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Abstract: A selection of dimeric tetra-
ethynylethenes (TEEs) and perethyn-
ylated expanded radialenes, containing
different donor/acceptor substitution
patterns, have been prepared and fully
characterized. The first X-ray crystal
structure of an expanded [6]radialene,
with twelve peripheral 3,5-di(zert-butyl)-
phenyl substituents, is presented. This
macrocycle, the all-carbon core of which
is isomeric with fullerene Cg,, adopts a
non-planar, “chair-like” conformation.
Also a TEE dimer, carrying N,N-di-
methylaniline donor substituents, has
been subjected to an X-ray crystallo-

graphic analysis. The electronic proper-
ties were studied by UV/Vis spectros-
copy and electrochemistry, providing
fundamental insight into mechanisms
of m-electron delocalization in the acy-
clic and macrocyclic chromophores. Do-
nor or donor-acceptor-substituted di-
meric TEE derivatives show very strong
absorptions extending over the entire
UV/Vis region; their longest wavelength
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absorption bands have high charge-
transfer character. Macrocyclic cross-
conjugation in the expanded radialenes
becomes increasingly efficient with in-
creasing donor—acceptor polarization.
A dual, strongly solvent-polarity-de-
pendent fluorescence was observed for
a tetrakis(N,N-dimethylaniline)-substi-
tuted dimeric TEE; this interesting
emission behavior is explained by the
twisted intramolecular charge-transfer
(TICT) state model. Donor-substituted
expanded radialenes display huge reso-
nance-enhanced third-order nonlinear
optical coefficients.

Introduction

Radialenes are a series of all-methylidene-substituted cyclo-

alkanes of molecular formula C,H, (Figure 1) and have
attracted much attention for their unusual structural, elec-
tronic, and materials properties."? Much effort has been

devoted to the addition of substituents around the periphery,

such as halogen,P! cyano, and ester residues,!! and different
aromatic and heteroaromatic functionalities.?!
Upon formal insertion of ethynediyl or buta-1,3-diynediyl

moieties into the cyclic radialene framework, the carbon-rich

homologous series of expanded radialenes with the molecular
formulae C,,H, and C,,H,, respectively, are obtained.[) Such
macrocycles belong to the growing class of perethynylated
cyclic i systems which have attracted high interest as scaffolds
for two and three-dimensional carbon networks.’]

In earlier work [l we have employed suitably functionalized
derivatives of tetraethynylethene (TEE, 3,4-diethynylhex-3-
ene-1,5-diyne) as precursors for macrocyclic oligodiacety-

lenes.®! Studies have shown that TEE derivatives are attrac-

tive candidates for nonlinear optical (NLO) materials on
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Perethynylated expanded radialenes

Figure 1. Progression from radialenes to expanded radialenes. As building
blocks for the construction of expanded radialenes with peripheral
functional groups, tetracthynylethene (TEE) derivatives can be employed.

account of their intrinsic two-dimensional m-electron conju-
gation pathways.[’ Indeed, donor—acceptor-substituted TEEs
display some of the highest known third-order nonlinearities,
and, in the case of acentricity, also very large second-order
NLO effects. The development of a number of synthetic
strategies for preparing differentially silyl-protected TEEs[!’!
provided suitable modules for the construction of the first
series of perethynylated expanded radialenes, 1a—c (Fig-
ure 1). Interestingly, the all-carbon cores of these novel
macrocycles can be viewed as isomers of C, (expanded
[4]radialene 1a), Cs, (expanded [S]radialene 1b), and Cq,
(expanded [6]radialene 1¢). Electrochemical studies revealed
strong electron-acceptor properties of these compounds and a
capacity to undergo multiple reduction steps under cyclic
voltammetric conditions.[®®! By introducing m-electron donor
groups into the periphery, we therefore hoped to further
enhance the chromophoric and other physical properties of
the perethynylated expanded radialenes. We were also
interested to explore, whether m-electron delocalization
effects due to macrocyclic cross-conjugation would possibly
manifest themselves more strongly in derivatives with donor —
acceptor polarization.

Here, we describe the application of acetylenic coupling
reactions!'! to the synthesis of three new series of perethyn-
ylated expanded radialenes featuring peripheral aryl donor
substituents.'”) We include in this investigation the study of
donor/acceptor-functionalized TEE dimers which serve as
model compounds to evaluate macrocyclic cross-conjugation
effects in the expanded radialenes. The physical properties of
these two intriguing classes of compounds are investigated by
'H and BC NMR spectroscopy, electronic absorption, and
emission spectroscopy, and electrochemistry. We also report
the first X-ray structural characterization of an expanded
radialene as well as the redox properties and third-order
nonlinear optical properties of these unusual macrocycles.
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Results and Discussion

Synthesis: A selection of donor/acceptor-substituted TEEs
(such as 2-4) had been previously synthesized by Sonoga-
shira cross-coupling!® of vinylic dibromides (5a,b) with
terminal acetylenes.'”! Selective removal of trimethylsilyl in
the presence of triisopropylsilyl protecting groups, followed
by oxidative coupling under Hay conditions,"* had provided
TEE dimers, such as 6—8.'" The hexakis[triisopropylsilyl]
derivative 9 had also been previously prepared and charac-
terized by X-ray crystallography.!’]

R R? R3

R3 2a| Si(iPr)z Si(iPr); NMe;
2b| SiMe3 Si(iPr)3 NMe,
3a| Si(iPr)z Si(Pr)z N(C12H2s)2
3b| SiMez  Si(Pr)3 N(C12Hzs),
4a| Si(iPr)3 Si(iPr)3 NO,
4b| SiMez Si(/Pr)3; NO;

Rl R2
Br: Br R

5a| Si(Pr); Si(Pr)s

. T 5b S!Me3 S!(/Pr)3
RY R?2 5c| SiMe; SiMes

R2
6 | NMe, NMe,
7 |NO, NO;
8 |NMe; NO;

Si(iPr);

The 3,5-di(tert-butyl)phenyl-substituted TEEs 10a,b were
prepared (Scheme 1) by Sonogashira cross-coupling of di-
bromides 5b, ¢ with an excess of terminal alkyne 111! The
syntheses of the two TEE derivatives could be substantially
optimized relative to a procedure published earlier,l'”? which
only provided low yields of about 30 % . The unsymmetrically
protected TEE 10a was subsequently treated with K,CO; in
MeOH/THEF, thereby removing selectively the SiMe; group,
and the resulting terminal alkyne was subjected to the Hay
coupling conditions (CuCl, N,N,N',N'-tetramethylethylenedi-
amine (TMEDA), CH,Cl,) to afford dimeric 12. Employing
the same strategy, dimers 13—15 were prepared in high yields
(Scheme 2).

Next, a Hay cross-coupling reaction was carried out by
mixing equal amounts of the two TEEs 2b and 4b (Scheme 3).
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| R R?  Yield [%]
SiMe; Si(iPr); 72
SiMe; SiMe; 83

10a
10b

R! = SiMes, R2 = Si(iPr)3
b, c)

Scheme 1. Synthesis of 3,5-di(fert-butyl)phenyl-substituted monomeric
and dimeric TEE derivatives 10a,b and 12. a) Cul, [PdCL,(PPhs),], THF,
(iPr),NH or NEt;,. b) K,CO,, MeOH/THF. ¢) CuCl, TMEDA, O,, CH,Cl,,
61 % (steps b and c).

| R Yield [%]
13| NMe, 70
14| N(Cy2Has), 86
15| NO, 54

Scheme 2. Synthesis of the donor/acceptor-substituted dimeric TEE
derivatives 13-15. a) K,CO;, MeOH/THE. b) CuCl, TMEDA, O,, CH,Cl,.

Thus, removal of the SiMe; groups in the two starting
materials, followed by oxidative coupling gave the donor-—
acceptor dimer 16 together with the homocoupled products 13

Chem. Eur. J. 2001, 7, No. 15
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and 15 in an approximate 2:1:1 ratio. Two fractions were
isolated from column chromatography, the first containing a
mixture of 13 and 16 and the second containing pure 15.
Separation of 13 and 16 was accomplished by preparative
thin-layer chromatography providing the donor-acceptor
derivative in 36 % yield.

2b + 4b

(+13 (21%)
and 15 (17%))

O,N

16 (36%)

Scheme 3. Synthesis of donor-acceptor-substituted dimeric TEE 16.
a) K,CO;, MeOH/THF. b) CuCl, TMEDA, O,, CH,Cl,.

Removal of the Si(iPr); groups in dimer 14 with Bu,NF and
subsequent Hay coupling with p-nitrophenylacetylene gave
dimer 17 featuring an extended, strongly violet-colored
donor —acceptor chromophore (Scheme 4). The all-donor-
substituted analogue 18 was prepared in a similar way. Large
excesses of the phenylacetylenes were employed in these
cross-coupling reactions in order to avoid homocoupling of
deprotected 14.

N(C12H25)2

(C12H25)2N N(C12H2s),
| R Yield [%]
17| NO, 65
18| N(C1oHps5), 48

Scheme 4. Synthesis of dimeric TEE derivatives 17 and 18 featuring
extended, perarylated chromophores. a) BuNF, THF/H,O. b)R-p-
CsH,C=CH (12 equiv; R=NO,, N(C,Hys),), CuCl, TMEDA, O,, CH,Cl,.

In an attempt to introduce liquid crystallinity, we decided to
prepare TEEs containing mesogenic (4'-cyanobiphenyl-4-
yloxy)undecyl groups.!'®! For this purpose, alcohol 191! was
converted with CBr, and PPh; into bromide 20 which reacted
with p-iodophenol in the presence of NaH to give 21
(Scheme 5). Sonogashira cross-coupling with triisopropyl-
silylacetylene led to 22 which was silyl-deprotected with
Bu/NF to provide terminal alkyne 23. Subsequent cross-
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Scheme 5. Synthesis of TEE 24 with appended mesogenic 11-(4’-cyanobi-
phenyl-4-yloxy)undecyl groups. a) CBr,, PPh;, CH,Cl,, 92%. b) NaH, p-
iodophenol, DMF, 79%. c) Cul, [PdClL,(PPhs),], iPr;Si-C=CH, Bu,NBr,
THEF, iPr,NH, 96%. d) Bu,NF, THF, 93%. ¢) Cul, [PdCl,(PPh;),], 5a,
Bu,NBr, THF, iPr,NH, 84 %.

coupling with vinyl dibromide 5a afforded TEE 24 in good
yield.

In the following, several series of substituted expanded
[n]radialenes were prepared. Representatives of the donor-
functionalized derivatives 25a—d were obtained by two
routes (Scheme 6). In one approach, the two Si(iPr); protect-
ing groups of TEE 3a were removed with Bu,NF and
subsequent Hay coupling under dilute conditions provided
the strongly violet-colored macrocycles 25a—d, which were
separated by column chromatography. The expanded [4]radi-
alene 25b was isolated in highest yield (10 %) whereas the
largest, hexameric cyclic oligomer 25d was only formed in
trace amounts. The latter could be obtained in somewhat
higher yield by silyl-deprotection of the acyclic dimer 14
followed by Hay coupling. Under these conditions, expanded
[4]radialene 25b was formed in 11% and the higher [6]-
homologue 25d in 3% yield. In analogy, oxidative macro-
cyclization of silyl-deprotected 24 under Eglinton conditions
(Cu(OAC),, pyridine/benzene)?! provided 26a— ¢ with later-
ally appended mesogenic groups.

It was hoped that the expanded radialenes 26a—c would
display good liquid crystalline properties on account of the
laterally attached mesogenic groups. However, studies on the
major product, cyclic tetramer 26b, did not reveal such
properties. Differential scanning calorimetry showed a sharp
but very weak peak. Optical polarized microscopy studies
were unsatisfactory as well. One explanation for this negative
result may be that domain effects from the radialene were not
able to transfer because the alkyl spacers are too long.

3266 ——
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ab) m‘ R =N(C12H2s)2

3
a 25a (8%)

1

2| 25b (10%)
3| 25¢c (2%)
4| 25d (trace)

a, b)
25b (11%) +25d (3%)

14

20 m|R = O(CHa)110(p-CoHa),CN
1| 26a (4%)
2| 26b (56%)
3| 26c (4%)

24

Scheme 6. Synthesis of donor-substituted expanded radialenes 25a—d and
26a-c. a) BuNF, THF. b) CuCl, TMEDA, O,, CH,Cl,. c¢) Cu(OAc),, O,,
pyridine/benzene.

Therefore, we prepared related expanded radialenes with
hexyloxy spacers instead of the undecyloxy spacers. Since this
modification did actually not lead to improved properties, the
synthesis and characterization of these modified radialenes
will not be described here. The expanded [5]radialene with the
laterally appended (4'-cyanobiphenyl-4-yloxy)hexyl groups
was an amorphous solid, with a glass transition temperature
(T,) of 53°C. It seems that in order to achieve liquid
crystalline phase behavior, further structural modifications
will be necessary, which we have not pursued further in the
present work. In the context of this study, we were mainly
interested in the electronic effects, caused by the attachment
of 4-alkoxyphenyl donor substituents in the periphery of the
electron-accepting all-carbon core in 26a—c.

Silyl deprotection of TEE 10b followed by oxidative
cyclization afforded a red-orange mixture of 3,5-di(tert-
butyl)phenyl-substituted expanded radialenes that was insep-
arable due to the very small polarity difference between
individual compounds (Scheme 7). According to matrix-
assisted laser-desorption-ionization mass spectrometry
(MALDI-TOF MS) in the negative ion mode with a-
cyanocinnamic acid (CCA) as matrix, this mixture contained
the [n]radialenes 27a—f with n ranging from 3 to 8 as the
major products in addition to minor quantities of very large
derivatives with n=9, 10. The base peak in the spectrum
corresponded to the molecular ion of [6]radialene 27d,
whereas the relative intensities of the peaks assigned to the
very large macrocyclic perimeters (n =8-10) were less than
2%. We had previously already observed the formation of
such exceptionally large expanded radialenes with terminal
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27a-f: m =1-6 Bu

a, b)

0b @ ——

27a-f (inseparable mixture)

a, b)

12 —_—

27b (m=2) 9%
27d (m=4) 13%
27f (m=6) 9%

Scheme 7. Synthesis of 3,5-di(tert-butyl)phenyl-substituted expanded radi-
alenes 27b, d, . a) Bu,NF, THF; b) CuCl, TMEDA, O,, CH,Cl,.

Si(iPr); groups and even isolated very small quantities as
stable materials.’! In future work, we intend to prepare larger
quantities for full characterization of these compounds
possessing all-carbon cores exceeding 100 C atoms.

