ELF isosurface is termed a localization domain. These local-
ization domains may be attractors (nuclei) or basins, with
the latter representing core, valence, or non-bonding elec-
trons. A common way to locate these basins is to inspect the
ELF isosurface as it is increased from 0 to 1, and to identify
the ELF values at which the continuous surface (at low
thresholds) bifurcates into discrete basins associated with
core, valence, or non-bonding electrons at higher thresholds.
Thus, the valence basin for for example, a C—C bond typi-
cally bifurcates at ELF values of ~0.95-0.99. The utility of
ELF as a function for exploring aromaticity is derived from
an ability to unambiguously partition the MOs into separate
o- and m-electron manifolds, a process that for molecules
lacking a plane of symmetry can be based purely on the
energy separation between the manifolds. When ELF is
computed for the nm-MOs only (denoted as ELF,), the value
of the function at which the valence m basins bifurcate can
then be related to the aromatic or anti-aromatic it character.
High bifurcation values correlate with clearly aromatic sys-
tems. Thus for benzene, the threshold is ~0.9%% (for a rotat-
able 3D model of the ELF, function at this threshold, see
the interactive version of Figure 9 in the HTML version of
the article or in the Supporting Information). This property
appears to be independent of the size of the annulene. Thus,
[26]annulene appears to be the largest simply conjugated
planar &t carbocycle®! that sustains a delocalized non-alter-
nating geometry™ and its ELF, bifurcation value is ~0.89,
virtually the same as benzene (interactive version of
Figure 9 in the HTML version of the article or in the Sup-
porting Information). A crystal structure of a similarly sized
and also highly nonplanar annulene® (with D,, symmetry)
has been reported.® This structure has a more prominently
bond-alternating geometry, and this fact is also associated
with a very much lower ELF, bifurcation value of 0.135.
This would be consistent with either anti-aromaticity or
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High-energy manifold

Medium-energy manifold

O
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L+ PP
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Low-energy manifold

ELF of all 24 MOs

Y

Figure 9. Canonical MOs (isovalue =0.02, blue and white surfaces) and
ELF, (red surfaces) plotted at the bifurcation value (0.05). The lowest
row shows different orientations (and a semitransparent representation,
right) of the ELF, surface of the combined manifolds (MOs 97-120) at
the bifurcation value. 3D-rotatable structures of all surfaces can be found
in the interactive version of Figure 9 at www.wiley-vch.de/contents/
jc_2111/2010/chem.201001087/Figure9/ or in the Supporting Information.

non-aromaticity, as would be appropriate for a 4n rather
than a 4n+2 m-electron system. One final calibrant, which
bears most similarity to 1 is the carbo-benzene 5
(Scheme 3), which has been shown to be an 18-t aromatic
with a strongly diatropic circulation around the main
ring.®® The ELF, bifurcation threshold (B3LYP/6-31G*)
for the main ring is ~0.69, whilst that for the phenyl groups

HoH
4 \ 7 \
Ph Ph o~ Ph‘& jph
N 7 A\ V4
Ph - Ph PH o Ph

Scheme 3. Structure of 5. Resonant structures proposed by Chauvin and
co-workers.[%!
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is ~0.79 (interactive version of Figure 9 in the HTML ver-
sion of the article or in the Supporting Information).

In order to apply this technique to our systems, it is first
necessary to identify pure m MOs. In the macrocycle
(P,P.P,P)-(—)-1 that was actually synthesized, this is not pos-
sible due to the mixing of o orbitals of the tert-butyl sub-
stituents with the  manifold, evidently owing to the lack of
planes of symmetry, but also to the lack of a clear energy
separation between the two manifolds. To reduce this o—m
mixing, F atoms® were used in the calculations to replace
the tert-butyl substituents of the original structure. This in-
creases the energy gap between the o—m manifolds and re-
sults in essentially pure w MOs.

Our system is composed of 24 clearly identifiable t MOs.
These can be classified into three submanifolds according to
their energy and topology. The low-energy manifold encom-
passes MOs 97 to 104 (Figure 9). They share the common
feature of being continuous in the butadiyne moiety and dis-
play a node around the sp carbon atoms of the allenes. The
medium-energy manifold includes MOs 105 to 112
(Figure 9) and these MOs all have the topology of a torus
link®! with four, six, and eight half-turns around the o
framework. The high-energy manifold includes MOs 113 to
120 (MO 120=HOMO, Figure 9). The lowest MOs of this
manifold also display torus link topologies, with eight and
ten half-turns, while the MOs closer to the HOMO show
several nodes located at the single bonds connecting alkynes
with allenes. The ELF, surface derived from the combined
24 doubly-occupied m MOs has a bifurcation isovalue of
0.225, which clearly associates it with the characteristics of a
non- or anti-aromatic annulene rather than that of a delocal-
ized and aromatic system. Furthermore, this bifurcation
occurs at the single bonds connecting allenes and alkynes,
which were found experimentally (X-ray, see captions of
Figure 3 and 4) to be the longest in the backbone. It is
worth mentioning that there seems to be a relation between
the energy of the MOs and their number of half-turns. Ap-
parently, the number of half-turns (and not only the number
of nodes) governs the energetic ordering of MOs. In order
to identify the overall topology of the m system, one would
need to inspect the form of the electron density p(r) derived
from T MO occupancy by either a total of 48 wt electrons™
or by three submanifolds of 16 electrons. Unfortunately, due
the formation of many “wormholes” connecting torus link
and torus knot topologies,*! this did not prove possible.

