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Preface

Not too long ago, graphite and diamond were the only two known modifications
of carbon. That changed dramatically with the discovery of Cq, in 1985 and all
the higher fullerenes soon thereafter. Nevertheless, this breakthrough did not
stand alone in paving the way to the new era of chemical and physical research
into carbon rich compounds that we are now enjoying.

The last 20 years have witnessed the development of a powerful repertoire
of new carbon-carbon bond forming processes, especially metal-catalyzed
and metal-mediated ones. These, together with other useful organic synthetic
methodologies, including important protection and deprotection procedures,
have made the synthesis of new targets possible that were inconceivable pre-
viously. The whole range of modern acetylene chemistry and numerous new
materials simply would not exist without these new methodologies. Along
with the fast growing set of tools goes an ever increasing number of publica-
tions concerning impressive arrays — cyclic, two-dimensional and even three-
dimensional ~ of acetylenic and diacetylenic units linked by aliphatic, aromatic
or organometallic connectors. Nowadays there seems to be no limits to achiev-
ing what the fantasy of the chemist can come up with.

It appeared timely to compile recent developments in modern oligoacetylene
chemistry and other new materials ~ such as polyparavinylenephenylenes and
the like - as these carbon rich compounds and their properties bear relevance to
our modern understanding of the importance of organic chemistry as well as
the emerging field of organic materials science. The term “carbon rich” is used
here and in the preceding volume on this topic (TCC Vol. 196) to refer to every-
thing that has a carbon to hydrogen ratio of 1:(<1).

Gottingen, Januar 1999 Armin de Meijere
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Macrocyclic Structurally Homoconjugated Oligo-
acetylenes: Acetylene- and Diacetylene-Expanded
Cycloalkanes and Rotanes

Armin de Meijere* - Sergei I. Kozhushkov

Institut fiir Organische Chemie der Georg-August-Universitdt Gottingen, Tammannstrasse 2,
D-37077 Gottingen, Germany. * E-mail: ameijer] @uni-goettingen.de

There is ample evidence for the significance of modern acetylene chemistry and its role for
the future development in several areas of organic chemistry. In this chapter, the successful
syntheses and attempted approaches to macrocyclic structurally homoconjugated oligoacety-
lenes and oligodiacetylenes, as well as some of their physical properties, are discussed. Such
compounds, which are formally derived from permethylated cycloalkanes by insertion of
-C=C- or -C=C-C=C- fragments between each pair of adjacent sp3-hybridized carbon
atoms, have been termed [n]pericyclines and expanded [n]pericyclines, respectively. These
and analogous hydrocarbons formally derived from [n]rotanes (perspirocyclopropanated
[n]pericyclines and “exploded” [n]rotanes) as well as heteroanalogues of [n]pericyclines are
presented. In addition, the preparations and properties of macrocycles with mixed ethyne and
butadiyne expanders as well as the attempted syntheses of perspirocyclopropanated “ex-
ploded” [n]rotanes are also covered. In view of the reported properties, the question of
cyclic homoconjugation and homoaromaticity in these unconventional compounds is dis-
cussed. Finally, some chemical transformations of these macrocyclic oligoacetylenes and
oligodiacetylenes, e.g. the conversion of diacetylene-expanded [n]rotanes into crowns of
thiophenes, are presented.

Keywords: Alkynes, Coupling reactions, Macrocycles, Pericyclines, Expanded pericyclines,
Cyclopropanes, Exploded [n]rotanes, Heteropericyclines, Homoconjugation, Homoaroma-
ticity, Strain energy, Oligothiophenes.
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1
Introduction

The syntheses of macrocyclic oligoacetylenes with a capacity for cyclic conjuga-
tion and the investigation of their properties have once again become an active
area of acetylene chemistry. After the rather quiet period following the classical
work of Sondheimer et al. [1], it has gained tremendous momentum in recent
years. Undoubtedly, the drastically advanced methodology of metal-catalyzed
and metal-mediated cross-coupling reactions [2] has contributed to the rapid
development in modern acetylene chemistry [3]. Macrocyclic, structurally
homoconjugated oligoacetylenes are of special interest to evaluate the potential
effects of homoconjugation and cyclic homoconjugation, particularly in neutral
molecules. This account reviews the synthetic efforts that have been made
towards the assembly of macrocyclic oligoacetylenes and oligodiacetylenes in
which each pair of ethyne and butadiyne moieties is separated by a quaternary
carbon atom, a CH, group or a heteroatom. Such macrocycles can also be viewed
as expanded carbo- or heterocycles, in which each single bond is replaced by an
ethyne or a butadiyne fragment. In addition to the synthesis of such compounds,
their relevant spectroscopic and structural properties will be discussed. The few
chemical transformations and insights into the chemical reactivity of these
macrocycles, especially the macrocyclic oligodiacetylenes, will also be presented.

2
[n]Pericyclines

The preparation and chemical transformations of [n]pericyclines have recently
been reviewed by Scott et al. [4]. This section is therefore to be considered as an
update of that excellent review. The term “[n]pericyclines” was advanced in the
pioneering work of Scott et al. [5, 6] to describe molecules containing n -C=C-
units distributed symmetrically around the perimeter of a cycle with n vertices,
i.e. a cycloalkane with an ethyne moiety inserted into each single bond (Fig. 1).

The first members of this family - cyclonona-1,4,7-triyne and cyclododeca-
1,4,7,10-tetrayne 2 (n=3, 4) - as well as their substituted analogues remain
illusive to this day. In order to overcome preparative complications associated
with labile hydrogens on the doubly propargylic carbon atoms, the higher
[n]pericyclines 3 -6 were prepared only as the fully or almost fully methylated
derivatives [6].
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Me Me
// \\ /\\ \§ LV'e
\ =/ ~ e "o
2 Me
-
1 2 3n=5 4n=6
5n=7,6n=8

Fig. 1. [5]Pericycline 1, pericycline 2 of order n, and permethylated [n]pericyclines 3-6
(n=5-8)

2.1
Synthetic Routes to [n]Pericyclines

[n]Pericycline ring systems 2 can be prepared by a stepwise assembly of an
appropriate acyclic precursor 7 with the same number of carbon atoms and its
subsequent cyclization (one-component approach, pathway A) or by twofold
alkynylation of a difunctional C,-building block with an acyclic homoconju-
gated [n]oligoyne 8 (two-component approach, pathway B in Scheme 1).

CH,XY
/N B +
/// Il -— \
6‘§ n-2 6—2 n-2 /é/_Zi_z
2 8

Scheme 1. Conceivable synthetic approaches to [n]pericyclines

Following the first of these two strategies, the whole series of permethylated
[n]pericyclines 3-6 (n=>5-8) has been synthesized starting from a single build-
ing block - dimethylpropargyl alcohol 10 - which is commercially available and
can easily be prepared from acetone and acetylene (Scheme 2) [4, 6].