Gratifyingly, starting from TEE dimer 12, silyl deprotection
and oxidative cyclization provided a crude mixture of the
expanded [4]-, [6]-, and [8]radialenes 27b, 27d, and 27 f which
could be separated by column chromatography (silica gel;
eluent hexane/CH,Cl, 3:1) followed by gravity gel permeation
chromatography (GPC, Bio-Beads S-X1; eluent CH,CL,)
(Scheme 7).  Analytical GPC  (TosoHaas  TSKgel
G2500HHR column; eluent THF) revealed retention times
of 16.3 min (27b), 15.8 min (27d), and 15.4 min (27 f) which,
according to a polystyrene calibration curve,?!! correspond to
compounds with masses of around 2300, 3100, and 3900 Da,
respectively, in relatively good agreement with the calculated
molecular weights (1995.0, 2992.5, and 3990.0 gmol~!). The
expanded [8]radialene, with a Cg, core, is the largest member
of this new class of macrocyclic chromophores prepared so
far.

All TEE dimers are stable compounds. Derivatives 13, 185,
and 16 all form solids at room temperature. Substituting the
methyl groups with dodecyl groups, such as in compound 14,
results in the formation of an oil. The extended dimer 18
forms an oily solid, whereas the related dimer 17 is solid.

The members of the three series of arylated expanded
radialenes all showed very good solubility in organic solvents
such as CH,Cl, and CHCI;. No special precautions with
respect to stability were required in storing the samples. The
expanded radialenes 27a—f displayed, however, a slight light
sensitivity. In order to avoid light-induced decomposition,
their chromatographic workup was carried out in the dark.
The di(dodecylamino)phenyl-substituted expanded radia-
lenes 25a—d were isolated as oils, whereas the mesogen-
substituted derivatives 26a—c were obtained as solids. The
di(tert-butyl)phenyl-substituted expanded [4]- and [8]radia-

Chem. Eur. J. 2001, 7, No. 15
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lenes 27b and 27 f form oily solids, whereas the [6]radialene
derivative 27d is a solid.

As was noted previously,®l MALDI-TOF MS is a powerful
tool for the characterization of the expanded radialenes. The
spectra of pure compounds mainly displayed the molecular
ion as the parent ion with little or no fragmentation being
observed, which allowed an unambiguous assignment of the
molecular composition. However, for the di(fert-butyl)phen-
yl-substituted expanded radialenes, which contain no hetero-
atoms, the signal-to-noise ratios were less good.

The 'H NMR chemical shifts (CHCl;) for the aromatic
protons of some selected donor/acceptor-substituted dimeric
TEEs and expanded radialenes are given in Table 1. An
interesting yet poorly understood effect is revealed by the
comparison of the data for the donor—acceptor dimer 16 with

Table 1. Selected 'H NMR chemical shifts (200 or 500 MHz, CDCl;,
298 K) of aryl protons in mono/dimeric TEEs and expanded radialenes.

Compound AINR, 6 ArNO, 6

24l 6.60 7.38

3al?l 6.50 7.32

4l 7.63 8.19

13 651 6.63 738 741

14 644 653 733 1735

15 762 7.69 8.09 825
16 642 6.64 732 743 754 767 798 824
17 647 657 738 744  7.66 8.21

25a 6.56 7.41

25b 6.41 7.40

25¢ 6.31 7.33

25d 6.30 7.28

[a] See ref. [10b].

those for the all-donor- (13) and all-acceptor-substituted (15)
analogues. The aromatic resonances of one 4-Me,NC¢H, and
one 4-O,NC4H, moiety in 16 are distinctly upfield shifted (by
0.06-0.11 ppm) whereas the corresponding resonances in the
second set of these substituents in 16 appears at nearly
identical positions (Ad=0.1-0.2 ppm). Increasing the ex-
panded radialene ring size in the series 25a—d results in
increasing upfield shifts of the aromatic protons. This
observation can be explained by the shielding effect of
neighboring aryl groups, which approach each other more
closely in the higher homologues. Iyoda et al. had previously
observed an upfield shift of the phenyl protons in a sterically
crowded octaphenyl[4]radialene.’ The signals for the two
nonequivalent tert-butyl groups in 12 (6 =1.29 and 1.33) were
seen to merge into one upfield-shifted signal in the radialenes
27b, 27d, and 27f, positioned at d=1.17, 1.23, and 1.23,
respectively.

Some selected *C NMR data for the expanded radialenes
25a—c and 27b, d, f are collected in Table 2.2l In contrast to
what is usually observed for acetylenic macrocycles possessing
some degree of ring strain,?*! only small shifts are observed for
the 3C(sp) resonances in the expanded radialenes 25a—¢ and
27b, d, f relative to dimeric TEEs 14 and 12, which is
indicative of low ring strain in the macrocyclic perimeters.
Thus, the resonances of the buta-1,3-diynediyl moieties
appear at similar positions between 0 =82 and 88 in all

0947-6539/01/0715-3267 $ 17.50+.50/0 3267
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Table 2. Selected *C NMR (50 or 125 MHz, CDCl;, 298 K) resonances of
alkene and alkyne carbon atoms in expanded radialenes and TEE comparison

compounds.

Compound C (alkyne) 6 C (alkene) o

3a 86.6 99.6 100.7 105.1 112.2 119.5
12 82.3 83.6 85.9 86.9 101.7 102.0 102.3 102.9 115.1 121.4
14 82.4 84.6 87.0 87.5 100.3 102.7 102.9 103.5 110.5 122.5
25a 84.9 874 98.5 103.4 113.4 [a]
25b 83.9 87.5 87.9 104.5 110.2 118.7
25¢ 833 84.5 83.0 104.6 109.5 121.6
27b 84.2 86.4 86.6 103.6 113.9 119.0
27d 83.0 832 86.6 104.1 114.1 123.2
27f 82.8 833 86.6 104.1 113.9 123.7

[a] Only one resonance observed for the two different alkene C(sp?) atoms.

derivatives. Remarkably however, one of the exocyclic alkyne
resonances (0=98.5) in the smaller [3]radialene 25a is
downfield shifted by more than 10 ppm with respect to the
corresponding resonance in the larger [4]- and [S5]radialenes
25b and 25¢. Also, one of the exocyclic C(sp?) atoms shows a
significant upfield shift upon decreasing the ring size of the
radialene in the 25a—c series. Thus, the chemical shift value
changes from 6=121.6 (25¢) to 118.7 (25b), and to 113.4
(25a). These data could be indicative of an increase in ring
strain and/or a particular electronic configuration in the
smaller derivative. No significant differences between the IR
spectra of 25a-c¢, nor between those of 27b, d, f, were
observed. However, the absence of a #(=C-H) stretching band
at about 3300 cm™! confirmed that no terminal acetylenes are
present, in accordance with the macrocyclic structures.

X-ray crystallography: Single crystals of TEE dimer 13
suitable for X-ray crystallographic analysis were obtained by
slow evaporation of a CH,Cl/CH;CN solution at room
temperature. Compound 13 crystallizes in the orthorhombic
space group Pbca with four molecules in the unit cell. The
structure (Figure 2) reveals that the two alkene double bonds
in 13 adopt the s-trans conformation with respect to the
connecting buta-1,3-diynediyl moiety. This conformational
preference in the solid state has been exclusively observed for
oligo(triacetylene)s containing TEE or (E)-1,2-diethynyl-
ethene (DEE, (E)-hex-3-ene-1,5-diyne) repeat units.['>24
Model examinations reveal that the s-cis conformation of 13
would be destabilized by steric interactions between neigh-
boring aryl groups of the two TEE moieties. However, this
less favorable conformation needs to be adopted by the
related dimers 12 and 14 in the macrocyclization reactions
affording the expanded radialenes, as described above.
Kinetically, this is not problematic since rotations about the
C(sp)—C(sp) bonds or C(sp)—C(sp?) bonds of the central buta-
1,3-diynediyl spacer have extremely low activation barriers.’]
The X-ray crystal structure of 13 shows that the two TEE
moieties constitute a plane from which the four aryl groups
are slightly distorted. Bond lengths and bond angles are in the
range expected from previous X-ray crystallographic inves-
tigations (Figure 2; see for example refs. [10a, b, 15b, 24]).
We report here the first X-ray crystal structure analysis
(Figure 3) of an expanded radialene. Single crystals of 27d
were grown by slow diffusion of hexane into a solution of the

3268

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

Figure 2. ORTEP plot of 13; arbitrary numbering,atomic displacement
parameters obtained at 293 K are drawn at 50 % probability level. Selected
bond lengths [A] and bond angles []: C(1)—C(1a) 1.384(9), C(1)-C(2)
1.193(5), C(2)—C(3) 1.419(6), C(3)—C(4) 1.358(5), C(3)—C(21) 1.435(6),

CA)-C(5) 1432(6), C@A)-C(13) 1413(6), CG)-C(6) 1.200(5),
C(13)-C(14) 1.206(8), C(21)-C(22) 1.212(5); C(1a)-C(1)-C(2) 178.9(6),
C(1)-C2)-C(3) 1771(5), C(2)-C(3)-C(4) 121.6(4), C(2)-C(3)-C(21)
116.7(4), C(3)-C(4)-C(5) 120.9(4), C(3)-C(4)-C(13) 122.7(4), C(3)-C(21)-
C(22) 177.9(6), C(4)-C(5)-C(6) 176.2(4), C(4)-C(3)-C(21) 121.7(4), C(4)-
C(13)-C(14) 175.5(6), C(5)-C(4)-C(13) 116.4(4).

compound in CDCl;. The compound crystallizes in the
triclinic space group P1 with one molecule in the unit cell.
The cyclic framework is highly distorted and adopts a chair-
like conformation. Three different views of a chair can be
considered, either by i) a rectangle defined by C(5)-C(10)-
C(5a)-C(10a) and opposite corners C(15a) and C(15) (Fig-
ure 3b), ii) a rectangle defined by C(5)-C(15a)-C(5a)-C(15)
and opposite corners C(10) and C(10a), or iii) a rectangle
defined by C(15)-C(10)-C(15a)-C(10a) and opposite corners
C(5) and C(5a). The dimensions of these rectangles are in the
range of 10.1-11.2 x 6.6 A2, and the average diagonal dis-
tance between C(X) and C(Xa) (X =5, 10, or 15) is 12.7 A.
The torsional angles in these three chairs are: i) 54.1° [C(15a)-
C(5)-C(10)-C(15)], 1ii)54.9° [(C(10)-C(5)-C(15a)-C(10a)],
and iii) 62.6° [C(5a)-C(15)-C(10)-C(5)], the mean value being
57.2°. For comparison, the torsional angle in the cyclohexane
chair is 55.1°.126]

de Meijere et al.?’?l have carried out X-ray analyses on
[n]rotanes, perspirocyclopropanated macrocyclic oligodiacet-
ylenes, structurally related to the expanded radialenes, but
with insulating C(sp?) spiro centers separating the buta-1,3-
diynediyl fragments instead of alkene C(sp?) atoms. The
[6]rotane 28 of this family of macrocycles also adopts a chair-
like conformation in the solid state, but with an average
torsional angle of 41.4° it is less puckered. The difference
between these two chair conformations is probably a result of
the different steric requirements of the lateral substituents in
the two systems, that is steric overcrowding of the bulky 1,5-
bis(3,5-di(tert-butyl)phenyl)penta-1,4-diyne-3-ylidene residues
at the six C(sp?) “corner atoms” of the macroring enforces a
more puckered chair conformation in 27d.?¥) Another exam-
ple of a chair-formed [6]rotane, persubstituted by ether
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16
Figure 3. a) ORTEP plot of 27d; arbitrary numbering, H-atoms are
omitted for clarity. Atomic displacement parameters at 203 K are drawn
at the 20 % probability level. Selected bond lengths [A] and bond angles [°]:
C(1)—C(15a) 1.415(9), C(1)—C(2) 1.207(8), C(2)—C(3) 1.363(9), C(3)—C(4)
1.208(8), C(4)—C(5) 1.415(8), C(5)—C(6) 1.418(8), C(5)—C(82) 1.386(7),
C(6)—C(7) 1.200(8), C(7)—C(8) 1.374(9), C(8)—C(9) 1.192(7), C(9)—C(10)
1.429(8), C(10)—C(33) 1.355(8), C(10)—C(11) 1.435(8), C(11)—C(12)
1.204(8), C(12)—C(13) 1.353(9), C(13)—-C(14) 1.190(8), C(14)—C(15)
1.433(8), C(15)-C(16) 1.372(8), C(15)—C(la) 1.415(9), C(16)—C(17)
1.431(8), C(16)—C(50) 1.389(9), C(17)—-C(18) 1.193(7), C(50)—C(51)
1.174(9); C(1)-C(2)-C(3) 178.6(6), C(2)-C(1)-C(15a) 178.9(7), C(2)-C(3)-
C(4) 179.1(6), C(3)-C(4)-C(5) 175.2(5), C(4)-C(5)-C(82) 121.9(6), C(4)-
C(5)-C(6) 116.0(5), C(5)-C(6)-C(7) 173.4(6), C(6)-C(7)-C(8) 175.1(6),
C(6)-C(5)-C(82) 122.2(5), C(7)-C(8)-C(9) 173.7(7), C(8)-C(9)-C(10)
175.7(6), C(9)-C(10)-C(33) 121.5(5), C(9)-C(10)-C(11) 116.8(5), C(10)-
C(11)-C(12) 178.8(6), C(11)-C(12)-C(13) 179.3(6), C(11)-C(10)-C(33)
121.7(5), C(12)-C(13)-C(14) 179.9(5), C(13)-C(14)-C(15) 177.3(7), C(14)-
C(15)-C(16) 121.4(5), C(14)-C(15)-C(la) 116.7(5), C(15)-C(16)-C(17)
118.5(5), C(15)-C(16)-C(50) 119.2(5), C(16)-C(17)-C(18) 173.3(6), C(16)-
C(15)-C(1a) 121.8(5), C(16)-C(50)-C(51) 170.1(8), C(17)-C(16)-C(50)
122.2(6); b) view on the chair conformation of the macrocyclic core and
the exocyclic double bonds in the X-ray crystal structure of 27d.

functionalities, was provided by Bunz and co-workers.?®! Tt is
also noteworthy that some [6]radialenes adopt a chair-like
conformation as well, as shown by X-ray analysis for
hexaethylidenecyclohexane 292%1 and dodecamethyl[6]radia-
lene 30" (see Figure 4). However, in the structure of

Chem. Eur. J. 2001, 7, No. 15

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

Figure 4. [6]Rotane 287" and the two [6]radialenes 29,2%* and 30! adopt
chair conformations whereas [6]radialene 3154 prefers a boat-shaped
geometry in the solid state.

hexakis(4,5-benzo-1,3-dithiol-2-ylidene)cyclohexane (31), the
conformation is boat-shaped.’d Another interesting class of
acetylenic macrocycles are the meta-cyclo(phenylethyn-
ylene)s in which the hexamers have nearly planar rings.[*"!
The lengths of the triple bonds within the macrocyclic core
of 27d range from about 1.19 to 1.21 A, those of the
C(sp)—C(sp) single bonds from 1.35 to 1.37 A, those of the
C(sp)—“corner”-C(sp?) single bonds from 1.42 to 1.43 A, and
those of the exocyclic double bonds from 1.35 to 1.39 A.
Hence, they are almost identical to the corresponding bond
lengths in the acyclic TEE dimer 13. The buta-1,3-diynediyl
moieties deviate slightly from linearity, as can be seen from
the corresponding bond angles, which vary from ca. 174 to
180°. The [C(sp)-C(sp?)-C(sp)] bond angles at the “corner
atoms” vary from 116 to 117°, whereas the corresponding
bond angles at the exocyclic C(sp?) atoms adopt values
between 120 and 122°. The six individual TEE units in 27d are
almost planar. The maximum distortion occurs in the TEE
sub-unit [C(1a), C(15), C(14), C(16), C(17), C(50)], with
deviations up to 0.03 A from the mean plane. The tert-butyl
groups are highly disordered. For seven groups, two orienta-
tions were refined by constraining the individual groups to
approximately tetrahedral symmetry and bond lengths of
about 1.54 A. In Figure 3, only one orientation is shown for
clarity. A disordered hexane with population parameter (pp)
of about 0.5 is sitting above and below (due to symmetry) the
macrocyclic core (not shown). Moreover, weak electron
density peaks were found in three distinct regions of the
asymmetric unit, resulting probably from three highly disor-
dered hexane molecules (see Experimental Section). In that
respect, it is interesting to compare recent studies of Hoger
et al.; on rigid phenylacetylene-based macrocycles contain-
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ing flexible alkyl side chains. One such macrocycle was found
to fill its cavity with its own four side chains, with two pointing
above and two below the macroring.