According to this analysis, macrocycles 1 belong to a rela-
tively rare class of highly stable (even crystalline) non- or
anti-aromatic molecules, of which a number of examples are
known."*! Since allenes impart a half-turn to m MOs, every
cycle with an even number of allenes will be formally anti-
aromatic, regardless of the chirality of the allene moieties.
However, odd numbers of allenes could lead to Mdbius aro-
matic compounds, which could display different chiroptical
properties relative to their Hiickel anti-aromatic counter-
parts. The synthesis and analysis of enantiopure alleno—ace-
tylenic macrocycles bearing odd numbers of allenes is cur-
rently underway. Furthermore, future studies will also in-
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clude analysis using the recently reported adaptive natural
density partitioning method of Zubarev and Boldyrev,"”
which could bring new light to the investigation of the
nature of aromaticity in nonplanar systems.

Conclusion

New alleno—acetylenic macrocycles have been prepared by
oxidative homocoupling of optically active and racemic
DEAs. The C,-symmetric (M,M,M,P)-(+)-1 and (P,P,P,M)-
(—)-1 enantiomers were obtained from optically enriched
starting material, taking advantage of the statistical distribu-
tion of the stereoisomers, followed by separation of the dia-
stereoisomers by HPLC techniques. The structures of all
compounds were unambiguously assigned by full spectro-
scopic characterization, including X-ray -crystallographic
analyses of the chiral macrocycles.

Extensive computational studies showed that the new
CAM-B3LYP hybrid functional correctly predicts the chi-
roptical properties of alleno-acetylenic macrocycles, conse-
quently becoming the method of choice for future studies.
The ab initio prediction of the vibronic structure observed
in the UV/Vis and CD spectra of (P,P,P,P)-(—)-1 proved to
be extremely challenging. The main reason is the dense
manifold of states around the transition of interest, which in
combination with the high symmetry of the molecule might
give rise to non-adiabatic effects.

Deeper understanding of the origin of the chiroptical re-
sponse of alleno—acetylenic structures was obtained by ana-
lyzing the MOs involved in the main transitions. Further-
more, by examining the ELF, function and the topology of
the canonical MOs, we determined that the (P,P,P,P)-(—)-1
isomer displays Hiickel non- or anti-aromaticity. These stud-
ies provide a powerful tool for the design of molecular and
supramolecular alleno-acetylenic structures with the poten-
tial to display unprecedented chiroptical responses. Current
research in our group includes the synthesis and analysis of
the chiroptical properties of smaller and larger macrocycles,
as well as the functionalization of the side chains of DEAs
to be used in various molecular and supramolecular applica-
tions.

Experimental Section

Materials and general methods: Reagents and solvents were purchased at
reagent grade from Acros, Aldrich, and Fluka, and used as received. Tol-
uene was purified by a solvent drying system from LC Technology Solu-
tions Inc. SP-105 under nitrogen atmosphere (H,O content <10 ppm as
determined by Karl Fischer titration). THF was freshly distilled from
sodium benzophenone ketyl under nitrogen atmosphere. Flash chroma-
tography (FC) was carried out with SiO, 60 (particle size 0.040-
0.063 mm, 230-400 mesh; Fluka). Elution was done with distilled techni-
cal solvents. Thin-layer chromatography (TLC) was conducted on glass
sheets coated with SiO, 60 F,s, obtained from Merck; visualization with a
UV lamp (254 or 366 nm) and with a 10% solution of phosphomolybdic
acid in ethanol. 'H NMR and "*C NMR spectra were measured at 25°C
with a Varian Gemini 300, Bruker DRX 400, Bruker DRX 500, or a
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Bruker Avance III 600 spectrometer. Chemical shifts are reported in
ppm relative to the signal of Me,Si. Residual solvent signals in the 'H
and C NMR spectra were used as an internal reference. Preparative re-
cycling HPLC was run on a Japan Analytical Industry LC-9101 system
with an L-7110 pump and a 3702 UV-detector. UV/Vis spectra were re-
corded on a Varian Cary-500 spectrophotometer. CD spectra were re-
corded on a Jasco J-715 spectropolarimeter. IR spectra were recorded on
a Perkin-Elmer BX FT-IR spectrophotometer. The absorption wave-
lengths are reported in nm with the molar extinction coefficient &
(Mm'em™) in brackets. HR-EI spectra were measured with a Waters Mi-
cromass AutoSpec-Ultima spectrometer and HR-FT-MALDI with an
IonSpec Ultima Fourier transform (FT) instrument with 3-hydroxypico-
linic acid (3-HPA) as matrix. The most important signals are reported in
ml/z units with [M]* as the molecular ion.