The subsequent chain extension can be accomplished by the pedestrian step-
by-step homologation sequence via the acyclic diyne 12 or by a more efficient
block-to-block strategy. The step-by-step approach includes protiodesilylation
of diyne 12 followed by coupling with the propargyl chloride 9 following the
same protocol as for the preparation of 12 from 11 and subsequent repetitions
of protiodesilylation and alkylation with chloride 9 to reach stages 16 and 18,
respectively (Scheme 3).
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1) nBuLi, THF
TMS  2) CuCl, Hg,Cl,, TMSCI H NaH, DMF
- -
o F 3) conc. HCI, Cu, CaCl,  HO. 2 Me,SO,
Me™ “Me 78% Me" “Me 80%
9 10
P _H 1) EtMgBr, THF Me, Me
M =z 2) CuCl 3)9
eo‘}( — ™ MeO Z §\\
Me" Me 83% NG T™S
Me Me
11 12
Scheme 2. The main building blocks for [n]pericyclines
Me
M M
Me ., E\,—TMS Mé e= H 1) EtMgBr et e:_ T™S
// n KOH —Inp 2) CuCl ( et
4 MeOH VA 3)9 V4
MeO—#~Me MeO—%~Me MeO—;é Me
Me Me Me
12n=1 13 n=1 (80%) 14 n=1(62%)
14n=2 15 n=2 (76%) 16 n =2 (69%)
16n=3 17 n= 3 (100%) 18 n=3 (65%)

Scheme 3. Regioselective step-by-step chain lengthening of the precursor 12 to [n]pericyclines

In the block-to-block strategy, the direct conversion of the methoxy group in
compounds of type 12, 14, etc., to a chloride leaving group leads to propargylic
chlorides 19-22 with the appropriate chain length which can be coupled with
acetylenic cuprates derived from compounds 13, 15 or 17 under the conditions
mentioned above to give oligoynes 23-26 (Scheme 4). These, in turn, are conver-
ted to the corresponding chlorides 27 in 82-93 % yields. Accordingly, a set of only
two to three standard repetitive operations was used in both types of prepara-
tions of the acyclic oligoacetylenic compounds for eventual cyclization [4-6].

The acyclic oligoynes 23 -26 can be cyclized under Friedel-Crafts conditions,
i. e. by treatment with AICI; in CS,, which presumably proceeds via the inter-
mediate tertiary propargylic 27 and f-silyl-substituted vinylic carbocations of
type 28 (Scheme 5).

The yield of the macrocycle drops steadily as the ring size increases from 35 %
for 3 (n=5) to 22% for 4 (n=6),6.2% for 5 (n=7) and 1.5% for 6 (n=8). By an
analogous sequence, octamethyl[5]pericycline 30 has also been prepared, albeit
in lower yield than the permethylated analogue 3 (Scheme 6) [6].

The two-component approach has been elaborated for the preparation of
[n]pericycline derivatives with n=4 and n=8, and 10. These compounds are not
easily or not at all accessible along the one-component route. In principle, the
appropriate acyclic precursors can be prepared in the same manner as the ones for
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Me
Me mf —=N\-TMS
n
Vi
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Compound 12 14 16 18
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MeCOCI, CH,Cl,

—_—

SnCl,
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2) CuCl
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Scheme 4. Starting materials for [n]pericyclines

AICl, CS,

—-
1.5-35%
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Me

Me.,,
Me \\

Mes

Me
= w Me

\\
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Scheme 5. Synthesis of [n]pericyclines and possible mechanistic rationalization
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/TMS
Me ///
——H
Mewm == Me _
Me ="
M /// 1) EtMgBr, THF ),
" © j/LMe 2) CuCl, BrCH,C=CTMS /)
g mp—==""% B T ——
Me 60% M e ——1=Me
Vi e Me
MeO"'EL'Me ///
e L
MeO—t—Me
17 Me 29
yZ X
1) MeCOCI, SnCl,, CH,Cl, Me, 7 N\ Me

2) AICl;, CS, Me Me

135% I\ N

Mer—=—"F"Me
Me Me
Scheme 6. Preparation of octamethyl[5]pericycline 30 30

the one-component approach from the building block 9, yet acyclic oligoynes with
even and odd numbers of triple bonds were synthesized along two different rou-
tes. For example, hexamethylundecatetrayne 34 was assembled starting from 9 in
five steps with 17 % overall yield [3, 7], or, more efficiently, in two steps from dime-
thylpentadiyne 35 which unfortunately is less easily available (Scheme 7) [7, 8].

The acyclic octamethyltetradecapentayne 36 was constructed either from
chlorotetrayne 21 by adding one dimethylethynyl unit or starting from 2,5-dich-
loro-2,5-dimethyl-3-hexyne (37) by coupling with one ethynyl unit on either
side (Scheme 8) [4].

1) Mg 1) LDA
TMS 2) MeCHO (o) TMS 2) (Et0),POCI T™S
4/ 3) Swern oxid. ¢/ 3) LDA H. //
CIY/ ) Me” z ) . F
Me Me 71% Me Me 63% Me$ Me
9 31 M 32
Me Me le_Me
1) EtMgBr Me /A\ Me Me /A\ Me 1) EtMgBr I-K
2) CuCl Z NG KOH Z N 2cucle N\ Me
319 Me \rMe MeoH Me \'*Me 3) KOH, MeOH
— _— Ne
56% ”I “l 69% ”l ”l 37%
| | | | /7
T™S T™S H H H/
33 34 35

Scheme 7. Starting materials for [n]pericyclines via a two-component approach
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H H
\
Me Me Me Me
y K 1) TMSC=CMgB, CuCl  ppe 4 A\ Me
a. F XN ZF X 2) KOH, MeOH /< >\
3 < ™S Me Me
Me Me Me Me 32% \\\ ///
Mo e
Me Me
21 36
1) EtMgBr, THF
2) CuCl, 9 39%
3) KOH, MeOH
1) TMSC=CMgBr, CuCl H\ /H
Cy __ ©' 2koH, MeoH Vi
Me = —=—"F"Me N :
Me Me 32% ) "Me
Me Me
37 38

Scheme 8. Starting materials for [n]pericyclines via a two-component approach

1) EtMgBr Y/ \
2) HCO,Et 7 N\ Me
34 or 36 /< +
3) NH,CI ///
"3
Me
39 n=4(10%) 40 m+n=8 (6%)
41 n=>5 (27%) Jones 42 m+ n=10 (not isolated)

oxid.