Electronic absorption spectroscopy: The UV/Vis spectral data
in CHCI; of the TEE dimers and the expanded radialenes
prepared in this study are displayed in Table3. A joint
discussion of the electronic properties of the two classes of
compounds is justified by the fact that the dimers contain the
3,4,9,10-tetraalkynyl-substituted = dodeca-3,9-diene-1,5,7,11-
tetrayne chromophore in a preferred s-trans conformation
(see Figure 2) which, in the enforced s-cis conformation, is
also the longest linearly conjugated m-electron fragment in the
macrocycles. We hoped that comparisons between the two
classes of compounds would reveal particular macrocyclic
effects and enable us to recognize whether macrocyclic cross-
conjugation in the expanded radialenes would possibly lead to
enhanced m-electron delocalization.

As a first important observation, the spectra of the dimeric
TEE derivatives (Figure 5, Table 3) confirm in an impressive
way the previously recognizedP? strong electron-accepting
properties of the central conjugated C,, core with its 16 C(sp)
atoms. Intramolecular charge-transfer (CT) interactions are
nearly equally efficient in the all-donor-substituted dimers
such as 13 and 18 than in the donor-acceptor-substituted

e/10°M-1em

e L
500 600
Alnm ——
Figure 5. UV/Vis spectra in CHCI; of 15 (a), 16 (b), 13 (c), and 17 (d) in

CHCl,.
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push—pull systems such as 16 and 17. The UV/Vis spectra of
these compounds display broad absorption shoulders at lower
energy with end-absorptions extending to 600 nm and beyond.
Such bands are characteristic for intramolecular CT transi-
tions. Protonation of the dialkylaniline groups in these
compounds by treatment of the CHCI,; solutions with a drop
of concentrated HCI resulted in a complete loss of the CT
transitions (Figure 6) and afforded spectra with longest-
wavelength maxima below 500 nm, typical of phenyl (12) or
4-nitrophenyl-substituted (15) dimers. Treatment of the pro-
tonated compounds with aqueous NaOH regenerated the
neutral forms with UV/Vis spectra virtually identical to those
measured before the treatment with acid. These data show
that the dimeric TEE chromophore by itself displays strong

Alau.

Alau.
0.0

T T t 1

T T T T T
300 400 500 600 700

Alnm —
Figure 6. Changes of the UV/Vis absorptions in CHCl; upon addition of
HCIL. a) Pure 13 (ca. 9.4 x 10-°m), b) 13+ HCI, c) pure 16 (ca. 1.9 x 10>m),
d) 16+HCI, e) pure 17 (ca. 6.9 x 10-°m), f) 17+HCI, g) pure 18 (ca. 4.4 x
10-5m), h) 18+HCI.

CHCL,.
Com- Amax [nm] (& [M~'ecm ™)) End-abs.
pound [nm]
12 287 (47300) 301 (sh, 41100) 359 (sh, 43000) 372 (49500) 390 (49300) 421 (41400) 456 (20200) 530
13 285 (64200) 298 (65100) 453 (82500) 547 (sh, 32300) 650
14 301 (60600) 479 (81500) 565 (sh, 28400) 650
15 349 (70400) 397 (46300) 446 (31000) 483 (sh, 27900) 680
16 304 (54200) 344 (sh, 45900) 418 (52600) 477 (sh, 37200) 580 (sh, 16500) 750
17 304 (97700) 516 (115000) 633 (sh, 34100) 740
18 316 (98100) 501 (113000) 616 (sh, 37700) 750
25a 297 (148000) 395 (97200) 516 (172000) 646 (171000) 750
25b 301 (111000) 335 (sh, 85400) 393 (48100) 429 (sh, 56400) 518 (186000) 574 (145000) 609 (sh, 114000) 636 (sh, 114000) 750
25¢ 294 (128000) 359 (67700) 517 (234000) 560 (sh, 162000) 630 (sh, 64400) 750
25d 290 (142000) 307 (140000) 332 (sh, 125000) 393 (sh, 70700) 514 (232000) 609 (sh, 77600) 750
26a 425 (112000) 479 (100000) 536 (109000) 576 (sh, 92700) 630
26b 397 (sh, 79000) 427 (112000) 504 (189000) 630
26¢ 396 (sh, 103000) 421 (120000) 490 (135000) 630
27b 285 (37400) 298 (37300) 314 (33200) 379 (sh, 32900) 399 (37500) 468 (83000) 505 (sh, 51100) 575
27d 255 (101000) 294 (97300) 303 (sh, 92700) 376 (sh, 89100) 389 (104000) 424 (94900) 445 (97300) 499 (sh, 60200) 575
27f 263 (142000) 292 (139000) 304 (sh, 126000) 373 (sh, 125000) 388 (148000) 417 (135000) 445 (126000) 508 (sh, 84600) 575
3270 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0715-3270 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 15



Macrocyclic Cross-Conjugation

3263-3280

electron acceptor properties which are enhanced only weakly
by the addition of 4-nitrophenyl substituents.

The two additional donor/acceptor substituents in the TEE
dimers 13-16, as compared with 6-8,/'! induce a consid-
erable bathochromic shift of the longest-wavelength absorp-
tion maxima, with the effect of the dialkylaniline donor
substituents again greatly surpassing the effect of the nitro-
phenyl acceptor groups. Thus, the longest-wavelength absorp-
tion maximum shifts from 456 nm (¢ =41600M~'cm™) in the
bis(nitrophenyl)-substituted dimer 7 to 483 nm (sh, e=
27900M~'cm™!) in the tetrakis(nitrophenyl) derivative 15.
Much larger shifts are observed when passing from the
diarylated dimers 6 (486 nm, £¢=45100M'cm~') and 8
(481 nm, e=31300M~'cm™!) to the tetraarylated derivatives
13 (547 nm, sh, e=32300M'cm™') and 16 (580 nm, sh, e =
16500Mm~tem™?), respectively. The smaller shift (27 nm) ob-
served in the comparison between the all-nitrophenyl deriv-
atives (15 versus 7) reflects the extension of the overall 5t
conjugated chromophore, whereas the larger shifts (61 and
99 nm, respectively) seen in the comparison of the dialkylani-
line-substituted dimers (13, 16 versus 6, 8) clearly include
contributions from additional intramolecular donor—accep-
tor conjugation pathways in the molecule.

Further extension of the chromophores in compounds 17
and 18 leads to a significant bathochromic shift of the longest-
wavelength absorption band as well as of the optical end-
absorption as compared to dimer 14. Thus, the two additional
(4-dialkylaminophenyl)ethynyl residues in 18 generate a
bathochromic shift of 51 nm in the maximum of the lowest-
energy band and of nearly 100 nm in the optical end-
absorption, when compared to 14 (Table 3). In agreement
with the findings discussed above, the spectra of 17, with two
additional (4-nitrophenyl)ethynyl acceptor residues, and 18
do not differ much: the longest wavelength absorption
maxima differ only by 17 nm and the optical end-absorptions
appear at nearly equal wavelength around 740 nm. These data
demonstrate that the chromophoric properties of TEE dimers
are readily tunable: upon suitable functionalization, their
absorption region can be expanded close to the near IR
absorption range.

In previous UV/Vis investigations on the per(silylethyn-
ylated) expanded [3]-, [4]-, and [S]radialenes 1a-¢, we found
that the optical end-absorption within the entire macrocyclic
series remained almost constant (at ~485 nm) and appeared
bathochromically shifted by only ~20 nm in comparison to
the end-absorption of TEE dimer 9 (at =465 nm), a model for
the longest linearly conjugated m-electron fragment in the
macrocycles, as explained above.[®® We concluded from these
findings, that cross-conjugation in the macrocycles was rather
inefficient and that the extent of m-electron delocalization in
the expanded radialenes is mainly limited to the longest
linearly conjugated m-electron fragment. Further support for
such conclusions came from the UV/Vis spectral data in a
series of acyclic cross-conjugated chromophores, the per(silyl-
ethynylated) expanded dendralenes,™! in which m-electron
delocalization was also found to extent efficiently only
through the longest linearly conjugated fragment.

Upon introduction of dialkylaniline donor groups into the
periphery of the electron-accepting perethynylated expanded
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radialene core in 25a-d, dramatic spectral changes are
observed as compared with the series 1a—c¢ bearing lateral
silyl groups (Figure 7). Similar to 1a—c, the optical end-
absorption in 25a—d occurs at nearly the same wavelength

2.5+
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Figure 7. UV/Vis spectra in CHCl; of TEE dimer 14 (a) and the donor-
substituted expanded radialenes 25d (b), 25¢ (c), 25b (d), and 25a (e).

T
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around 750 nm. The introduction of the donor groups there-
fore shifts the end-absorption in 25a—d bathochromically by
about 265 nm when compared to 1a—c¢. When compared to
dimer 14, with an identical longest linearly conjugated -
electron fragment, the absorption onset is shifted bath-
ochromically by about 100 nm. Particularly remarkable is
the high intensity longest-wavelength absorption maximum in
the spectrum of expanded [3]radialene 25a (1, =646 nm,
e=171000m~'cm™'); at present, we do not have a good
explanation for the exceptionally high molar extinction
coefficient of this band.

The UV/Vis spectral characteristics of the two other classes
of expanded radialenes, 26a—c and 27b, d,f (Figure 8) are
intermediate between 1a—c¢ with peripheral silyl groups and
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Figure 8. UV/Vis spectra in CHCl; of 10a (a), 12 (b), 27b (c), 27d (d), and

27f (e).
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25a—d with the strong dialkylaniline donor groups (Table 3).
Again, the end-absorptions for all members of one series are
identical. Changing from la—c to 27b, d, f with the modest
3,5-di(tert-butyl)phenyl donor groups in the periphery, the
end-absorption shifts bathochromically by about 90 nm; in
comparison to TEE dimer 12, the absorption onset is shifted
by 45 nm. When the strength of the peripheral aryl donor
groups is increased in 26a—c, the end-absorption shifts
bathochromically by about 145 nm (as compared to la—c).
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In this series, the expanded [3]radialene 26 a again displays the
strongest longest-wavelength absorption maximum.

Both dimeric TEEs and perethynylated expanded radia-
lenes show large bathochromic shifts of their longest wave-
length absorption maxima and the absorption onset when
their electron acceptor all-carbon cores are laterally function-
alized with increasingly strong aryl donor substituents. This is
readily explained by enhanced intramolecular charge-transfer
interactions. In addition, the investigations comprising four
series of compounds clearly demonstrate an additional
macrocyclic m-conjugation effect in the perethynylated ex-
panded radialenes, which increases with the strength of the
peripheral donors. The comparison with the corresponding
dimeric TEEs, featuring the same longest linearly conjugated
n-electron fragments, shows bathochromic shifts of the
absorption onset of 20 nm (la-c versus 9), 45 nm (27b, d, f
versus 12), and 100 nm (25a—-d versus 14). The differences
between absorption onsets correspond to shifts in transition
energies of —0.11, —0.18, and —0.25 eV, respectively. These
data indicate that macrocyclic cross-conjugation in the
expanded radialenes becomes increasingly efficient when
going from silyl substituents to electron-donating aryl sub-
stituents. The measured bathochromic shifts are more signifi-
cant than those seen in previous investigations on extended
cross-conjugated chromophores; in particular in acyclic
systems such as the expanded dendralenes, cross-conjugation
effects have been found to be very weak or even non-
existing.['** 331 We propose that cross-conjugation and homo-
conjugation-like orbital overlap are more efficient in cyclic
than in acyclic & systems as a result of the greater rigidity of
the cyclic perimeters. We hope to shed further light on the
nature of these donor-acceptor-enhanced macrocyclic -
electron delocalization effects with the help of theoretical
calculations.

Electronic emission spectroscopy: The tetrakis(/N,N-dimethyl-
aniline)-substituted TEE dimer 13 displays an intense fluo-
rescence emission in solution, and its maximum was found to
be strongly dependent on solvent polarity (Figure9). In
hexane, a dual fluorescence (Apuem at 565 nm and 604 nm
(sh); Aue=450nm) was observed whereas in more polar

a.u. 041
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Figure 9. Normalized emission spectra of 13 in different solvents at 20°C.
The emission maxima measured at the excitation wavelength of 450 nm are
565 and 604 nm (sk) in hexane (a), 593 nm in Et,O (b), 609 nm in CHCIl,
(c), 616 nm in THF (d), 627 nm in CH,Cl, (e), and 675 nm in CH;CN (f).
The additional peak observed around 705 nm in the more polar solvents
(where the fluorescence of 13 becomes weak) is an artifact. [13]=2 x 10~°
M for traces (a—e) and 8 x 10~°m for trace (f).
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solvents, a single emission _~_NMe,
band appeared which shifted (Pr)sSi .
bathochromically with solvent

polarity. These data are remi- N

niscent of the photophysical (PP)sSi N Si(Pr);

behavior of N,N-dimethylani-

line-substituted TEE 28,

which also displayed a dual fluorescence in hexane as well
as a single, strongly solvent-polarity-dependent emission in
more polar solvents. A recent joint experimental and compu-
tational study®?l suggested that this emission behavior of 28 is
best rationalized by the TICT (twisted intramolecular charge-
transfer) state model, proposed by Grabowski and co-workers
to explain the dual fluorescence in organic donor—acceptor
compounds.?* 1 According to this model, the initial excited
state reached upon photoexcitation, with a nearly planar
chromophore, relaxes to a lower-energy TICT state in which
either the dimethylamino or the entire N,N-dimethylanilino
group in 28 takes an orthogonal orientation with respect to the
rigid, planar TEE acceptor moiety. A similar mechanism
could explain the fluorescence behavior of 13, and further
investigations will be conducted to clarify this interesting
phenomenon.