Computational methods: All optimizations, single-point energy, and ex-
cited states calculations were carried out using Gaussian 09.°8! For the
ELF studies, the B3LYP functional was used with the 6-31G(d) basis set.
ELF, surfaces were calculated for the given set of (approximately) 7
MOs using Dgrid 4.5 and visualized with VMD " using the cube files
obtained from Dgrid.

X-ray analysis: Both structures were solved by direct methods (SIR-
97),“!! and refined by full-matrix least-squares analysis (SHELXL-97),!
using an isotropic extinction correction. All non-hydrogen atoms were re-
fined anisotropically; hydrogen atoms isotropically, whereby hydrogen
atom positions are based on stereochemical considerations.

X-ray crystal structure of (M,M,M,M)/(PPPP)-1: Crystal data at
260(2) K for C4Hy, M, =793.18, tetragonal, space group P4/nnc (no.
126), Peea=0.765 gem™>, Z=6, a =b=19.245(4), c=27.881(6) A, V=
10326(4) A°. Bruker-Nonius Kappa-CCD, Moy, radiation, A=0.7107 A,
#=0.043mm™". A colorless, highly solvated, and fragile crystal of
(M,M,M,M)/(P,P,P,P)-1 (linear dimensions ca. 0.50x0.30x0.28 mm) was
obtained by slow evaporation of a mixture of hexane/ethanol/methanol
9:0.5:0.5. It was mounted at low temperature to prevent evaporation of
enclosed solvents. The investigated crystals did not diffract to high 6 and
shatter below about 250 K. Numbers of measured and unique reflections
are 38308 and 3115, respectively (R;,;=0.086). There are two indepen-
dent conformers (C,- and D,-symmetric), which are located in different
special positions. Final R(F)=0.123, wR(F*)=0.320 for 214 parameters
and 2295 reflections with />20([) and 1.50 < 6 <21.97° (corresponding R
values based on all 3115 reflections are 0.163 and 0.339, respectively).
The final difference map contains 12 weak electron-density peaks be-
tween about 0.3 and 0.7 e A=, They must be due to highly disordered sol-
vents, which are located in the voids of the crystal lattice. When these
weak peaks are included as carbon atoms (isotropic U values ca. 0.5 to
0.9 A% in the structure factor calculation, R(F) and wR(F%) based on
2295 reflections with /> 20(I) decrease to about 0.09 and 0.24, respective-

ly, and P, increases to 0.99 gcm ™.

X-ray crystal structure of (PPPM)/(M.M.,MP)-1: Crystal data at
220(2) K for (CgHy,),CH;OH-2H,0, M,=1652.19, monoclinic, space
group P2/n (no. 14), Peea=0.951gem™, Z=2, a=12.8969(12), b=
30.468(2), ¢=15.3610(13) A, f=107.645(12)°, V=5752.0(9) A>. Bruker-
Nonius Kappa-CCD, Moy, radiation, 1=0.7107 A, £ =0.055 mm™". A col-
orless crystal of (PPPM)/(M,M,M,P)-1 (linear dimensions ca. 0.21x
0.15x0.13mm) was obtained by slow evaporation of a mixture of
hexane/ethanol/methanol 9:0.5:0.5. The crystal was mounted at low tem-
perature to prevent evaporation of enclosed solvents. Numbers of mea-
sured and unique reflections are 18693 and 10373, respectively (R;, =
0.035). The CH;OH solvent is disordered. Final R(F)=0.082, wR(F*)=
0.216 for 601 parameters and 6994 reflections with />20([) and 2.70 <
6 <25.34° (corresponding R values based on all 10373 reflections are
0.119 and 0.245, respectively).