Me%/// \\\ Me . Me
Me \\\ // Me.,,
X 3
Me  Me i Me Q

43 n =4 (54%) 44 m+ n=8 (32%)
45 n="5 (18%) 46 m+ n = 10 (2.2% from 36)

Scheme 9. Pericyclinols and pericyclinones via a two-component approach
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The reactions of bis-Grignard reagents generated with two equivalents of
ethylmagnesium bromide from tetrayne 34 or pentayne 36 with ethyl formate
gave the [4]- and [5]pericyclinols 39 and 41, respectively, along with the
macrocyclic [8]- and [10]pericyclinediols 40 and 42 in low yields. Since all
pericyclines with one or more hydrogen atoms at a doubly propargylic position
are unstable, diol 42 was not isolated but directly oxidized as a mixture with 41
with the Jones reagent to yield a mixture of the corresponding [5]pericyclinone
45 and [10]pericyclinedione 46. [5]Pericyclinone 45 was also obtained in 63 %
yield by oxidation of octamethyl[5]pericycline 30 with CrO; in AcOH/p-TsOH.
Oxidation of a mixture of [4]pericyclinol 39 and [8]pericyclinediol 40 proceeded
analogously to give a mixture of [4]pericyclinone 43 and [8]pericyclinedione 44.

2.2
En Route to Perspirocyclopropanated [n]Pericyclines

Since it is well known that cyclopropane rings are better electron donors than
dimethylmethylene groups, especially towards electron-deficient or electron-
attracting centers [9, 10], in macrocycles such as 48 it would be expected that
the spirocyclopropane rings rather than the dimethylmethylene groups in
[n]pericyclines would more efficiently transmit the electronic interaction be-
tween the triple bonds (Fig. 2).

S §
S 5
o

A\ A
35 %

A\ N

X ="

ZA
47 48

Fig. 2. Conceived perspirocyclopropanated [5]pericycline 48

This anticipation is evidenced in the photoelectron spectrum (PES) of 1,1-
diethynylcyclopropane 47 which shows a m,7-split of 1.4 eV compared to only
0.6 eV for 3,3-dimethylpenta-1,4-diyne 35 [11, 12]. Synthetic methodology for
the construction of appropriate acyclic precursors for perspirocyclopropanated
[5]pericycline 48 (Scheme 10) and analogous compounds has been successfully
developed [13]. The regioselective coupling of the lithium phenylthiocuprate 50
with 1-(iodoethynyl)-1-(trimethylsilyl)cyclopropane (51) gave the bis(trimethyl-
silyl)-protected dehydrodimer 52 (49 % yield) which was selectively protiodesi-
lylated at the acetylenic terminus, deprotonated and iodinated with elemental
iodide in almost quantitative overall yield (97 %). The resulting iododiyne 53
was then treated with heterocuprate 50 to give the dehydrotrimer 54. Two more
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TMS
|
|I_i o T™MS
1) nBuli, Et,0 -SPh /
cl -78—>—10°C pus —78—-55 °C T™S . //
2) PhSCu, THF 49% -
MS MS
49 50 52
' T™S
50
1) KOH, MeOH / |
THF, Et,O, CgH
2) Meli, Et,0 T™S /// v_ 2V, Lelg |”
3) I, —78°C 4754& 60 °C ™S
46% \/
97% A = V
53 54
repeated //’ ™S Z X
two times / % )
_ > TMS <=
/ I\ /i
5% overall \\\ /// .
55 48

Scheme 10. Assembling the synthetic precursors to perspirocyclopropanated [5]pericycline
48 via a one-component approach

iterations of this same sequence led to the bis(trimethylsilyl)-protected dehy-
dropentamer 55 in 5% overall yield. Although 55 could be protiodesilylated at
the acetylenic terminus and at both ends, no appropriate cross-coupling method
was available at the time, and a desperate attempt to achieve the coupling by
transformation of the desilylated 55 into a derivative bearing an iodine atom on
the cyclopropane ring followed by treatment with palladium acetate in DMF did
not lead to a detectable amount of 48 [14].

A second, more convenient approach was tried starting with dicyclopropyla-
cetylene 56 [15-17] which, after deprotonation with tert-butyllithium at both
propargylic positions, yielded the bisaldehyde 57 upon treatment with dimethyl-
formamide. The latter was converted to the bis(dibromoethenyl) derivative 58,
and this in turn to the dibromotriyne 59 by standard methods (Scheme 11) [18].
The dibromide 59 was coupled with the ethynylcyclopropylheterocuprate 50 to
give the terminally bis-protected pentayne 60.

Although an attempted twofold alkynylation of a difunctional C,-building
block with the deprotected pentayne 61 could not be achieved, intramolecular
acetylene coupling under oxidative conditions was successful and gave the cyc-
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H 1) Buli, TMEDA HO
Zﬁ/ CsHyp ~78 10 20 °C %/ c CBr,, PhyP %Br BUOK
I 2) DMF, =78 to 20 °C Il Zn, CH,Cl, I Br THF, -78 °C
38% 99% Br 90%
H CHO K)\)\Br
56 57 58
Br R R
z / \ _
%/ 50, THF, Et,0 /// \\\ CuCl, Cu(OAc), %/4
|” -78°C py, 60 °C \“
63% \\\ /// inverse addition |“ ”ll
_ over 16 h
\%\ = 45% VAN
Br
59 60 R = TMS :| NaOH, MeOH 62
61R=H 96%

Scheme 11. Assembling the synthetic precursors to perspirocyclopropanated [5]pericycline 62
via a two-component approach

lic pentayne 62 which can be considered as a perspirocyclopropanated [5]pericy-
cline lacking one spirocyclopropane linkage [15,18].

2.3
Heterocyclic Analogues of [n]Pericyclines

Heterocyclic analogues of [n]pericyclines of general formula 64 in which X=S§,
SiR,, PR or any combinations with dimethylmethylene (X=CMe,) linker units
can conceptually be approached by applying three main synthetic strategies
(Scheme 12): Pathway A is analogous to that developed for pericyclinones and
pericyclinedinones (see above, Scheme 9); along pathway B, two or more frag-

FARN A 7~ \\%\ B %E_X%m
/// + X — I X - + m+k=n
=),. e s,
63 64 65

—_—
o

n= + nXYZ

Scheme 12. Conceivable synthetic approaches to hetero[n]pericyclines 64
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ments, each containing heteroatoms and acetylene moieties, would be linked to
each other - and, last but not least, a more random access from n acetylene and
n heteroatomic fragments (“shotgun” approach, pathway C) can be applied.

In contrast to the series of hydrocarbons, heterocyclic analogues, even of
cyclonona-1,4,7-triyne 2 (n=3), are known. This is because heteroatom linkers
more easily adopt smaller bonding angles and thereby provide some relief of
overall angle strain. Since heteroatoms have different electronic properties to
carbon atoms, the perceived homoconjugative and homoaromatic effects might
be expressed more pronouncedly in heterocyclic [n]pericyclines.