Electrochemistry: The redox properties of the new com-
pounds were examined by cyclic (CV) and steady-state (SSV)
voltammetry in CH,Cl, with Bu,NPF, (0.1m) as the support-
ing electrolyte. The redox potentials (versus Fc/Fc* (ferro-
cene/ferricinium couple)) are reported in Table 4 together—
for comparison—with the previously reported data for TEE
dimers 6, 7,°% and 9,1°°! and the expanded radialenes 1a—¢.[°"!

In the series of dimeric TEE derivatives, di(tert-butyl)-
phenyl-substituted 12 gave a one-electron reduction at
—1.50 V occurring on the C,, core, as well as an aryl-centered
one-electron oxidation at +1.08 V. The corresponding HO-
MO-LUMO gap is equal to 2.58 eV, which is in good
agreement with the HOMO -LUMO gap of 2.7 eV calculated
from the longest-wavelength absorption at A,,, =456 nm in
the UV/Vis spectrum. TEE dimer 13 is oxidized in two two-
electron steps at +0.37 and +0.54 V, centered on its four
dimethylanilino groups.’’! The reduction at —1.61V is a
reversible one-electron transfer occurring on the central
carbon core; the same reduction potential was measured for
TEE dimer 6 bearing two dimethylanilino groups. A similar
redox behavior is expectedly found for 14 with four
(H,5C,,),NC¢H, groups. The electron-donating dialkylanilino
groups present in 13 and 14 make the first reduction more
difficult by about 100 mV relative to the dimers 9 and 12. The
push—pull dimer 16 is reduced in two one-electron steps,
centered on the two nitrophenyl groups,’”! which potentials
(—1.35 and —1.28 V) are separated by 70 mV. Similarly, the
oxidation of its two dialkylanilino groups occurs in two
distinct one-electron oxidation steps at +0.45 and +0.56 V. In
the extended chromophore 17, the four dialkylanilino groups
are oxidized in two two-electron steps, similar to 13. The
reduction of the nitrophenyl groups occurs in one two-
electron step at — 1.37 V; the peak shape in CV as well as the
slope in SSV, however, clearly indicate that the two nitro
groups behave as independent redox centers. The second one-
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Table 4. Electrochemical data of TEE dimers and expanded radialenes
measured on a glassy carbon electrode in CH,Cl, (if not otherwise sta-
ted)+0.1m Bu,NPF;. All potentials versus Fc/Fc*.

Compound Cyclic voltammetry? Steady state voltammetry
Eolbl A Ep[c] Ep [d] E, [¢e] Slope[‘]
[Vl (mV] [V] [V] [mV]
1alel —1.08(1e") 61 —-1.08 68
—128(1e) 73 —-1.31 63
1blel —135(e) 100 —1.34 83
—1.64 (1e) 80 —1.65 69
—1.94
1clel —-127(2¢e") 95 -1.29 72
—1.67(1e) 95 further
—1.81(1e") 95 reductions
—-198(1le) 95 not well defined
6 —159(e) 90 —1.61 70
—-1.93 —-1.95 84
+047 2¢7) 85 +0.46 82
7 —-129(Q2e) 75 —1.30 50
—145(e) 70 —1.48 63
—1.86 (1e)n —1.88 59
9le] —-152(1e) 80 —-1.52 70
—1.89(1e) 70 —1.88 60
—2.90 —2.74 110
12 —1.50(1e) 70 —1.51 80
—172(1e) 80 -1.75 80
+1.08 (1e") 80 +1.10 70
+1.19(1e) 80 +1.20 70
13 —1.61(le) 60 —-161(1e) 60
—1.90 100
+0.37 (2¢) 70 +0.36 (2¢) 60
+0.54 (2¢e) 60 +0.57 (2e) 60
14 —1.63 91 —163(1e) 62
+0.34 70 +0352¢) 52
+0.60 83 +0.61 2¢7) 64
16 —128(1e) 60 -1312e) 100
—135(1e) 60
—149(1e) 60 —-150(1e) 70
—2.10
+045(1e) 60 +044 (1e) 60
+0.56 (le) +0.56(le) 50
17 —1372¢) 70 —-138(2 e") 60
—153(1e) 60 —154(1e) 60
—173(1e") 70 —-177(1 e°) 80
—2.15
+0.36 (2¢7) 60 +0.36 (2¢e") 60
+0.57 (2¢e7) 70 +0.60 (2¢7) 60
25a —130(1e) 90 —-1.31 100
—1.60 (1e”) 100 —1.64 80
+0352¢) 56 +0.32 63
+0.68 +0.63 120
25b —128(1e) 65 —-1.31 74
—146(1e) 90 —1.50 56
+032(2¢e7) 55 +0.32 50
+0.60 109
+0.80 122
25¢ —137(1e) 60 -1.39 80
—150(1e) 60 —-1.52 57
—-1.71
+0.30 (2¢7) 65 +0.30 65
+0.61(2e) 126 +0.70 128
27b —117(1e) 70 -1.17 60
—-133(1e) 70 —-1.33 60
—171(1e) 70 -1.73 75
+1.00 (1e) +0.99 80
27d —129(2e7) 140 —1.30 110
—152(e) 70 —1.53 70
—1.68(1e) 70 —1.69 70
—184(le) 80 —1.88 75
+1.02 +1.05 75

[a] Scan rate 0.1 Vs~ [b] E°=(E,+E,)/2. [c] AE,=E, — E,., where sub-
scripts ox and red refer to the conjugated oxidation and reduction steps,
respectively. [d] Peak potential E, for irreversible electron transfer. [¢] Half-
wave potential E,,. [f] Slope of the linearized plot of E versus log [//(1;, — I)].

[g] Solvent: THF; ref. [6b]. [h] Reversible at scan rate > 1 Vs~
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electron reduction occurs at —1.53 V on the central carbon
core.

The expanded radialenes 25a—c¢ each underwent two
reversible one-electron reductions with an additional third
irreversible reduction step being observed for the largest
derivative, [S]radialene 25¢. These macrocycles also undergo
reversible oxidation steps centered on the dialkylanilino
groups; the potentials are in the expected range.’”] The
expanded [4]radialene 27b underwent three well-defined
reduction steps, each one being a reversible one-electron
transfer, and one oxidation step close to the electrolyte
discharge. The expanded [6]radialene 27d gave four reduction
steps as well as one oxidation step also close to the electrolyte
discharge. The first reduction peak current for 27d is about
twice the peak current of the forthcoming reduction steps, and
the peak potential difference observed by CV at a scan rate of
0.1 Vs~! was equal to 140 mV for the first reduction but only
70 mV for the second and third reduction steps. Analysis of
the peak characteristics of the first reduction step in the cyclic
voltammogram clearly confirmed that this step involves in
fact two overlapping reversible one-electron steps whose
redox potentials are separated by 80 mV. The corresponding
reduction potentials are —1.25 and — 1.33 V, respectively. The
two separate electron transfers may occur on two opposite
“edges” of the [6]radialene which are far away from each
other. A similar behavior was recently observed in cobalt
grids, in which the first reduction involved two one-electron
steps, only separated by 40 mV, and occurring on two ligands
on opposite boundaries of the molecular grid.”® The reduc-
tion steps are centered on the perethynylated carbon cores
whereas the oxidation step is presumably centered on a
di(tert-butyl)phenyl group.

No significant difference between the first reduction
potential of expanded [4]radialenes 1a and 27b, nor between
expanded [6]radialenes 1¢ and 27d, was observed. However,
the macrocyclic perimeters of the expanded [4]radialenes are
much more readily reduced in the first one-electron reduction
step which may indicate that the conformations of these
radialenes are closer to planarity. The expanded radialenes
25a—c are more difficult to reduce owing to the electron-
donating dialkylanilino substituents. Nevertheless, the reduc-
tion of the macrocyclic perimeters remains greatly facilitated
relative to the comparison TEE dimers in all three series.
Thus, large anodic shifts in the first reduction potential are
observed: +170-440 mV for la-c relative to 9, +210-
330 mV for 27b/d relative to 12, and +240-320mV for
25a—crelative to 14. These data clearly indicate an increased
capacity of the cyclic -conjugated systems to stabilize radical
anions formed upon electron uptake. This effect can be
understood by the valence-bond description of cross-conju-
gation. Thus, charged resonance formulas in which the cyclic
perimeter contains 4n+2 electrons in a cyclic conjugation
array can be drawn for both the neutral and reduced
macrocycle. However, such formulas are likely to contribute
more to the overall resonance hybrid in the reduced
compounds. Thus, the supposedly planar expanded [3]- and
[4]radialenes should gain a certain degree of aromaticity in
the Hiickel sense. The linear TEE dimers cannot benefit in the
same way upon reduction. It is not straightforward to draw
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conclusions from these data with regard to the degree of
macrocyclic cross-conjugation in the neutral compounds, as
was suggested in the previous reports.[> 2l A more detailed
discussion and understanding of these effects will require
high-level theoretical calculations.

Nonlinear optical properties: To investigate the NLO proper-
ties, third-harmonic generation! (THG) measurements were
performed and the second hyperpolarizabilities y determined
(Table 5). All measurements were calibrated against fused
silica as the reference using y® =1.62 x 1072 m?> V-2 (1.16 x
10-'* esu).[*l The introduction of additional donor or donor

Table 5. Results of the third harmonic generation (THG) experiments.[?!

Compound ¢!”! Y Y L1009/ %5 XD 100%
[Mtem™!] [10-*esu] [107¥ m V2] [10-2m2V-?]

6leel 220 780 11 190 3.1
7le.el 0 220 3.0 52 0.8
gle.el 0 1500 20 350 5.7

13l 230 2036 28 519 8.3

14ld.¢l 0 1200 16 140 2.2

16l 5900 2243 31 570 9.1

25ald¢l 27300 18000 250 2700 43

25pld-¢l 12400 7000 98 800 13

[a] %1009 Was measured relative to ¥ of fused silica (fs), for which a value of
1P =1.6 x10"2m?V-2 (1.16 x 10! esu) was used. Experimental error: 10%.
11000/ Ps and x® 00, Were calculated using the refractive indices and the
density of the solvent CHCl;. This gives a lower limit of ), and is consistent
with our previous publications.”) [b] Molar extinction coefficient at the third
harmonic wavelength. [c] THG experiments at a wavelength of 1.907 um; third
harmonic wavelength: 636 nm. [d] THG experiments at a wavelength of
2.1 um; third harmonic wavelength: 700 nm. [e] Adjusted values from refs. [9a]
and [12], where a value of ¥ =3.9 x 10~ m> V-2 was used (conversion factor:

multiplication with 1.6/3.9=0.41).

and acceptor groups in the tetrakis-arylated dimers 13 and 16
leads to a pronounced increase in the second hyperpolariz-
ability when compared to the bis-arylated derivatives 6 and
8.2 The y values of the expanded radialenes 25a and 25b are
huge compared with the values measured for the dimeric
TEEs. Even the calculated macroscopic third-order nonlinear
susceptibility ¥®,49,, Which expresses the nonlinearity per
unit volume, yields an increase of about one order of
magnitude. The two expanded radialenes, however, are
strongly absorbing at the third-harmonic frequency
(700 nm). This affords resonantly enhanced y values, and
comparisons with other materials are therefore difficult
without an appropriate dispersion model. Resonance en-
hancement, although to a much lesser extent, also occurred
with some of the dimeric TEE derivatives at a higher
fundamental wavelength (1 =2.1 pm); most of them were
investigated at a lower fundamental wavelength (1=
1.907 um).

Conclusion

Tetraethynylethene dimers and perethynylated expanded
radialenes have been prepared in good yields by oxidative
acetylenic coupling under Hay conditions. Two protocols for
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synthesizing the expanded radialenes were employed: i) cyc-
lization of TEE monomers, allowing isolation of [n]radialenes
with n=3-5, or ii) cyclization of TEE dimers, allowing
isolation of [n]radialenes with n=4, 6, or 8. The first X-ray
crystal structure of an expanded radialene was obtained,
revealing that cyclic hexameric 27d adopts a nonplanar,
“chair-like” conformation. The analysis of electronic proper-
ties by UV/Vis spectroscopy led to several fundamental
conclusions: i) Donor or donor —acceptor-substituted dimeric
TEE derivatives show very strong absorptions extending over
the entire UV/Vis region and their longest-wavelength
absorption bands have high charge-transfer character. ii) The
all-carbon core (C,) of the dimeric TEEs displays strong
electron acceptor properties that are only weakly enhanced
further upon introduction of additional 4-nitrophenyl accept-
or groups. iii) Enhancing the number of N,N-dimethylaniline
donor substituents in the dimeric TEE derivatives leads to a
large bathochromic shift of both longest-wavelength absorp-
tion maxima and absorption onset, as a result of additional
intramolecular donor-acceptor conjugation pathways that
are created in the molecules. iv) Macrocyclic cross-conjuga-
tion is very efficient in expanded radialenes featuring
peripheral aryl donor substituents. The measured bathochro-
mic shifts of the absorption onset as a result of this
conjugation are much larger than those observed in acyclic
cross-conjugated systems. This can be explained by the greater
rigidity of the cyclic m perimeters, allowing better cross-
conjugative and homoconjugation-like orbital overlap. A dual
fluorescence was observed in hexane for the tetrakis(N,N-
dimethylaniline)-substituted dimeric TEE 13. A large solvent-
polarity-dependent Stokes shift of the fluorescence band is
measured in more polar solvents, and we tentatively explain
this interesting emission behavior with the twisted intra-
molecular charge-transfer (TICT) state model. Electrochem-
ical measurements show that the expanded radialenes are
reduced at anodically shifted potentials relative to the
corresponding dimers, that is, the cyclic cross-conjugated
cores can better accommodate electrons than their linear
counterparts.

This paper clearly demonstrates the importance of devel-
oping novel organic structures with extended m chromo-
phores. Physical investigations of these compounds provide
fundamental new insight into mechanisms of m-electron
delocalization, as shown by the clear demonstration of
donor —acceptor-enhanced macrocyclic cross-conjugation ef-
fects in this paper. In addition, promising advanced materials
properties are created as demonstrated by the huge third-
order nonlinear optical coefficients of the donor-substituted
perethynylated expanded radialenes 25a,b and by their
ability to form monolayers at the air/water interface, de-
scribed elsewhere.[?!