CCDC-773842 ((PPPM)/(M,M,M,P)-1) and -773843 ((M,M,M,M)/
(PPPP)-1) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
Synthesis and HPLC separation: The synthesis of macrocycles 1 has been
previously described, along with the properties of (P,P,P,P)-(—)-1 and
(M,M,M,M)-(+)-1.”) The mixture of isomers of 1 was separated by recy-
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cling HPLC, using a Merck Hibar® LiChroshper® Si 60 (5 um) prepara-
tive (250-25 mm) stationary phase, eluting with n-hexane (Merck Li-
Chrosolv®) at 9 mLmin~". Isomer (P,M,P.M)-1 showed the shortest reten-
tion time, and was collected after the second cycle. Racemate
(M,M,M,M)/(P,P,P,P)-1 shows the longer retention time and can be col-
lected in the fifth or sixth cycle. Separation of the racemate (M,M,M,P)/
(PPPM)-1 and isomer (P,PM,M)-1 was only possible after the tenth
cycle. ®C NMR spectra can be found in the Supporting Information.
(M.M .M P)-1,3,8,10,15,17,22,24-Octa-tert-butylcyclooctacosa-
1,2,8,9,15,16,22,23-octaen-4,6,11,13,18,20,25,27-octayne (M. M, M ,P)-(+)-
1): M.p.>185°C (decomp); [a]¥=+536, (c=0.01 in n-hexane); 'H NMR
(400 MHz, CDCl;) 6=1.153 (s, 18H, ¢Bu), 1.157 (s, 18H, (Bu), 1.161 (s,
18H, 1Bu), 1.163 ppm (s, 18H, rBu); *CNMR (100 MHz, CDCl;) 6=
29.14, 29.16, 29.17 (2), 35.80, 35.81, 35.87, 35.92, 75.25, 75.40, 75.44, 75.45,
77.93, 77.96, 77.97 (2), 104.00 (2), 104.01, 104.06, 216.28, 216.54 (2),
216.78 ppm; IR (ATR): #=2964 (s), 2930 (m), 2903 (m), 2867 (m) 2357
(vw), 2164 (vw), 1983 (vw), 1919 (vw), 1475 (m), 1459 (m), 1393 (w),
1363 (s), 1222 (m), 1077 (s), 1022 (w), 936 (w), 906 (W), 633 cm™" (w);
UV/Vis (n-hexane): 4, (¢)=323 (26700), 300 (51900), 281 (57800),
242 nm (212900); MALDI-MS: m/z (%): 832 (4) [M+K]*, 816 (11)
[M+Na]*, 794 (100) [M+H]*; HR-MALDI-MS: m/z calcd for CeH;3*:
793.5707; found: 793.5722 [M+H]". The enantiomer (P,P,P,M)-(+)-1 was
obtained similarly: [a]3 =530, (c=0.007 in n-hexane).

(PP.M ,M)-1,3,8,10,15,17,22,24-Octa-tert-butylcyclooctacosa-
1,2,8,9,15,16,22,23-octaen-4,6,11,13,18,20,25,27-octayne (PPM,M)-1):
M.p.>230°C (decomp); '"HNMR (600 MHz, CDCl;) 6=1.153 (s, 36 H,
Bu), 1.165 ppm (s, 36H, tBu); "C NMR (150 MHz, CDCl;) 6=28.98,
29.00, 35.63, 35.76, 75.20, 75.33, 77.76, 77.82, 103.87, 103.89, 216.36 ppm;
IR (ATR): 7=2960 (s), 2925 (s), 2866 (s), 2358 (vw), 2324 (vw), 2163
(vw), 1914 (w), 1737 (w), 1661 (w), 1636 (w), 1475 (s), 1460 (s), 1393 (m),
1362 (s), 1261 (m), 1244 (m), 1222 (m), 1024 (s), 906 cm ™" (s); UV/Vis (n-
hexane): 4,, (g)=323 (30200), 300 (44000), 282 (44900), 242 nm
(116600); MALDI-MS: m/z (%): 832 (5) [M+K]*, 816 (18) [M+Na]*,
794 (100) [M+H]*; HR-MALDI-MS: m/z caled for CeHy3*: 793.5707,
found: 793.5715 [M+H]*.
(PM,PM)-1,3,8,10,15,17,22,24-Octa-tert-butylcyclooctacosa-
1,2,8,9,15,16,22,23-octaen-4,6,11,13,18,20,25,27-octayne ((PM PM)-1):
M.p.>200°C (decomp); 'HNMR (500 MHz, CDCl;) 6=1.159 ppm (s,
72H, tBu); *CNMR (125 MHz, CDCl;) 6=29.14, 35.84, 75.43, 78.00,
104.03, 216.42 ppm; IR (ATR): v=2961 (s), 2926 (s), 2864 (m), 2210
(vw), 1983 (vw), 1912 (w), 1732 (w), 1476 (s, sh), 1458 (s), 1393 (m), 1362
(s), 1223 (m), 1209 (m, sh), 1080 (s), 1022 (w), 914 (w), 671 (w), 635 cm ™"
(m); UV/Vis (n-hexane): 4, (g)=322 (32300), 299 (50700), 281
(43800), 244 (128000), 233 nm (90000); MALDI-MS: m/z (%): 832 (4)
[M+K]*, 816 (15) [M+Na]*, 794 (100) [M+H]*; HR-MALDI-MS: m/z
caled for CgHo37: 793.5707; found: 793.5718 [M+H]*.
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