The first two principles were successfully applied by Scott et al. for the prep-
aration of tri- and tetra-tert-butylphospha[3]- and -[4]pericyclines 67 and 68,
respectively (Scheme 13) [19]. While 67 was obtained as a single compound, the
trans-diastereomer, the tetraphospha[4]pericycline 68 was obtained as a mix-
ture of four diastereomers.

Bu
N 1) Egar Bu /Ea\ 1) EtMgBr

PBu  THF,50°C : THF, 50 °C

| - 2) fBUPCI, / 4 P\\ //// \\\\ 2) 1BuPCl, ////

Il ,// \\\ Bu—F, P~ Bu BuP{_

I 16% P \ / 1% \\
Pt Bu" ~=-F gy \\\P/// A
= :

Bu
66 67 68 69

Scheme 13. Preparation of phospha[n]pericyclines

The feasibility of strategies B and C has been demonstrated particularly for
the synthesis of the so-called pericyclinosilanes (previously also named cyclo-
silethynes [20]) 70-72 (Fig. 3). Historically, an approach of type C was the first
one ever, in that [4]pericyclinosilane 70 was prepared by simple pyrolysis of a
mixture of calcium carbide and dichlorodimethylsilane in a molten salt mixture
of KCI/NaCl at 400°C, albeit in low yield (actual yield not reported) [21]. A

Me\ Me R /R R"",S_/R
Si. Si R o B
4 R N R \ Z O §
ve, /7 \\\S'Me vt \\\sf R PR
St ) RS\ 7 R
\ /7 I Il
Me” N\ # ™ W Vi | |
\Si/ \S — H\sl\\ _ SI‘"R
Ve =g N2
R R 4 "',, n-5
R R
70 71a: R = Me 72a: R = Me
b: R=Ph b: R=Ph

Fig. 3. The so-called pericyclinosilanes (sila[n]pericyclines) 70-72
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mixture of [n]pericyclinosilanes 72a (n=3-12) was obtained when dichlorodi-
methylsilane and acetylene were added simultaneously to a suspension of K/Na
alloy in THE, and [4]- and [5]pericyclinosilanes 70 and 71a were isolated from
this mixture in low yields (actual yields not reported) [22]. Under the same
conditions, dichlorodiphenylsilane gave [5]pericyclinosilane 71b as the main
product in 30% crude yield.

Following strategy B in Scheme 12, two variants have been successfully exe-
cuted. In the first one, the reaction of dimethylbis(dimethylchloroethynyl)silane
(ClMe,SiC=C),SiMe, with the oligo(dimethylsila)oligoynebismagnesium bro-
mide BrMgC=CSiMe,(C=CSiMe,),C=CMgBr (I=1,2) provided compounds 70
and 72a (n=6) in 2.4 and 5% yield, respectively. The corresponding [7]- (n=7)
72a(3.8%) and [8]pericyclinosilanes (n=8) 72a (5%) were also prepared along
this route [20]. In the second variant, bislithiodiacetylides R,Si(C=CLi), were
treated with the corresponding dichlorodiorganylsilanes R,SiCl, to give [6]
pericyclinosilanes 72a (n=6) and 72b (n=6) in high crude yields (72a: 95%;
72b: 93%), but of poor purity [23].

Surprisingly, the most highly strained and, at first glance, least stable hexa-
methyl[3]pericyclinosilane 74 could be obtained by pyrolytic threefold extru-
sion of dimethylsilylene from the ethynyl-expanded permethylcyclohexasilane
73 under drastic conditions in strikingly good yield (68 %) (Scheme 14) [24].

[n]Pericyclines (n=3-6) with sulfur atoms at all their vertices have not been
reported, but a number of mixed heteropericyclines containing various com-
binations of heteroatoms including sulfur and dimethylmethylene linkers be-
tween the ethynyl units such as 75-77 (Fig. 4) have been prepared. This chem-

Me Me Me_ Me
Me~§i_\Si.\\-Me \SI‘
~,
/2R 690 °C // AN
Me, e -
e '«,Si/ \SI)VI 68% Mew, Si /S"Me
Me” Wi —_ o “Me F
Me..«S\I = §S"Me Me Me
Me Me
73 74

Scheme 14. Pyrolytic approach to sila[3]pericycline 74

X ~.
Me /// \\\ Me Me 4// M Me =~ L Me
X7 N A
Me Il Il
W / Il Il |
Me = Me Me \-Me X //X
Me  Me Me' X _Z Me %{4 5
Me "Me
75 76 77

X =8, Me,S, BuzP; n=5,6

Fig. 4. Some mixed heteropericyclines 75-77



Macrocyclic Structurally Homoconjugated Oligoacetylenes 13

istry has been excellently reviewed by Scott et al. [4] and, since the majority of
these results were not published as original papers, there is no need to repeat
this work here.

2.4
Structural Features of [n]Pericyclines and the Quest for Homoconjugation
as well as Homoaromaticity

The X-ray crystallographic structures of [n]pericyclines 3-5 (n=5,6,7) resem-
ble those of the corresponding cycloalkanes with the same number of sp® carbon
atoms: The acetylene-expanded permethylcyclopentane 3 adopts an envelope
conformation, the homologue 4 exists in a chair conformation, and the expan-
ded permethylcycloheptane 5 has a tub conformation [4,25]. Octamethyl[5]
pericycline 30 adopts a non-planar conformation with C,, symmetry [25],
whereas the ring in hexamethyl[4]pericyclinone 43 is perfectly planar [4]. No
significant deviations from the normal values for C-C and C=C bond lengths
were detected in 3-5, and in all cases the acetylene moieties are slightly bent
outwards, e.g. the average C-C=C angle for 3 was reported to be 177.3°. The
[5]pericyclinosilane 71a also exists in an envelope conformation, and all the
bond lengths also exhibit normal values, yet the acetylene moieties are bent
inwards to the same extent (with an average Si-C=C angle of 177.2°) as those in
3 are bent outwards, apparently because the =C-Si-C= angle prefers to be smal-
ler then the =C-Si-C= angle in [5]pericycline 3 [25,26]. The 12-membered ring
in [4]pericyclinosilane 70 is planar and the overall structure has Dy, symmetry
[26] with the acetylene moieties being bent outwards with an average Si-C=C
angle of 173.1° and a =C-Si-C= angle of 103°. Even in 70 the bond lengths do not
show any significant deviations from normal values. The X-ray crystallographic
structural analyses of tri-tert-butylphospha[3]- 67 and tetra-tert-butyl-
phospha[4]pericycline 68 confirm the significant relief of bond angle deforma-
tion at the acetylenic carbon atoms brought about by the heteroatoms: the
endocyclic bond angles at the phosphorus atoms are 91 and 96°, and the P-C=C
angles are 163 and 174°, respectively [4].