Experimental Section

Materials and general methods: Chemicals were purchased from Aldrich
and Fluka and used as received. THF for use in the Sonogashira couplings
was distilled from sodium/benzophenone. All reactions, except from the
Hay couplings, were carried out under an inert atmosphere of Ar or N, by
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applying a positive pressure of the protecting gas. For the Sonogashira
couplings, solvents were vigorously degassed with Ar in an ultra-sonicator
bath for at least 30 min. For the Hay couplings, the following mixture was
used as “Hay catalyst”: CuCl (0.13 g) and N,N,N',N'-tetramethylethylendi-
amine (TMEDA, 0.16 g) in CH,Cl, (4.5 mL). Evaporation and concen-
tration in vacuo were carried out under water aspirator pressure. Column
chromatographic (CC) purification refers to flash chromatography using
solvent mixture in the given ratio on silica gel 60 (230—400 mesh) or on
SiO,-H. For preparative thin-layer chromatography, silica gel 60 F,s, glass
plates were employed. Gravity GPC was performed on Biobeads S-X1 and
the fractions analyzed by an analytical GPC instrument. Analytical GPC
was carried out with Merck Hitachi (LaChrom) equipment (L-7100 pump,
L-7360 column oven, L-7400 UV detector) operated at 40°C with THF as
solvent, and a flow rate of 1.0 mLmin~!. Melting points (M.p.) were
measured on a Biichi 510 melting point apparatus and are uncorrected. 'H
and 3C NMR spectra were recorded on a Varian Gemini 200 MHz or a
Bruker 500 MHz spectrometer. Chemical shift values are reported in ppm
relative to residual solvent peaks. IR spectra [cm~!] were obtained with a
Nicolet 600 FT-IR spectrometer; signal designations: s =strong, m = me-
dium, w=weak. UV/Vis measurements {1, [nm] (¢ [M~'cm™])} were
performed on a CARY S5 UV/Vis NIR spectrophotometer. For the
electronic emission spectroscopy studies, a Spex 1680 0.22m Double
Spectrometer was used. EI mass spectra were recorded on a VG-Tribid
instrument and FAB spectra on a VG-ZAB-2SEQ instrument (matrix:
3-nitrobenzyl alcohol). High-resolution (HR) MALDI spectra were
measured on an IonSpec Fourier Transform (FT) Instrument, using a
two-layer technique (tl), with 2,5-dihydroxybenzoic acid (DHB) in MeOH/
H,O as matrix, and the compound typically dissolved in CH,Cl,. MALDI-
TOF spectra were recorded on a Bruker Reflex instrument, with the
compound dissolved in CH,Cl,, and using as matrix either i) a-cyanocin-
namic acid (CCA, 0.1m in CH;CN/EtOH/H,O 50:45:5), ii) a mixture of
2,4,6-trihydroxyacetophenone (THA, 0.5M in H,0) and diammonium
citrate (0.1m in H,0O), or iii) 3-indoleacrylic acid (IAA, 0.02m in THF).
Elementary analyses were done by Mikrolabor des Laboratorium fur
Organische Chemie at ETH Ziirich.

Electrochemistry: CH,Cl, was purchased spectroscopic grade from Merck,
dried over molecular sieves (4 A), and stored under Ar prior to use.
Bu,NPF, was purchased electrochemical grade from Fluka and used as
received. The electrochemical experiments were carried out at 20 £2° in
CH,(Cl, containing 0.1m Bu,NPF; in a classical three-electrode cell. The
working electrode was a glassy carbon disk electrode (3 mm in diameter)
used either motionless for CV (0.1 to 10 Vs~!) or as rotating-disk electrode
for SSV. The auxiliary electrode was a platinum wire and the pseudo
reference electrode used was also a platinum wire. All potentials are
referenced to the ferrocene/ferricinium (Fc/Fc™) couple used as an internal
standard. The accessible range of potentials on the glassy carbon electrode
was + 1.4 to —2.4 V versus Fc/Fct in CH,Cl,. The electrochemical cell was
connected to a computerized multipurpose electrochemical device AU-
TOLAB (Eco Chemie BV, Utrecht, The Netherlands) controlled by the
GPSE software running on a personal computer.

Third-harmonic generation: The laser source was either a pulsed Nd/YAG
laser (A =1.064 um, 10 Hz repetition rate, pulse duration of 5 ns) which was
used to pump a H, gas Raman cell yielding a frequency shifted wavelength
of 1=1.907 um, or a pulsed holmium laser (2 Hz, 80 ns, 35 mJ) at the
wavelength of 1 =2.1 pm. The s-polarized parallel beam was focused onto
the sample with a f=500 mm lens. Third-harmonic generation measure-
ments were performed by rotating the 1 mm or 0.2 mm thick fused silica
cuvette with the solution parallel to the polarization to generate well
known Maker-fringe interference patterns. The analysis of the Maker-
fringe patterns was done as described in the literature.*!] We used y®; =
1.62 x 102 m? V-2 (1.16 x 10~ esu) as reference for the calibration.[*] A
comparison of measurements of fused silica in vacuum and air allowed all
subsequent measurements to be performed in air. CHCI; solutions with
initial concentrations of 0.5 to 1.5 weight percent were prepared and later
diluted to four lower concentrations. From the concentration series, the
molecular second hyperpolarizability of the solute molecules was eluci-
dated, and an extrapolation of x4, for the solid state of the molecules,
employing the refractive indices and density of CHCl;, was calculated.

X-ray crystallography
X-ray crystal structure of 13: Single crystals were grown by slow
evaporation of a CH,Cl,/CH;CN solution at room temperature. Crystal
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size: 0.1 x 0.1 x 0.1 mm. X-ray crystal data for C,,Hg,N,Si, (M,=1035.6):
orthorhombic, space group Pbca, e =1.092 gem =3, Z =4, a =15.947(11),
b =16.133(10), c =24.494(15) A, V=6302(7) A3. Data were collected on a
SYNTEX P21 diffractometer, Mok, radiation, 3 <26 <40°, 2939 unique
reflections, 7=293 K. The structure was solved by direct methods
(SHELXTL PLUS)# and refined by full-matrix least-squares analysis
using experimental weights (heavy atoms anisotropic, H atoms fixed,
whereby H positions are based on stereochemical considerations). Final
R(F)=0.057, wR(F?*) =0.13 for 353 variables and 1893 observed reflections
with 1> 20(]).

X-ray crystal structure of 27d: Single crystals were obtained by slow
diffusion of hexane into a CDCl; solution at room temperature. Approx-
imate crystal size: 0.25 x 0.25 x 0.23 mm. X-ray crystal data at 203 K for
(CpsHysy)  (CHy,) [M,=3078.5]: triclinic, space group P1 (no. 2), Peea =
0.80gem=3, Z=1, a=15.833(4), b=20.110(5), c¢=21.655(6) A, a=
73.33(2), B=T75.43(2), y =84.04(2)°, V=6389(3) A3. Data were collected
on a Nonius CAD4 diffractometer, Cuyg, radiation, 1=1.5418 A. The
structure was solved by direct methods (SIR92)*! and refined by full-
matrix least-squares analysis (SHELXL-97)*I using an isotropic extinc-
tion correction and w = 1/[0? (F2)+(0.160P)*+5.90P], where P = (F2+2F2)/
3. The (CH;);C groups are highly disordered. For three (CH;);C groups,
two orientations were refined isotropically with atomic population
parameters (pp) of ¥, for four groups two orientations were refined with
pp of % and Y, respectively, and for five groups only one orientation was
refined anisotropically with pp of 1.0. The disordered (CH,);C groups were
restrained to approximately tetrahedral symmetry and C—C bond lengths
of about 1.54 A. In Figure 3 a, only one orientation is shown for clarity. The
remaining heavy atoms of 27d were refined anisotropically (H-atoms
within the ordered skeleton isotropically, whereby H-positions are based on
stereochemical considerations). In addition, a disordered hexane, sitting
above the macrocyclic core was also refined anisotropically with pp of 0.5.
In the final difference-map, 35 weak electron-density peaks between about
0.6 and 0.9 e A-3 were found in three distinct regions of the asymmetric
unit. It is likely that they are due to three highly disordered hexane
molecules. They were not refined but included in the structure factor
calculation as C atoms with pp between 0.2 and 0.5 (Note that with four
hexane molecules in the asymmetric unit, the calculated density would
increase from 0.8 to about 1). Final R(F)=0.136, wR(F?)=0.349 for 1082
parameters, 84 restraints and 9518 reflections with /> 20(J) and 6 <50.0°.

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-154967 (13),
155009 (27d). Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(444)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).
1-[3,5-Di(tert-butyl)phenyl]-3-{| 3,5-di(zert-butyl) phenyl]ethynyl}-4-[ (triiso-
propylsilyl)ethynyl]-6-(trimethylsilyl) hex-3-ene-1,5-diyne  (10a): Com-
pounds 5b (105 mg, 0.227 mmol) and 11 (182 mg, 0.849 mmol) were
dissolved in NEt; (10 mL) and THF (1 mL), vigorously degassed with Ar.
[PACI,(PPh;),] (10 mg, 0.014 mmol) and Cul (7 mg, 0.04 mmol) were added
under a positive pressure of Ar. The mixture was stirred overnight,
whereupon the metal salts were precipitated with hexane and filtered off on
Celite. Concentration in vacuo and CC [silica gel; hexanes, then hexanes/
CH,Cl, 15:1], afforded 10a (119 mg, 72 %) as an orange oil, which turned
into a foam upon drying in vacuo. M.p. 45-46°C; '"H NMR (200 MHz,
CDCl;): 6 =743-746 (m, 2H), 7.38 (d, J=5.4 Hz, 2H), 7.37 (d, / = 5.8 Hz,
2H), 1.32 (s, 36 H), 1.10 (s, 21 H), 0.25 (s, 9H); *C NMR (50 MHz, CDCl,):
0=150.9, 150.7, 126.2, 126.1, 123.6, 123.4, 121.8, 119.0, 116.0, 104.3, 103.8,
102.2, 102.0, 100.1, 100.0, 86.3, 85.9, 34.8, 31.3, 18.7, 11.4, — 0.11; IR (CCl,):
7=2965 (s), 2903 (m), 2866 (m), 2191 (w), 2142 (w), 1588 (m), 1476 (w),
1463 (w), 1431 (w), 1394 (w), 1364 (w), 1259 (w), 1248 (m), 1143 (w), 1045
(w), 1017 (w); UV/Vis (CHCl;): 254 (18300), 275 (sh, 19900), 281 (20700),
297 (18400), 365 (30200), 383 (31700); HR-MALDI-MS (DHB-tl): m/z
(%): caled for Cs)H,,Si,: 728.5173; found: 728.5178 [M]*, 751.5068
[M+Na]*; elemental analysis calcd (%) for CsH,Si, (729.29): C 82.35, H
9.95; found: C 82.46, H 9.99.
1-[3,5-Di(tert-butyl)phenyl]-3-{[3,5-di(zert-butyl) phenyl]ethynyl}-4-[ (tri-
methylsilyl)ethynyl]-6-(trimethylsilyl)hex-3-ene-1,5-diyne (10b): A solu-
tion of 5¢ (1.80 g, 4.76 mmol) and 11 (1.56 g, 729 mmol) in NEt; (80 mL)
was treated with [PdCl,(PPh;),] (0.080 g, 0.115 mmol) and Cul (0.040 g,
0.211 mmol). After stirring for 24 h under N,, the solvent was removed in
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vacuo. The brown residue was subjected to CC (SiO,-H; hexane), affording
10b (1.70 g, 83%) as an orange solid. M.p. 188-190°C; 'H NMR
(200 MHz, CDCL,): 6="743 (s, 2H), 740 (s, 4H), 1.33 (s, 36H), 0.27 (s,
18H); *C NMR (50 MHz, CDCl;): 6 =151.0, 126.3, 123.7, 121.7, 120.3,
115.7,104.7, 101.7, 100.4, 86.1, 34.8, 31.3, —0.2; IR (neat): 7 =2963 (s), 2868
(m), 2192 (m), 2143 (m), 1588 (m), 1476 (w), 1430 (w), 1363 (w), 1249 (m),
1142 (w), 1045 (w), 845 (s), 760 (m); UV/Vis (CHCL): 273 (sh, 20200), 283
(21700), 299 (19200), 367 (30200), 386 (30600); EI-MS: m/z (% ): 644 (100)
[M]*+,73 (10) [SiCH;]*; elemental analysis caled (%) for C4Hg,Si, (645.13):
C 81.92, H 9.37; found: C 82.06, H 9.36.

1,12-Bis[3,5-di(tert-butyl)phenyl]-3,10-bis{[ 3,5-di(tert-butyl)phenyl]ethyn-
yl}-4,9-bis[ (triisopropylsilyl)ethynyl]-dodeca-3,9-diene-1,5,7,11-tetrayne
(12): A mixture of 10a (77 mg, 0.11 mmol) and K,CO; (13 mg, 0.094 mmol)
in wet MeOH (7 mL) and THF (1.5 mL) was stirred at r.t. for 2 h. Et,O
(100 mL) and H,O (100 mL) were added, and the organic phase was dried
(MgSO,), and concentrated in vacuo. The residue was dissolved in CH,Cl,
(10 mL), whereupon Hay catalyst (2.5 mL) was added, and the mixture was
stirred under air overnight. Evaporation in vacuo and CC (silica gel;
CH,Cly/hexanes 10:1) afforded 12 (42 mg, 61 %) as an orange oil, which
solidified upon standing. M.p. 93 -95°C; analytical GPC (THF, 40°C, A=
400 nm): fr =170 min; 'H NMR (200 MHz, CDCl;): 6 =7.45-743 (m,
6H), 7.41-7.38 (m, 6 H), 1.33 (s, 36 H), 1.29 (s, 36 H), 1.10/1.09 (2 x s, 42H);
3C NMR (50 MHz, CDCly): 6 =151.2, 150.9, 126.6, 126.3, 124.0, 123.8,
121.9,121.6,121.4,115.1,102.9, 102.3, 102.0, 101.7, 86.9, 85.9, 83.6, 82.3, 34.8,
34.7,31.3, 18.6, 11.2; IR (CCl,): 7=2965 (s), 2904 (m), 2866 (s), 2359 (W),
2338 (w), 2184 (m), 2138 (w), 1589 (m), 1464 (m), 1434 (m), 1394 (w), 1363
(m); UV/Vis (CHCl,): 287 (47300), 301 (sh, 41100), 359 (sh, 43000), 372
(49500), 390 (49300), 421 (41400), 456 (20200); HR-MALDI-MS (DHB-
tl): m/z: caled for CoHpSi,Na: 1333.9296; found: 1333.9286 [M+Na]*;
elemental analysis calcd (%) for CoH;5Si, (1312.20): C 86.04, H 9.68;
found: C 86.24, H 9.79.