As aptly expressed by Scott et al. [4] who conceived the [n]pericyclines, the
quest for cyclic homoconjugation and neutral homoaromaticity in these hydro-
carbons has a similar connotation as that for these same phenomena in tri-
quinacene: some experimental evidence appears to confirm the existence of
such effects, but other experimental data and a number of computational results
indicate that such effects are negligible, at least for these neutral species. Indeed,
the main experimental result in the case of decamethyl[5]pericycline 3, as for
triquinacene, interpreted in terms of a small, yet significant homoaromatic sta-
bilization, was its heat of hydrogenation (AH {4, =-340.7 kcal/mol) [27]. Com-
paring the heats of hydrogenation in a series of analogous acyclic oligoynes of
type Me;C(C=C-CMe,),Me (n=2-5) allowed the derivation of an enthalpy
increment value of -69.8 kcal/mol for each single ethynyldimethylmethylene
moiety in an acyclic homoconjugated oligoyne assembly. Applying an additivity
Scheme with this increment, a value of - 349 kcal/mol was calculated for the heat
of hydrogenation of 3, and the difference of about 6 kcal/mol in the experimental
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value was attributed to a homoaromatic stabilization of the cyclic system. A
significant degree of electronic interaction between the acetylene moieties in 3
and 4 was also revealed by their photoelectron spectra [25]. Furthermore,
electron transmission spectroscopy of 3 and 4 demonstrated a large splitting
(ca. 1.6 eV) of the nonbonding orbitals of these compounds, and their LUMOs
being stabilized by 0.4-0.7 eV relative to the LUMO of acetylene [4,25]. Addi-
tional evidence has also been extracted from UV spectra [4, 6, 25].

Criteria which do not support or even contradict any significant effect due to
neutral homoaromaticity in such hydrocarbons are on the one hand the geo-
metric data obtained for permethyl[5]pericycline 3 which reveal no shortening
of C-C single bonds or lengthening of C=C triple bonds as would be expected
in the case of cyclic delocalization (the values 1.190(5) A for C=Cand 1.480(7) A
for =C-C bonds are absolutely normal for such bonds) [25],and on the other the
NMR spectra which show no evidence for ring currents resulting from cyclic
homoconjugation [6].

Computational studies have been performed for [5]pericycline 3 at various
levels of theory. In the early stages, MNDO calculations suggested that inter-
actions between the triple bonds in such compounds would be hyperconjugative
in the 7-system and homoconjugative in the o-system [28]; however, MM2
force-field and ab initio STO-3G calculations later indicated that no special
stabilization would arise from such electronic interactions, but they would in-
fluence the spectroscopic properties of [n]pericyclines [25]. In line with these
results an ab initio HF/3-21G study concluded that “the magnitude of aromatic
stabilization, whether positive or negative, is probably not larger...” than
1 kcal/mol independent of the accuracy of the method used [29]. Eventually, the
DFT calculations performed at a reasonably high level of theory by Schleyer, de
Meijere et al. (Becke3LYP/D95(d)/Becke3LYP/6-31G*) demonstrated the total
absence of any evidence for homoaromaticity in [5]pericycline 1, and decame-
thyl[5]pericycline 3 as far as geometric, energetic and magnetic criteria were
concerned, and that they are not homoconjugated despite their intriguing struc-
tures (Fig. 5) [30].

Since the highest occupied molecular orbitals (HOMOs) of a cyclopropane
ring [9, 10] are much closer in energy to the 77-MOs of an acetylene unit than are
the 0-MOs of a gem-dimethylmethylene group, perspirocyclopropanated
[5]pericycline 48 ought to exhibit considerably stronger homoconjugative effects,
and this expectation appeared to be supported by the experimental observation
that the energy splitting between the m-MOs parallel to the plane of the ring in
1,1-diethynylcyclopropane 47 is much larger (1.4 eV) than in 3,3-dimethylpen-
ta-1,4-diyne 35 (0.6 eV). [11, 12]. Nevertheless, even for perspirocyclopropan-
ated [5]pericycline 48, Becke3LYP/6-31G* calculations indicated no exceptional
ground state properties [30]. Thus, calculated geometrical parameters for 48
(1.211 A for C=C and 1.449 A for =C-C_,; bonds, 114° for =C-C-C= angle) differ
only slightly from those experimentally determined for 1,1-diethynylcyclopro-
pane 47 (1.197, 1.442 A and 115.1°, respectively) [31]. Based on the homodes-
motic equation: 5 X 48+ 5x HC=CH =5 X 47 (using experimentally determined
values of AH j?(g) =54.5 kcal/mol for acetylene [32] and 128.7 kcal/mol for
1,1-diethynylcyclopropane 47, [33]), a AH(g) for 48 of 371.2 kcal/mol can be
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Fig. 5. [5]Pericyclines with conceived cyclic homoconjugation and neutral homoaromaticity

calculated. However, the calculated difference between the strain energy of
pericycline 48 and the sum of strain energies from increments for the subunits
such as 47 was only 0.6-0.9 kcal/mol (Becke3LYP/D95(d)/Becke3LYP/6-31G*)
confirming that perspirocyclopropanated [5]pericycline 48 does not experience
any significant homoaromatic ground state stabilization [30].

Practically the same conclusion has been reached for the [4]-, [5]- and
[3]pericyclinosilanes 70, 71a and 74 [26,34]: AM1 calculations indicate a strong
conjugative interaction between the C=C bonds and the silicon m-MOs which
leads to an overall splitting of the corresponding MOs of 1.73 eV; however, the
total energy is not different from that of a non-conjugated model [26]. A strong
conjugative interaction in [3]pericyclinosilane 74 was derived from the PE spec-
troscopic data [34]. The very high value of the silicon-carbon coupling constants
in the NMR spectra, as well as UV spectroscopic data for 70, 71a, could not be
interpreted beyond doubt as a result of cyclic homoconjugation, and structural
experimental data do not confirm the presence of cyclic homoconjugation [26].

All this is in line with the most recent finding for triquinacene, for which the
direct determination of its AHp(g) from its experimentally measured heat of
combustion finally corroborated the results of the most advanced computatio-
nal studies that triquinacene is not homoaromatic [35]. Evidently, heat of com-
bustion measurements should also be carried out for some representative
[n]pericyclines to finally settle the quest for their neutral homoaromaticity.

2.5
Chemical Properties of [n]Pericyclines and Analogues

The [n]pericyclines 3-6 are all colorless, crystalline, light- and air-stable solids
which do not exhibit any shock sensitivity. They exhibit sharp melting behavior
without showing signs of decomposition. However, octamethyl[5]pericycline 30
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is less stable and decomposes upon melting [4, 6]. Compound 3 was recovered
unchanged after UV irradiation with a medium-pressure mercury lamp through
a Pyrex filter, but decomposed upon direct irradiation through quartz; no low
molecular weight products were isolated [6]. In essence all the chemistry of
[n]pericyclines is associated with the reactivity of their C=C triple bonds.
Thus, all five triple bonds in decamethyl[5]pericycline 3 can be completely
hydrogenated to yield the corresponding saturated cyclic hydrocarbon 78 under
platinum catalysis (PtO,, Adam’s catalyst), albeit with some difficulty (Fig. 6).