1,12-Bis[4-(IV,N-dimethylamino)phenyl]-3,10-bis{[4-(V,N-dimethylamino)-
phenyl]ethynyl}-4,9-bis| (triisopropylsilyl)ethynyl]-dodeca-3,9-diene-
1,5,711-tetrayne (13): A mixture of 2b (75 mg, 0.13 mmol) and K,CO;
(15 mg, 0.11 mmol) in wet MeOH (7.5 mL) and THF (1.5 mL) was stirred at
r.t. for 2 h. Et,0 (100 mL) and H,O (100 mL) were added, and the organic
phase was dried (MgSO,) and concentrated in vacuo. The residue was
dissolved in CH,Cl, (15 mL), whereupon Hay catalyst (3.5 mL) was added,
and the mixture was stirred under air overnight. Evaporation in vacuo and
CC (silica gel; CH,Cl,/hexanes 2:1) provided 13 (46 mg, 70 %) as a dark-red
solid. M.p. 204-205°C; 'H NMR (200 MHz, CDCL): 6=741 (d, J=
9.0 Hz, 4H), 7.38 (d, J=9.0 Hz, 4H), 6.63 (d, /J=9.0 Hz, 4H), 6.51 (d,
J=9.0Hz, 4H), 3.01 (s, 12H), 2.92 (s, 12H), 1.13 (s, 42H); “C NMR
(50 MHz, CDCl;): 6=150.5 (one coincident peak), 133.6, 133.3, 122.2,
111.5 (2 x ), 111.1, 109.2, 108.9, 103.1, 102.5, 102.4, 100.8, 87.4, 86.9, 84.4,
82.3,40.1,40.0, 18.8,11.4; IR (CCl,): #=2962 (m), 2944 (m), 2863 (m), 2202
(w), 2171 (m), 2134 (w), 1603 (s), 1524 (s), 1445 (w), 1354 (m), 1262 (w),
1190 (w), 1107 (m); UV/Vis (CHCL,): 285 (64200), 298 (65100), 453
(82500), 547 (sh, 32300); FAB-MS: m/z: 1036 [M+H]"; HR-MALDI-MS
(DHB-tl): m/z: caled for C;yHg,N,Si,: 1034.6078; found: 1034.6064 [M]*,
1057.5979 [M+Na]*; X-ray: see Figure 2.

1,12-Bis[4-(V,N-didodecylamino)phenyl]-3,10-bis{[4-(NV,N-didodecylamino)-
phenyl]ethynyl}-4,9-bis| (triisopropylsilyl)ethynyl]-dodeca-3,9-diene-

1,5,711-tetrayne (14): A mixture of 3b (36 mg, 0.030 mmol) and K,CO;
(30 mg, 0.22 mmol) in MeOH (5 mL), THF (10 mL), and H,O (ca. five
drops) was stirred at r.t. for 12h. Et,0 (150 mL) was added, and the
mixture was washed with H,O (2x200mL) and sat. aq. NaCl solution
(200 mL), dried (MgSO,), and concentrated in vacuo. The residue was
dissolved in CH,Cl, (15 mL), whereupon Hay catalyst (0.8 mL) was added.
After stirring for 10 h under air, the solvent was removed in vacuo and CC
(silica gel; CH,Cly/hexanes 4:1) yielded 14 (29 mg, 86 %) as a dark-red oil.
'"H NMR (200 MHz, CDCL,): =735 (d, J=89 Hz, 4H), 733 (d, J=
8.9 Hz, 4H), 6.53 (d, J=8.9 Hz, 4H), 6.44 (d, J=89 Hz, 4H), 3.31-3.16
(m, 16H), 1.54 (s, 16 H), 1.26 (s, 144H), 1.13 (s, 42H), 0.87 (2 x t,J = 5.6 Hz,
24H); BC NMR (CDClL): 6 =148.6, 133.9, 133.6, 122.5, 111.3, 111.1, 110.5,
108.3, 108.0, 103.5, 102.9, 102.7, 100.3, 87.5, 87.0, 84.6, 82.4, 50.9, 31.9, 29.6,
29.5,29.3,29.1,27.2,27.1,22.6,22.5,18.7,18.5, 14.0, 11.3; IR (CCL,): 7 =2958
(m), 2926 (s), 2854 (m), 2198 (w), 2168 (m), 2133 (w), 1603 (s), 1519 (s),
1465 (w), 1403 (w), 1368 (w), 1260 (w), 1190 (w), 1109 (m), 1074 (w), 1015
(w); UV/Vis (CHCL;): 301 (60600), 479 (81500), 565 (sh, 28400); FAB-MS:
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milz: 2267 [M+H]"; elemental analysis calcd (%) for C;sxH,ssN,Si,
(2269.98): C 83.60, H 11.46, N 2.47; found: C 83.49, H 11.27, N 2.22.

1,12-Bis(4-nitrophenyl)-3,10-bis[ (4-nitrophenyl)ethynyl]-4,9-bis| (triiso-
propylsilyl)ethynyl]-dodeca-3,9-diene-1,5,711-tetrayne (15): A mixture of
4b (106 mg, 0.178 mmol) and K,CO; (10 mg, 0.07 mmol) in wet MeOH
(5mL) and THF (5mL) was stirred at r.t. for 2 h. Et,0 and H,0 were
added and the organic phase was dried (MgSO,) and evaporated to 5 mL.
CH,C], (10 mL) was added, followed by Hay catalyst (2mL), and the
mixture was stirred for 6 h under air. Evaporation in vacuo and CC (SiO,-
H; hexanes/CHCl; 3:2), afforded 15 (50 mg, 54 %) as a dark-orange solid.
M.p. 174-176°C; 'H NMR (200 MHz, CDCl;): =825 (d, J=8.8 Hz,
4H), 8.09 (d, J=8.8 Hz, 4H), 7.69 (d, J=8.8 Hz, 4H), 7.62 (d, J=8.8 Hz,
4H), 1.12 (s, 42H); *C NMR (50 MHz, CDCL): 6 =147.9 (two peaks),
147.7,132.7,128.6,128.4,123.7,119.7,118.7,107.0, 101.3, 98.8, 98.0, 91.0, 90.4,
84.2, 83.5, 18.5, 11.0; IR (CCL,): 2933 (m), 2861 (m), 2189 (w), 2122 (w),
1592 (s), 1517 (s), 1339 (s); UV/Vis (CHCl;): 349 (70400), 397 (46300), 446
(31000), 483 (sh, 27900); FAB-MS: m/z: 1043 [M+H]"; elemental analysis
caled (%) for Ce,H5gN,OgSi,: C 71.38, H 5.60, N 5.37; found: C 71.30, H
5.73, N 5.29.

1-[4-(V,N-dimethylamino)phenyl]-3-{[4-(;V,N-dimethylamino)phenyl]-
ethynyl}-12-(4-nitrophenyl)-10-[ (4-nitrophenyl)ethynyl]-4,9-bis[ (triisoprop-
ylsilyl)ethynyl]-dodeca-3,9-diene-1,5,711-tetrayne (16): A mixture of 2b
(33 mg, 0.056 mmol), 4b (34 mg, 0.057 mmol), and K,CO; (14 mg,
0.10 mmol) in wet MeOH (7 mL) and THF (1.5 mL) was stirred at r.t. for
2 h. Et,0 (50 mL) and H,O (50 mL) were added, and the organic phase was
dried (MgSO,) and concentrated in vacuo. The residue was dissolved in
CH,Cl, (10 mL), whereupon Hay catalyst (2.7 mL) was added, and the
mixture was stirred under air overnight. Evaporation in vacuo and CC
(silica gel, CH,Cl,/hexanes 2:1) provided a mixture of 13 and 16 (first
fraction) and pure 15 (10 mg, 17 %) as a dark orange solid. The mixture of
13 and 16 was separated by preparative thin-layer chromatography (silica
gel; CH,Cl,/hexanes 2:1), affording 13 (12 mg, 21 %) as a dark-red solid
and 16 (21 mg, 36 %) as a dark-brown solid. 16: M.p. >250°C; 'H NMR
(200 MHz, CDCl,): 6 =38.24 (d, J=9.0 Hz, 2H), 798 (d, J=9.0 Hz, 2H),
7.67 (d, J=9.0 Hz, 2H), 7.54 (d, J=9.0 Hz, 2H), 7.43 (d, J=9.0 Hz, 2H),
732 (d, J=9.0Hz, 2H), 6.64 (d, J=9.0 Hz, 2H), 6.42 (d, /=9.0 Hz, 2H),
3.02 (s, 6H), 2.90 (s, 6 H), 1.13 (m, 42H); *C NMR (125 MHz, CDCL;): 6 =
150.8, 150.5, 147.6, 147.3, 133.5, 132.6, 132.5, 129.0, 128.5, 123.9, 123.6, 123.5,
119.7,117.8,111.5 (2 x ), 109.9, 108.9, 108.6, 105.8, 104.2, 103.0, 102.5, 101.9,
101.7,97.9,97.7,91.2,91.0, 87.6, 87.3, 87.1, 85.7, 82.6, 81.0,40.1, 39.9, 18.7 (x 2),
11.4,11.3; IR (CCl,): #=2960 (m), 2946 (m), 2893 (w), 2865 (m), 2201 (w),
2166 (m), 1605 (s), 1524 (s), 1464 (w), 1446 (w), 1343 (s), 1261 (m), 1112
(m), 1072 (m), 1014 (m); UV/Vis (CHCl;): 304 (54200), 344 (sh, 45900),
418 (52600), 477 (sh, 37200), 580 (sh, 16500); HR-MALDI-MS (DHB-tl):
miz: caled for CeH7N,4O,4Si,: 1038.4936; found: 1038.4938 [M]*.

1,14-Bis[ (4-nitrophenyl) ]-5,10-bis{3-[4-(/V,N-didodecylamino)phenyl]-1-
[(4-(N,N-didodecylamino)phenyl)ethynyl]prop-2-ynylidene}tetradeca-
1,3,6,8,11,13-hexayne (17): A solution of 14 (25 mg, 0.011 mmol) in THF
(16 mL) and H,O (0.9 mL) was treated with a solution of Bu,NF in THF
(1M, 0.9 mL), and the mixture was stirred overnight at r.t. Et,O (200 mL)
was added, and the organic phase was washed with H,O (2 x 200 mL),
dried (MgSO,), and concentrated in vacuo. The residue was dissolved in
CH,Cl, (20 mL), whereupon (4-nitrophenyl)acetylene (19 mg, 0.13 mmol)
and Hay catalyst (2.0 mL) were added. The resulting violet mixture was
stirred under air for 21 h, then concentrated in vacuo at r.t. CC (silica gel;
CH,Cly/hexane 2:3), followed by crystallization (without heating) from
CH,Cl,/MeOH, gave 17 (16 mg, 65%) as a violet solid. M.p. 77-78°C;
'H NMR (200 MHz, CDCl;): =821 (d, J=9.0 Hz, 4H), 7.66 (d, J=
9.0 Hz, 4H), 744 (d, J=9.0 Hz, 4H), 7.38 (d, /=9.0 Hz, 4H), 6.57 (d, /=
9.0 Hz, 4H), 6.47 (d, J=9.0 Hz, 4H), 3.32-3.16 (m, 16H), 1.53 (m, 16H),
1.26 (m, 144H), 0.88/0.87 (2 x t, J=6.0 Hz, 24H); C NMR (125 MHz,
CDCl;): 6 =149.0 (2 x ), 147.4,134.2,134.0, 133.1,129.1, 125.9, 123.7, 111.3,
111.2, 107.5, 107.3, 106.6, 105.4, 88.2, 87.7, 83.8, 83.3, 83.0, 82.6, 81.2, 79.9,
51.0, 509, 31.9 (2 x), 29.7,29.6 (2 x ), 29.5,29.4, 29.3, 27.3, 272, 27.1 (x 2),
22.7 (x2),14.1; IR (CCL,): ¥ =2957 (m), 2927 (s), 2855 (m), 2162 (s), 1745
(w), 1602 (s), 1522 (s), 1467 (w), 1402 (w), 1368 (m), 1341 (m), 1261 (w),
1216 (w), 1190 (w), 1116 (m); UV/Vis (CHCL,): 304 (97700), 516 (115000),
633 (sh, 34100); HR-MALDI-MS (DHB-tl): m/z (%): calcd for
2C\55sPCH,,, NGO, 2246.7543; found: 2246.7604 (30) [M]+, 2269.7452
(100); elemental analysis calcd (%) for C;ssH,,,N¢O, (2247.52): C 83.37,
H 10.05, N 3.74; found: C 83.23, H 10.05, N 3.89.
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1,14-Bis[4-(N,N-didodecylamino)phenyl]-5,10-bis{3-[4-(V,N-didodecyl-
amino)phenyl]-1-[ (4-(V,N-didodecylamino)phenyl)ethynyl]prop-2-ynyl-
idene}tetradeca-1,3,6,8,11,13-hexayne (18): A solution of 14 (15mg,
0.0066 mmol) in THF (10 mL) and H,O (0.5 mL) was treated with a
solution of Bu,NF in THF (1M, 0.6 mL). The mixture was stirred overnight
at r.t., whereupon 4-(trimethylsilylethynyl)-(N,N-didodecylamino)benzene
(42 mg, 0.080 mmol) and another portion of Bu,NF in THF (1m, 0.2 mL)
were added. After stirring for 8 h, Et,0 (150 mL) was added and the
organic phase was washed with H,O (2 x 150 mL), dried (MgSO,), and
concentrated in vacuo. The residue was dissolved in CH,Cl, (15 mL),
whereupon Hay catalyst (ca. 1.2 mL) was added. The resulting violet
mixture was stirred under air for 19 h and then concentrated in vacuo at r.t.
CC (silica gel; CH,Cly/hexane 1:5— CH,Cl,/hexane 1:1) gave 18 (9 mg,
48%) as an oily solid. 'H NMR (200 MHz, CDCl;): 6 =745 (d, J=8.6 Hz,
4H),7.38 (d,/=8.8 Hz,4H), 737 (d, / = 8.6 Hz, 4H), 6.58 - 6.46 (m, 12H),
3.31-3.16 (m, 24H), 1.54 (s, 24H), 1.26 (brs, 216 H), 0.91-0.84 (m, 36 H);
IR (CCly): 7=2959 (m), 2927 (s), 2855 (m), 2200 (w), 2161 (m), 1745 (w),
1602 (s), 1518 (m), 1467 (w), 1405 (w), 1367 (w), 1262 (m), 1187 (w), 1098
(m), 1017 (m); UV/Vis (CHCL): 316 (98100), 501 (113000), 616 (sh,
37700); HR-MALDI-MS (DHB-tl): m/z (%): calcd for 2Cy,'3C,H;,,Ng:
2860.5605; found: 2860.5906 (66) [M]*, 2883.5723 (100) [M+Na]*.