80 (n=>5, 6)

Fig. 6. Products of chemical transformations of pericyclines 3 and 4

[5]- and [6]-Pericyclines 3 and 4 form 1:1 complexes with silver triflate in 74 and
75% vyield, respectively. The NMR spectra of these complexes revealed their
structures to be similar to 79 with the silver cation placed in the center of each
ring. With Co,(CO); the penta-and hexaynes 3 and 4 form typical mono- and
bis(hexacarbonyl)dicobalt complexes 80 (Fig. 6). The hydrocarbons 3 and 4 were
regenerated quantitatively from the cobalt, as well as from the silver, complexes.
[n]Pericyclines reacted rapidly with bromine to give a mixture of a large num-
ber of products [6].

Stability towards heating, irradiation and exposure to air was also reported
for [n]pericyclinosilanes 70-72 [20, 21], and even the highly strained 74 [24].
But, in contrast to the hydrocarbons, the pericyclinosilanes did not react with
bromine [21]. On the other hand, the presence of the silicon atoms brings about
a specific reactivity of these macrocycles making them labile and capable of
changes in ring size. Thus, when a mixture of compounds 70-72a (n=6) was

Me  Me

1 ] 0 Me

PN 240°C 3 Me
/A O  PhMe,35h & d.
| \ _Me + |l Me™ " Me
Mewgi____si” = 55%
Me Me iy
Me Me
74 81

Scheme 15. Thermal cycloaddition of a-pyrone to sila[3]pericycline 74
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stirred in THF in the presence of a catalytic amount of BuLi at 20°C over a period
of 6 d, the [8]pericyclinosilane 72a (n =8) was isolated in 50 % yield [26]. More-
over, a randomization of substituents was observed when a mixture of 72a
(n=6) and 72b (n=6) was treated with alkyllithium reagents [23]. The highly
strained [3]pericyclinosilane 74 was reported to react with three molecules of
a-pyrone to produce 1,1,4,4,7,7-hexamethyltribenzo-1,4,7-trisilacyclonona-
2,5,8-triene (81), presumably via Diels—Alder reaction of all three triple bonds
followed by extrusion of carbon dioxide (Scheme 15) [24].

3
Acetylene-Expanded [n]Pericyclines and Butadiyne-
Expanded [n]Rotanes

Although the [n]pericyclines do not exhibit the perceived homoaromatic stabi-
lization and cyclic conjugation, they are non-the-less interesting and challen-
ging compounds. Even more challenging are the expanded [n]pericyclines 84
which are formally derived from the [n]pericyclines 3 -6 by insertion of an addi-
tional acetylene unit between each two dimethylmethylene groups or from per-
methylcycloalkanes by insertion of 1,3-butadiyne spacers between the vertices
(Fig. 7). By analogy, butadiyne-expanded [n]rotanes (expanded perspirocyclo-
propanated [n]pericyclines) 85 can be conceived. Although the angle strain in
such compounds would be distributed over a larger number of sp-hybridized
carbon atoms, thus making even the smaller members of this family like 82 and
83 accessible, the heat of formation per carbon atom is more positive than that

Fig. 7. Expanded [n]pericyclines and “exploded” [n]rotanes
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of the [n]pericyclines and thus the expanded systems of types 84 and 85 ought
to be more labile than the corresponding parent compounds like 3-6 and 48.
Since, on the other hand, butadiyne units can conveniently be created by oxi-
dative coupling of terminal acetylenes, a broader range of such macrocycles
including types like 86 and 87 with fully substituted cyclopropane, even 88 with
methano-Cgyy-fullerene or 89 with acetal moieties at all the vertices, can be
approached. Interesting spectroscopic and structural features, as well as thermal
and chemical properties, can be expected from such intriguing macrocycles [7,
36-39]. The strain energy of the cyclopropane ring brings an element of addi-
tional reactivity to hydrocarbons like 85-89; furthermore, compound 88 would
be yet another new carbon allotrope [40].

3.1
Synthetic Routes to Expanded [n]Pericyclines and Butadiyne-Expanded [n]Rotanes

Obviously, any reasonable approach to macrocycles of types 82-89 containing
butadiyne moieties makes use of one or more of the well-known methods for
acetylene-acetylene homo- or cross-coupling according to Glaser [41], Eglinton
[42], Hay [43], Cadiot-Chodkiewicz [44] and their modern modified variants.
The success then depends on the availability of an appropriate building block as
well as the right choice of the coupling method. Even the solvent often plays a
decisive role, as some of the higher acyclic and cyclic dehydrooligomers of di-
acetylenes are only sparsely soluble in the majority of solvents.

Depending on the accessibility of appropriately functionalized acetylenic
building blocks and on the chemoselectivity of their cross-coupling reactions,
up to three main strategies can be applied as an approach to the expanded
[n]pericyclines (Scheme 16). The most obvious and simplest one is the random
cyclodehydrooligomerization of 3,3-disubstituted-1,4-pentadiynes 90 (“shot-
gun” approach, pathway A). The second strategy (pathway B) is more directed
towards achievable ring sizes, as [n]macrocycles are prepared by oxidative
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Scheme 16. Conceivable synthetic approaches to expanded [n]pericyclines

acetylene coupling of two or more acyclic dehydrooligomers 92 of the same or
different chain lengths. These precursors, in turn, have to be synthesized by a
stepwise directed assembly of appropriate monomers like 90a and 90b. The
third and most target-oriented strategy (pathway C) calls for the ring closure of
an acyclic dehydrooligomer 92 ¢ of the corresponding chain length either by oxi-
dative or some other cross-coupling method.

Although there is no general procedure for the preparation of the monome-
ric building blocks, the 3,3-disubstituted 1,4-pentadiyne derivatives of types 90a
and 90b, a limited number of standard procedures have been used in most cases.
The synthesis of 1-(trimethylsilyl)-3,3-dimethyl-1,4-pentadiyne 32 is summar-
ized above (Scheme 7) (for the preparation of deprotected diyne 35 see also [45,
46]). The starting materials for the butadiyne-expanded [n]rotanes 85 and their
permethylated analogues 86, bromodiacetylenes 99 and 102, were obtained in a
similar manner starting from (trimethylsilylethynyl)cyclopropane 93 [17] and
its permethylated 1-chloro derivative 95 [47], respectively. Deprotonation of 93
(or lithiation by halogen-metal exchange in the case of 95) with n-butyllithium
and subsequent treatment with dimethylformamide followed by Corey-Fuchs
olefination and dehydrobromination with potassium tert-butoxide in THF gave
1-bromo-5-trimethylsilyldiynes 98 and 101 each in 66% overall yield. These
diynes were cleanly protiodesilylated to give the 1-bromo-1,4-diynes 99 and 102
in 74 and 99 % yield, respectively (Scheme 17) [36, 37, 48].