4-{4-[ (11-Bromoundecyl)oxy]phenyl}benzonitrile (20): A solution of 191"’]
(100 mg, 0.274 mmol) and CBr, (109 mg, 0.329 mmol) in CH,Cl, (20 mL)
was treated with PPh; (86.2 mg, 0.329 mmol). After stirring for 2 h at r.t.,
the solvent was removed in vacuo. The residue was washed with cold
MeOH and dried in vacuo, affording 20 (107 mg, 92%). M.p. 77-78°C;
'"H NMR (200 MHz, CDCl,): 6 =7.72/7.66 (2 x d, J =8.4 Hz, 4H), 7.55/7.02
(2xd, J=8.7Hz, 4H), 4.03 (t, J=6.4 Hz, 2H), 3.43 (t, J=6.9 Hz, 2H),
2.00-1.80 (m, 4H), 1.60—1.20 (m, 14H); *C NMR (50 MHz, CDCL,): 6 =
159.9, 145.3, 132.6, 131.3, 128.4, 127.1, 119.1, 115.1, 110.0, 68.1, 33.9, 32.7,
29.4,29.3,29.2,29.1, 28.6, 28.1, 25.9; IR (KBr): #=2921 (s), 2848 (s), 2223
(s), 1611 (s), 1473 (s), 1249 (s), 1183 (m), 1038 (m), 834 (s); EI-MS: m/z
(%): 4272 (32) [M]*, 1951 (100) [M —(C,H,Br)]*, 178.1 (4) [M—
(C1H,,0OBr)]*; elemental analysis calcd (%) for C,,H;BrNO (428.41):
C 67.29, H 7.06, N 3.27; found: C 6730, H 7.22, N 3.11.
4-(4-{[11-(4-Iodophenoxy)undecyl]oxy}phenyl)benzonitrile (21): Com-
pound 20 (100 mg, 0.234 mmol) was added to a solution of 4-iodophenol
(50.0 mg, 0.227 mmol) and NaH (22.4 mg, 0.933 mmol) in DMF (10 mL).
After stirring for 24 h at r.t., the mixture was poured into cold H,O. The
resulting precipitate was filtered, washed (H,O), and dried in vacuo,
affording 21 (102mg, 79%). M.p. 114-116°C; 'H NMR (200 MHz,
CDCly): 6=7.70/764 (2 xd, J=8.7Hz, 4H), 7.54/7.00 (2xd, J=8.7 Hz,
4H), 7.54/6.68 (2 x d, J=8.7 Hz, 4H), 4.01 (t, J=6.4 Hz, 2H), 3.92 (t, J=
6.4 Hz, 2H), 1.90-1.70 (m, 4H), 1.60-1.20 (m, 14H); *C NMR (50 MHz,
CDCl): 6 =159.8,159.0, 145.2, 138.1, 132.5, 131.2, 128.3, 127.0, 119.1, 116.9,
115.0, 110.0, 82.4, 68.1, 68.0, 29.4, 29.3, 29.2, 29.1, 26.0; IR (KBr): 7= 2940
(s), 2855 (m), 2223 (m), 1604 (s), 1493 (s), 1473 (s), 1295 (m), 1256 (s), 1177
(s), 828 (s); EI-MS: m/z (%): 567.1 (92) [M]*, 4412 (12) [M — 1]+, 3472 (5)
[M—(OCH,D)]*, 2199 (41) [M — (NC(C,,Hg)OC H,)]*, 195.0 (100)
[M - (ICH,OC, Hy)]"; HR-EI-MS: m/z: caled for C;HyINO,:
567.1634; found: 567.1643 [M]*.

4-{4-[ (11-{4-[2-(Triisopropylsilyl)ethynyl]phenoxy}undecyl) oxy |phenyl}
benzonitrile (22): Triisopropylsilylacetylene (193 mg, 1.06 mmol), 21
(300 mg, 0.529 mmol), and Bu,NBr (17.7 mg, 54.9 umol) were added to a
mixture of THF (10 mL) and diisopropylamine (3 mL). The solution was
degassed with Ar, whereupon [PdCL,(PPhs),] (11.5 mg, 16.4 umol) and Cul
(17.7 mg, 92.9 pmol) were added. The mixture was stirred for 2 h at r.t.,
then the solvent was removed in vacuo and CC (silica gel; CH,Cl,/hexane
2:1) gave 22 (315 mg, 96%). M.p. 72-73°C; '"H NMR (200 MHz, CDCl;):
0="170/764 (2 xd, J=8.7Hz, 4H), 7.54/7.00 (2 x d, J=9.1 Hz, 4H), 741/
6.82(2xd,/J=9.1Hz,4H),4.01 (t,/=6.2 Hz,2H),3.95 (t,/=6.2 Hz,2H),
1.87-1.74 (m, 4H), 1.60-1.20 (m, 14H), 1.13 (s, 21 H); *C NMR (50 MHz,
CDCl;): 6 =159.9,159.3, 145.3,133.5,133.4, 132.6, 131.3, 128.4, 127.1 (2 x ),
119.1, 115.6, 115.1 (2 x ), 114.4, 110.1, 107.3, 88.5, 68.1, 68.0, 31.5, 29.4, 29.3,
29.1, 25.9, 22.5, 18.6, 11.2; IR (KBr): #=2940 (s), 2921 (s), 2861 (s), 2230
(m), 2157 (m), 1611 (s), 1499 (s), 1479 (s), 1289 (s), 1249 (s), 1183 (s), 828
(s); EI-MS: m/z (%): 621.3 (32) [M]*, 578.3 (100) [M — (C;H,)]*; elemental
analysis caled (%) for C, H;sNO,Si (621.98): C79.18, H 8.91, N 2.25; found:
C 7893, H892, N 221.
4-(4-{[11-(4-Ethynylphenoxy)undecyl]oxy}phenyl)benzonitrile (23): A sol-
ution of 22 (200 mg, 0.322 mmol) in wet THF was treated with a solution of
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Bu,NFin THF (1M, 0.65 mL). After 1 h, TLC (CH,Cl,) indicated complete
deprotection. The mixture was poured into H,O and extracted with Et,0.
The organic phase was washed with sat. aq. NaCl solution and H,O, dried
(MgSO,), and concentrated in vacuo. CC (silica gel; CH,Cl,) gave 23
(140 mg, 93%) which was used without further purification due to
instability. M.p. 97-99°C; 'H NMR (200 MHz, CDCl,): 6 =7.70/7.64 (2 x
d, /=8.7Hz, 4H), 7.53/7.00 (2 xd, J=8.7Hz, 4H), 742/6.83 (2xd, J=
8.7Hz, 4H), 4.01 (t, / =6.6 Hz, 2H), 3.96 (t, ] = 6.6 Hz, 2H), 2.99 (s, 1H),
1.90-1.70 (m, 4H), 1.52-1.30 (m, 14H); 3C NMR (50 MHz, CDCl,): 6 =
159.8,159.5,145.3,133.5,132.5, 131.2, 128.3,127.0, 119.1, 115.1, 114.4, 113.9,
110.0, 83.7, 75.7, 68.0, 29.5, 29.3, 29.1, 26.0.

4,4'-{1-[2-(Triisopropylsilyl)ethynyl]-3-(triisopropylsilyl) prop-2-ynylidene -
methylenebis[ ethyne-1,2-diyl-4-phenyleneoxyundecamethylenoxy(4-phen-
ylene)J}dibenzonitrile (24): Compounds 5a (160 mg, 0.298 mmol) and 23
(601 mg, 1.29 mmol) together with Bu,NBr (10.0 mg, 0.0310 mmol) were
added to a mixture of THF (15 mL) and diisopropylamine (5 mL). The
solution was degassed with Ar, whereupon [PdCl,(PPh;),] (6.40 mg,
9.12 pmol) and Cul (10.0 mg, 52.5 umol) were added. The mixture was
stirred for 2 h at r.t. and subsequently evaporated in vacuo. CC (silica gel;
CH,Cl,/hexane 1:1) gave 24 (330 mg, 84 %); 'H NMR (400 MHz, CDCl;):
0=1768/7.63 (2 xd,J=8.7Hz, 8H), 7.52/6.99 (2 xd, J=8.8 Hz, 8H), 7.43/
6.83(2xd,J=89Hz 8H),4.00 (t,/=6.6 Hz,4H),3.97 (t,/ = 6.6 Hz,4H),
1.84-1.74 (m, 8H), 1.52-1.40 (m, 8H), 1.40-1.25 (m, 20H), 1.11 (s, 42H);
3C NMR (100 MHz, CDClLy): 6 =159.8, 159.7, 159.6, 145.3, 133.4, 133.3,
132.5,131.2,128.3, 1270, 119.8, 118.2, 115.5, 115.1, 114.7, 114.6, 114.5, 114.4
(x2), 110.0, 104.3, 101.1, 98.8, 86.3, 68.2, 68.1, 29.5 (3 x ), 29.4, 29.3, 29.2,
29.1,26.0 (2 x ), 18.6, 11.3; IR (KBr): 7= 2940 (s), 2927 (s), 2868 (m), 2223
(w), 2190 (w), 2138 (w), 1604 (s), 1512 (s), 1256 (s); FAB-MS: m/z (%):
1315.5 (100) [M+H]*, 1271.5 (94) [M — (C;H;)]*; elemental analysis calcd
(%) for CgH,;(N,O,Si, (1316.02): C 80.32, H 8.42, N 2.13; found: C 80.04,
H 8.52, N 2.10.

5,10,15-Tris{3-[4-(V,N-didodecylamino)phenyl]-1-[ (4-(N,N-didodecylami-
no)phenyl)ethynyl]-prop-2-ynylidene}cyclopentadeca-1,3,6,8,11,13-hexayne
(25a), 5,10,15,20-tetrakis{3-[4-(V,N-didodecylamino)phenyl]-1-[ (4-(N,N-
didodecylamino)phenyl)ethynyl]prop-2-ynylidene}cycloicosa-
1.3,6,8,11,13,16,18-octayne (25b) and 5,10,15,20,25-pentakis{3-[4-(N,N-di-
dodecylamino)phenyl]-1-[ (4-(NV,N-didodecylamino)phenyl)ethynyl]prop-
2-ynylidene}cyclopentacosa-1,3,6,8,11,13,16,18,21,23-decayne (25¢): A sol-
ution of 3a (0.367 g, 0.284 mmol) in THF (30 mL) was treated with a
solution of Bu,NF in THF (1m, 0.85 mL, 0.85 mmol). After stirring for 24 h,
Et,0 (150 mL) was added. The mixture was washed with H,O (4 x 30 mL)
and sat. aq. NaCl solution (30 mL). The organic phase was dried (MgSO,),
then reduced to 3 mL. The deprotected TEE was purified by filtration over
a short plug (silica gel; CH,Cl,), the product fraction was reduced to 10 mL,
then treated with a solution of CuCl (0.006 g, 0.061 mmol) and TMEDA
(0.03 mL, 0.202 mmol) in CH,Cl, (10 mL). The mixture was stirred for 4 h
and then concentrated in vacuo. CC (silica gel; hexane/CH,Cl, 3:1)
provided 25a (0.0011 g, 8 %), 25b (0.0043 g, 10% ), and 25¢ (0.0032 g,2 % ).
25a: Blue oil. R; ~0.5 (silica gel; hexane/CH,Cl, 3:1); '"H NMR (500 MHz,
CDCly): 6 =741 (d,J=9.0 Hz, 12H), 6.56 (d,/=9.0 Hz, 12H), 3.27 (t,/ =
8.0 Hz, 24H), 1.57 (m, 24H), 1.27 (m, 216H), 0.89 (t, /=7.0 Hz, 36H);
BC NMR (125 MHz, CDCly): 6 =148.7, 133.3, 1134, 111.2, 107.8, 103.4,
98.5,87.4,84.9,51.0,31.9,29.8,29.7,29.6, 29.5,29.4,28.9,273,271,22.7,14.1;
IR (KBr): 7=2924 (s), 2853 (m), 2192 (w), 2161 (w), 1602 (m), 1522 (w),
1466 (w), 1406 (w), 1364 (w), 1188 (w), 1125 (m); UV/Vis (CHCL): 297
(148000), 395 (97200), 516 (172000), 646 (171000); MALDI-TOF-MS
(CCA): mlz (%): caled for '2C,*C,H3 Ng: 2932.6; found: 5860 (17)
[2M]*, 2930 (100) [M]*; 25b: blue-violet oil. R; ~0.5 (silica gel; hexane/
CH,Cl, 3:1); '"H NMR (500 MHz, CDCl;): 6 = 740 (d, J=9.0 Hz, 16H),
6.41 (d,/=9.0 Hz, 16 H), 3.15 (t, /=8.0 Hz, 32 H), 1.54 (m, 32H), 1.27 (m,
288H), 0.89 (t, J=7.0 Hz, 48H); 3C NMR (125 MHz, CDCL;): 6 =148.6,
133.9, 118.7, 111.2, 110.2, 108.0, 104.5, 87.9, 87.5, 83.9, 53.4, 50.9, 31.9, 31.6,
29.8,29.7,29.6,29.4 (2 x ),273,272,27.1,22.7,22.6,14.1; IR (KBr): 7 =2922
(s), 2856 (m), 2200 (w), 2156 (s), 1600 (s), 1522 (s), 1367 (m), 1128 (m); UV/
Vis (CHCL): 301 (111000), 335 (sh, 85400), 393 (48100), 429 (sh, 56400),
518 (186000), 574 (145000), 609 (sh, 114000), 636 (sh, 114000); MALDI-
TOF-MS (CCA): m/z (%): calcd for 2C,,;'3C3H,3,Ng: 3910.4; found: 7812
(12) [2M]*, 3908 (100) [M]*; 25¢: violet oil; R; ~0.2 (silica gel; hexane/
CH,Cl, 3:1); '"H NMR (200 MHz, CDCl;): 6 =733 (d, /=9.0 Hz, 20H),
6.31 (d, /=9.0 Hz, 20H), 3.13 (m, 40H), 1.55 (m, 40H), 1.25 (m, 360H),
0.88 (t, /=70, 60H); C NMR (125 MHz, CDCl;): 6 =148.5, 133.9, 121.6,
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111.2, 109.5, 107.8, 104.6, 88.0, 84.5, 83.3, 50.8, 31.9, 29.8, 29.7, 29.6, 29.5,
29.4,272,271,22.7,14.1; IR (KBr): #= 2924 (s), 2850 (m), 2194 (w), 2156
(m), 1600 (s), 1519 (s); UV/Vis (CHCL,): 294 (128000), 359 (67700), 517
(234000), 560 (sh, 162000), 630 (sh, 64400); MALDI-TOF-MS (CCA): m/z
(%): caled for 2CyyyPCiHyyoNyo: 4887.3; found: 9778 (6) [2 M]*, 4888 (27)
[M]*, 2269 (100); elemental analysis calcd (%) for Css)HsyN,, (4888.18): C
86.00, H 11.13, N 2.87; found: C 86.03, H 11.04, N 2.65.

5,10,15,20-Tetrakis{3-[4-(/V,N-didodecylamino)phenyl]-1-[ (4-(NV,N-didode-
cylamino)phenyl)ethynyl]prop-2-ynylidene}cycloicosa-1,3,6,8,11,13,16,18-

octayne (25b) and 5,10,15,20,25,30-Hexakis{3-[4-(N,N-didodecylamino)-
phenyl]-1-[ (4-(V,N-didodecylamino)phenyl)ethynyl]prop-2-ynylidene}cy-

clotriaconta-1,3,6,8,11,13,16,18,21,23,26,28-dodecayne (25d): A solution of
14 (0.028 g, 0.022 mmol) in THF (5 mL) was treated with a solution of
Bu,NF in THF (1M, 0.10 mL, 0.10 mmol). After stirring for 24 at. r.t., Et,O
(150 mL) was added and the mixture was extracted with H,O (4 x 30 mL)
and sat. aq. NaCl solution (30 mL). The organic phase was dried (MgSO,),
reduced to 3 mL, and the deprotected compound purified by chromatog-
raphy on a short silica gel column (CH,Cl,). The product fraction was
reduced to 20 mL and then treated with a solution of CuCl (0.060 g,
0.612 mmol) and TMEDA (0.4 mL, 2.69 mmol) in CH,Cl, (50 mL). The
mixture was stirred for 6 h at r.t., whereupon the solvent was removed in
vacuo. CC (silica gel; hexane/CH,Cl, 2:1), yielded 25b (0.003 g, 11 %) and
25d (0.001 g, 3%). 25b: Blue oil. R; ~0.6 (silica gel; hexane/CH,Cl, 2:1);
spectral data as given above; 25d: red-violet oil. R;= 0.3 (silica gel; hexane/
CH,Cl, 2:1); '"H NMR (500 MHz): 6 =728 (d, /=9.0 Hz, 24H), 6.30 (d,
J=9.0 Hz, 24H), 3.10 (m, 48 H), 1.52 (m, 48 H), 1.25 (m, 432 H), 0.86 (t,J/ =
6.9 Hz, 72H); IR (KBr): 7=2924 (s), 2852 (m), 2192 (w), 2157 (m), 1601
(m), 1522 (w), 1364 (w), 1189 (w), 1123 (w), 1086 (w); UV/Vis (CHCL;): 290
(142000), 307 (140000), 332 (sh, 125000), 393 (sh, 70700), 514 (232000),
609 (sh, 77600); MALDI-TOF-MS (CCA): m/z: calcd for ?Cy;5"*C,HgysNy,:
5865.1; found: 5859 [M]*.

5,10,15-Tris{3-(4-{11-[4-(4-cyanophenyl)phenoxy Jundecyloxy}phenyl)-1-
[2-(4-{11-[4-(4-cyanophenyl)phenoxyJundecyloxy}phenyl)ethynyl]prop-2-
ynylidene}cyclopentadeca-1,3,6,8,11,13-hexayne (26a), 5,10,15,20-tetra-
kis{3-(4-{11-[4-(4-cyanophenyl)phenoxy]undecyloxy}phenyl)-1-[2-(4-{11-
[4-(4-cyanophenyl)phenoxyJundecyloxy}phenyl)ethynylIprop-2-ynylide-
nejcycloicosa-1,3,6,8,11,13,16,18-octayne (26b) and 5,10,15,20,25-penta-
kis{3-(4-{11-[4-(4-cyanophenyl)phenoxy]undecyloxy}phenyl)-1-[2-(4-{11-
[4-(4-cyanophenyl)phenoxy Jundecyloxy}phenyl)ethynyl]prop-2-ynylide-
ne}cyclopentacosa-1,3,6,8,11,13,16,18,21,23-decayne (26 ¢): A solution of 24
(300 mg, 0.228 mmol) in wet THF (15 mL) was treated with a solution of
Bw,NF in THF (1M, 1.15 mL). After 1 h, TLC (silica gel; CH,Cly/hexane
2:1) indicated complete deprotection. The mixture was poured into water
and then extracted with CH,Cl, (4 x 50 mL). The combined organic phases
were washed with sat. aq. NH,Cl solution (2 x 50 mL) and H,O, dried
(MgSO,), and concentrated in vacuo. CC (silica gel; CH,Cl,) gave the bis-
deprotected TEE (188 mg, 82%), which was used without further
purification due to instability. "H NMR (200 MHz, CDCl;): 6 =7.69/7.63
(d, J=8.7Hz, 8H), 7.52/6.99 (d, J=9.1 Hz, 8H), 7.47/6.86 (d, J=9.1 Hz,
8H), 4.00 (t, J=6.6 Hz, 4H), 3.97 (t, J=6.6 Hz, 4H), 3.61 (s, 2H), 1.90—
1.70 (m, 8H), 1.50-1.25 (m, 28 H). A solution of this compound (72.0 mg,
71.8 umol) in dry benzene (10 mL) was treated with a solution of Cu(OAc),
(130 mg, 0.716 mmol) in pyridine/benzene (3:1, 30 mL). After stirring for
24 h under air at r.t., a 30% aq. CuSO, solution was added. The mixture
was extracted with CH,Cl,, the organic phase was washed with 5% aq.
NH,OH solution and dried (MgSO,). Gravity GPC (CH,Cl,) gave 26a,
26b, and 26¢ as deep-reddish-brown solids. 26a: Yield: 3mg (4%);
analytical GPC (THF, 40°C, 2=400nm): t;=12.23 min; 'H NMR
(200 MHz, CDCl,): 6 =7.68/7.62 (2 x d, J=8.7 Hz, 24H), 7.52/6.98 (2 x d,
J=8.7Hz, 24H), 749/6.87 (2xd, J=8.7Hz, 24H), 3.99 (t, J=6.6 Hz,
24H), 1.90-1.70 (m, 24H), 1.50-1.25 (m, 84H); UV/Vis (CHCL,): 425
(112000), 479 (100000), 536 (109000), 576 (sh, 92700); MALDI-TOF-MS
(IAA, negative ion mode): m/z: caled for 2C,u3C,H, 0 N¢Oy,: 3003.6;
found: 3003.4 [M]~; 26b: yield: 40 mg (56 % ); analytical GPC (THF, 40°C,
A =400 nm): fr =11.96 min; '"H NMR (200 MHz, CDCL;): 6 =7.68/7.62 (2 x
d, J=8.7Hz, 32H), 7.51/6.98 (2 x d, J=8.7 Hz, 32H), 7.47/6.76 2 x d, J=
8.7 Hz, 32H), 3.99 (t, /= 6.6 Hz, 16 H), 3.89 (t,/=6.6 Hz, 16 H), 1.90-1.65
(m, 32H), 1.60-1.20 (m, 112H); C NMR (50 MHz, CDCL): 6 =160.5,
159.9,145.3,134.0, 132.6, 131.3, 128.4, 127.1, 119.2, 118.9, 115.1, 114.8, 113.9,
113.0, 110.1, 102.8, 87.0, 86.8, 84.1, 68.1, 29.5, 29.3 (2 x ), 29.1 (2 x ), 26.0,
25.9; IR (KBr): 7 =2927 (s), 2855 (m), 2230 (w), 2177 (m), 1604 (s), 1519 (s),
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1295 (m), 1256 (s), 1177 (m); UV/Vis (CHCL): 397 (sh, 79000), 427
(112000), 504 (189000); MALDI-TOF-MS (IAA, negative ion mode): m/z:
caled for 12C,7;3C3H,7,NgO46: 4005.1; found: 4004.3 [M]~; 26¢: yield: 3 mg
(4%); analytical GPC (THF, 40°C, A =400 nm): t =11.78 min; '"H NMR
(200 MHz, CDCl;): 6 =7.67/7.62 (2 x d, J=8.3 Hz, 40H), 7.51/6.97 (2 x d,
J=8.7Hz, 40H), 7.39/6.60 (2xd, J=8.7Hz, 40H), 3.99 (t, J=6.2 Hz,
20H), 3.77 (t,J = 6.2 Hz, 20H), 1.90-1.65 (m, 40 H), 1.50~1.20 (m, 140 H);
UV/Vis (CHCL): 396 (sh, 103000), 421 (120000), 490 (135000); MALDI-
TOF-MS (IAA, negative ion mode): m/z: calcd for 2CyuCyH34N Oy
5006.6; found: 5007.9 [M]~.

Radialenes 27a—f: A solution of 10b (0.100 g, 0.155 mmol) in THF (5 mL)
was treated with a solution of Bu,NF in THF (1m, 0.80 mL, 0.80 mmol).
After stirring for 5 min at r.t., Et,O (150 mL) was added and the mixture
was washed with H,O (4 x 30 mL) and sat. aq. NaCl solution (30 mL). The
organic phase was dried (MgSO,) and then concentrated in vacuo. The
residue was filtered through a column (silica gel; hexane/CH,Cl, 2:1). The
solvent was removed and the resulting white solid redissolved in CH,Cl,
(100 mL). A solution of CuCl (0.060 g, 0.612 mmol) and TMEDA (0.4 mL,
2.69 mmol) in CH,Cl, (50 mL) was added, and the mixture was stirred for
2 h at r.t. The solvent was removed in vacuo and the residue purified on a
short column (silica gel; hexane/CH,Cl, 2:1), affording a mixture of the
expanded radialenes 27a-f (0.018 g, 23%) as a red solid. 'H NMR
(200 MHz, CDCl;): 6 =7.35-7.44 (m), 1.29 (s), 1.24 (s), 1.19 (s), 1.17 (s); IR
(KBr): 7=2963 (s), 2868 (W), 2180 (m), 1589 (m), 1466 (w), 1431 (w), 1363
(m), 1247 (w), 1101 (w), 877 (m); UV/Vis (CHCL): 257 (21700), 296
(22200), 306 (sh, 20600), 374 (sh, 20700), 391 (24200), 423 (20600), 462
(22500), 509 (sh, 14700) [extinction coefficients calculated per one unit of
TEE]; MALDI-TOF-MS (CCA, negative ion mode): m/z (%): 4977 (1)
[M]~ ([10]radialene), 4482 (0.2) [M]~ ([9]radialene), 3980 (2) [M]~
([8]radialene), 3482 (2) [M]~ ([7]radialene), 2989 (8) [M]~ ([6]radialene),
2489 (31) [M]~ ([S]radialene), 1992 (100) [M]~ ([4]radialene), 1494 (76)
[M]~ ([3]radialene); elemental analysis calcd (% ) for (CssHy,), [(498.75),]:
C 91.51, H 8.49; found: C 91.37, H 8.47.

5,10,15,20-Tetrakis{3-[3,5-di(¢terz-butyl)phenyl]-1-[ (3,5-di(zert-butyl)phen-
yl)ethynyl]prop-2-ynylidene}cycloicosa-1,3,6,8,11,13,16,18-octayne  (27b),
5,10,15,20,25,30-Hexakis{3-[3,5-di(zert-butyl)phenyl]-1-[ (3,5-di(zert-bu-
tyl)phenyl)ethynyl]prop-2-ynylidene}cyclotriaconta-
1,3,6,8,11,13,16,18,21,23,26,28-dodecayne (27d), and 5,10,15,20,25,30,35,40-
Octakis{3-[3,5-di(tert-butyl)phenyl]-1-[ (3,5-di(zert-butyl)phenyl)ethynyl]-
prop-2-ynylidene}cyclotetraconta-1,3,6,8,11,13,16,18,21,23,26,28,31,33-tet-
radecayne (27 f): A solution of 12 (61 mg, 0.046 mmol) in THF (25 mL) and
H,0 (1.2 mL) was treated with a solution of Bu,NF in THF (1M, 0.5 mL).
After stirring overnight, Et,0 (200 mL) was added and the mixture was
washed with H,O (2 x 200 mL). The organic phase was dried (MgSO,) and
then concentrated in vacuo without heating. The residue was redissolved in
CH,C], (170 mL), and a solution of Hay catalyst (1.1 mL) was added. After
stirring for 3.5 h, the solvent was removed in vacuo and the residue purified
on a short column (silica gel; hexanes/CH,Cl, 3:1), affording a mixture of
27b,d,f, together with some higher mass impurities (GPC). The mixture
was separated by gravity GPC (CH,Cl,), providing 27b (4 mg, 9 %) as a red
oily solid, 27d (6 mg, 13 %) as an orange solid, and 27 f (4 mg, 9 %) as ared-
orange oily solid. 27b: Analytical GPC (THF, 40°C, 1 =400 nm): tz =
16.3 min; '"H NMR (200 MHz, CDCl;): d =735 (s, 24H), 1.17 (s, 144H);
BCNMR (125 MHz): 6 =151.0, 126.4, 124.3,121.1, 119.0, 113.9, 103.6, 86.6,
86.4, 842, 34.7, 31.1; IR (CCl,): 7 =2965 (s), 2929 (m), 2905 (w), 2867 (w),
2180 (w), 1589 (w), 1477 (w), 1466 (w), 1449 (w), 1434 (w), 1394 (w), 1363
(w), 1260 (w), 1248 (w), 1152 (w), 1097 (w), 1069 (w), 879 (w); UV/Vis
(CHCl,): 285 (37400), 298 (37300), 314 (33200), 379 (sh, 32900), 399
(37500), 468 (83000), 505 (sh, 51100); MALDI-TOF-MS (THA/citrate):
miz: 1993 [M]*; 27d: analytical GPC (THF, 40°C, 1 =400 nm): fz=
15.8 min; m.p.: decomposing to a black solid at ca. 160 °C, which melts >
250°C; 'H NMR (200 MHz, CDCL,): 6 =742 (d, J=1.7 Hz, 24 H), 7.36 (t,
J=1.7Hz, 12H), 1.23 (s, 216 H); 3C NMR (125 MHz): 6 =151.0, 126.6,
1243, 123.2, 121.1, 114.1, 104.1, 86.6, 83.2, 83.0, 34.7, 31.2; IR (CCL): v =
2963 (s), 2927 (m), 2904 (w), 2864 (w), 2183 (m), 1588 (w), 1477 (w), 1465
(w), 1449 (w), 1435 (w), 1393 (w), 1363 (w), 1247 (w), 1156 (w), 1098 (w),
877 (w); UV/Vis (CHCl;): 255 (101000), 294 (97300), 303 (sh, 92700), 376
(sh, 89100), 389 (104000), 424 (94900), 445 (97300), 499 (sh, 60200);
MALDI-TOF-MS (CH,ClL/THA/citrate): m/z: 2993 [M]*, 5986 [2M]";
X-ray: see Figure 3; 27 f: analytical GPC (THF, 40°C, A =400 nm): tz =
15.4 min; '"H NMR (200 MHz, CDCl;):  =7.42 (d,/=1.8 Hz, 32H), 7.35 (t,
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J=18Hz, 16H), 123 (s, 288H); *C NMR (125 MHz): 6 =151.1, 126.6,
124.3, 1237, 121.1, 113.9, 104.1, 86.6, 83.3, 82.8, 34.7, 31.2; IR (CCl,): 7=
2963 (s), 2928 (m), 2901 (w), 2866 (w), 2181 (m), 1588 (w), 1476 (w), 1465

(W),

1448 (w), 1435 (w), 1394 (w), 1363 (w), 1260 (w), 1247 (w), 1114 (w),

878 (w); UV/Vis (CHCL): 263 (142000), 292 (139000), 304 (sh, 126000),

373

(sh, 125000), 388 (148000), 417 (135000), 445 (126000), 508 (sh,

84600); MALDI-TOF-MS (THA /citrate): m/z: 3990 [M]*.
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