This approach provides a far greater versatility than one starting with the pre-
viously reported synthesis of the parent 1,1-diethynylcyclopropane 47 [49], and
it was also applied for the preparation of 7,7-diethynyldispiro[2.0.2.1]heptane
(dispirocyclopropanated diethynylcyclopropane) 108 [48] starting from the
ester 103 [50] (Scheme 18).

The basic building block for the protected expanded [n]pericyclinones 89 [39]
was obtained by simple acetalization of 1,5-bis(trimethylsilyl)penta-1,4-diyne-
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Scheme 18. The main building blocks for perspirocyclopropanated expanded [n]rotanes

trione 109 (prepared by oxidation of 1,5-bis(trimethylsilyl)penta-1,4-diyne) [51]),
followed by protiodesilylation (Scheme 19). Finally, even compounds as exotic as
diethynylmethanofullerene 115 and substituted diethynylmethanofullerene 118
have been prepared via diethynylcarbene addition onto C4y-fullerene 112 and its
derivative 116, respectively, with subsequent protiodesilylation, and have been
suggested as synthetic precursors for expanded [n]rotanes of type 88 with fused
Cqo moieties at every three-membered ring (Scheme 19) [38, 52].

Despite its simplicity, the one-step “shotgun” synthesis of expanded [#]
pericyclines has found only limited application because of its low selectivity and
the difficulties associated with the separation of the product mixtures. For
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Scheme 19. The main building blocks for expanded [n]rotanes and [n]pericyclinones of types
88, 89

example, the attempted oxidative coupling of 1,1-diethynylcyclopropane 47 led to
a mixture of the open-chain dehydrooligomers 119-121, consisting of two to four
1,1-diethynylcyclopropane units, in low yields (Scheme 20) (higher dehydrooligo-
mers may also have been formed, but were not isolated and characterized) [37].
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\ slow inverse addition §\ /¢ H

\\\ over3d X n-1

H
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47
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Scheme 20. Attempted “shotgun” synthesis of expanded [n]rotanes
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Somewhat better results were obtained in the random synthesis of expanded
[n]pericyclines 84: The expanded [3]pericycline 82 could be isolated in 4%
yield, but the expanded [4]- 83 and [5]pericycline 122 were only detected by
GC-MS (Scheme 21) [7].

In several cases, however, this random approach provided satisfactory results.
Thus, the whole group of protected expanded [n]pericyclinones 123-126 was

/H Me, Me
/ CuCl, CuCl, Y N

Me, / py, 20°C, 90 h 7 N\

—_— 7 W\ +

Me inverse addition M
N\ 60h e =Me
\ over Me == Mo
Me, Me
720\

N\
+ Me\</// \\><Me +
Me” \%\ //,/ Me
N\ #
Me” “‘Me Mé Me
83 122

Scheme 21. “Shotgun” preparation of expanded [n]pericyclines

prepared from diethynyldimethyldioxane 111 [39] by oxidative coupling using
modified Eglinton conditions [53] (Scheme 22). Macrocycles 123-126 were
separated by preparative gel permeation chromatography (GPC). Under Hay
conditions, the yield of compounds 123 -126 was negligible [39].

In some rare cases, the “shotgun” method appears to be the only feasible one.
A typical example is the cyclodehydrooligomerization of diethynylmethano-

Me e
0__0
/! 7\
7 /// N o}
Me><:o>< Cu(OAC), MeCN  Me ><:O></ N >< :><’|\:e
Me 0 65°C,35h Me o X 4% 0 e
N\ N\ #
H >< n-3 123 n=4 (60/0)
90 124 n =5 (13%)
111 125 1= 6 (9%)
Me e 126 n=7 (3%)

Scheme 22. Random preparation of protected expanded [n]pericyclinones
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fullerenes 115 and 118 (Scheme 23) [38], for which the stepwise assembly seems
to be less advantageous (although possible [52]) and the problem of solubility of
the products, as well as of the starting materials, was of prime importance. The
attempted oxidative coupling of compound 115 led only to a mixture of in-
soluble products [38]. Oxidative cyclooligomerization of the highly substituted
diethynylmethanofullerene 118 under Hay conditions failed to produce isolable
amounts of the cyclic dehydrooligomers, but the application of Eglington coup-
ling conditions led to remarkable success: Compounds 127 and 128 were iso-
lated in 53% combined yield [38]. Larger cyclic dehydrooligomers were not
detected; their formation may have been suppressed due to the steric bulk of
the substituted Cqy-fullerene moieties.

Cu(OAc),, py
molecular sieve 4 A

118
20°C, 28 h

X = (EtO,CCH,0,C),C
127 n= 3 (32%)
128 n=4 (21%)

Scheme 23. “Shotgun” synthesis of Cy,-fullerene-annelated expanded [n]rotanes

The second and third strategies for the assembly of macrocyclic oligodi-
acetylenes, consisting of oxidative cyclizing of one, two or more open-chain dehy-
drooligomers, have been widely used for the preparation of acetylene-expanded
[n]pericyclines and butadiyne-expanded [n]rotanes like 82-86. The starting
building blocks for these syntheses can easily be prepared from the correspon-
ding monomers like 32, 35, 98, 99, 101, 102, and 129. Using only two standard
operations in a repetitive way, namely the Cadiot-Chodkiewicz coupling via
intermediate copper derivatives and protiodesilylation under various condi-
tions, it was possible to construct - step by step, if necessary - any open-chain
permethylated [4, 7] as well as cyclopropanated [36, 37] dehydrooligomer of any
desired chain length (Schemes 24 and 25).

This reaction sequence was also found to be convenient and versatile for
preparing the potential synthetic precursors to permethylated 86 and spiro-
cyclopropanated exploded [n]rotanes (Scheme 26) [48].
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Scheme 24. Acyclic oligoynes as precursors to expanded [n]pericyclines
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Scheme 25. Acyclic oligoynes for the preparation of expanded [n]rotanes
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Scheme 26. Acyclic oligoynes for the preparation of permethylated and spirocyclopropanated
expanded [n]rotanes

Potential starting materials for the syntheses of exploded [n]rotanes via
approaches B and C containing an even number of cyclopropane units may
also be prepared by applying the Hay coupling procedure (Scheme 27) [48,
52].

The conversion of the dehydrotrimer 135 into the corresponding bis-cuprate
followed by coupling with dibromide 131 (Cadiot-Chodkiewicz conditions)
gave the expanded [5]pericycline 122 in 53 % isolated yield (Scheme 28) [4]. The
more versatile approach by simple oxidative cyclooligomerization of dehydro-
oligomers of type 135 under high dilution conditions as shown in Scheme 28
provided the acetylene-expanded [3]- 82, [5]- 122 and [6]pericyclines 163 in
reasonable to excellent yields [4,7].

Analogously, when solutions of the acyclic precursors 119-121, 146, 156 and
159 or mixtures of two of them in pyridine were added over a period of 3d to a
slurry of cuprous chloride and cupric acetate in pyridine [54], and the reaction
mixtures were stirred at ambient temperature for an additional 4 d, the cyclic
dehydrooligomers of 1,1-diethynylcyclopropane 47 could be isolated in relative-
ly good yields by column chromatography and/or recrystallization (Scheme 29).
A 1:1 mixture of the short-chain starting materials 119 and 120, and the dehyd-
rotrimer 120 alone, gave rise to the cyclic dehydropenta- 165, dehydrohexa- 166,
dehydrohepta- 167, dehydroocta- 168, and dehydrononamer 169 which resulted
from all the possible simple combinations of (n X [3] + m X [2]) couplings. Similar
results were obtained with a mixture of 120 and 121. A direct ring closure of the
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Scheme 27. Preparation of acyclic oligoynes by Hay coupling
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Scheme 28. One-component synthesis of expanded [n]pericyclines
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Scheme 29. One-component synthesis of expanded [n]rotanes

acyclic dehydrotetramer 121 was not observed, but compound 121 readily di-
merized to an acyclic dehydrooctamer, and that cyclized reasonably well to
the “blown-up” [8]rotane 168 in 46% yield. The acyclic dehydropentamer 145
cyclized rather efficiently to give the “blown-up” [5]rotane 165 in 70% yield.
As side products the higher cyclic dehydrooligomers 170 (n=10) and 171 (n=12)
were obtained in negligible quantities (0.2 and 1%, respectively) [36, 37].

When the acyclic dehydrohexamer 156 was oxidatively cyclized, an increased
yield (49%) of the butadiyne-expanded [6]rotane 166 was observed, but the
yield of the expanded [12]rotane 171 with a C4; inner ring suffered from the fact
that the corresponding acyclic dehydrododecamer 159 slowly decomposed in
the syringe pump [48].

The attempted oxidative dimerization of the monosilylated acyclic dehydro-
tetramer 172 led to the cyclic dehydrooctamer, the “blown-up” [8]rotane 168, in
even better yield (55%) than the analogous cyclodehydrodimerization of the
desilylated precursor 121 (46% 168) [37]. This demonstrates that desilylation
does occur under the applied conditions and that at least a trimethylsilyl residue
does not provide sufficient protection if long-chain acyclic dehydrooligomers
are to be made (Scheme 30). However, cyclodehydrodimerization of the silylated
permethyldehydrotrimer 147 gave a lower yield of the permethyl-exp-[6]rotane
173 (37 %) than that of its desilylated analogue 148 (49%), and the yield of 173
obtained by oxidative cyclization of the acyclic hexamer 162 was even lower
(23%) [48]. This phenomenon must be associated with an unexpected increased
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Scheme 30. One- and two-component preparations of permethyl-exp-[6]rotane 173

tendency of the permethylated acyclic higher dehydrooligomers to decompose
at room temperature in the syringe pump.

Apparently, the current methodology does not allow the preparation of
macrocyclic oligodiacetylenes which would be even more highly strained than
the butadiyne-expanded [n]rotanes 165-171. At least, no cyclic dehydro-
oligomers could be isolated upon the attempted oxidative coupling of the
7,7-diethynyldispiro[2.0.2.1]heptane dehydrotrimer 151. In the case of dehy-
drotrimer 150, with only one dispiro[2.0.2.1]heptane unit, one product was iso-
lated in low yield, and its NMR data indicate a cyclic structure of type 174, in
which one dispiro[2.0.2.1]heptane moiety has been retained and a second one
has undergone ring opening by formal addition of chlorine (Scheme 31) [48].

Upon changing the applied strategy from the completely random approach
(cf. Scheme 22) to a block assembly, a complete change of the product distribu-
tion is observed in the preparation of the protected expanded pericyclinones of
type 89: Only the three macrocycles 123, 125 and 176 were isolated after the oxi-
dative cyclooligomerization of the dehydrodimer 175 (Scheme 32) [39].

All cyclic compounds of types 83-88 have been characterized by their diag-
nostically simple 'H and C-NMR spectra. Some general regularities can be
observed, namely, a small but steady upfield shift in the *C-NMR spectra of the
carbon signals of the polyacetylenic macrocycle with increasing ring sizes.

While the molecular masses of expanded [n]pericyclines 82, 83, 122 can easily
be determined by GC-MS analysis, higher dehydrocyclooligomers fail to vaporize
sufficiently [7]. Fast atom bombardment mass spectometry (FAB-MS) had to be
applied for the characterization of the acetal-protected expanded pericyclin-
ones 123-126 and 176 [39]. Attempts to determine the molecular masses of the
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Scheme 31. Attempted synthesis of spirocyclopropanated butadiyne-expanded [n]rotanes
from the acyclic precursors 150 and 151
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Scheme 32. Multicomponent preparation of protected expanded [n]pericyclinones

exploding [n]rotanes 165-169 and 173 by mass spectrometry with any of the
available routine ionization methods (EI, CI, DCI, FD) failed, as the compounds
apparently decomposed irregularly in the inlet system of the mass spectrometer.
Several of their molecular masses were successfully determined by vapor pres-
sure osmometry in dichloromethane solution or by the matrix-assisted laser
desorption time-of-flight mass spectrometry (MALDI-TOF-MS) method [36,
37]. This method was also used for the Cyy-annelated exploding [n]rotane 127 [38].
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In summary, then, one may conclude from all these observations on expand-
ed systems:

1. In contrast to pericyclines, expanded [n]pericyclines 82 and 83 with n=3,4
can be prepared possibly as a consequence of decreased angle strain at the
saturated corners. Surprisingly, though, acetal-protected expanded pericycli-
nones and butadiyne-expanded [n]rotanes could only be obtained down to a
size n=4 as in the exp-[4]pericyclinone derivative 123 [39] and even n=5 as
in exp-[5]rotane 165 [37], respectively. This may be due to the fact that the
exocyclic bonding angles between two substituents on the same carbon of a
dioxane, and to a greater extent of a cyclopropane ring, are larger than the
tetrahedral angle of 109.47°. This simple reason, however, cannot be the whole
explanation, since Cgqy-fullerene-annelated exp-[3]- 127 and exp-[4]rotane
128 could be prepared, in fact, as the only representatives of their family [38].

2. Ttis difficult to rationalize the low yield of exp-[4]pericycline 83. The fact that
a cyclobutane ring is not easily closed cannot be the reason [4], since the cor-
responding protected exp-[4]pericyclinone 123 [39] and the Cy-fullerene-
annelated exp-[4]rotane 128 [38] were prepared without any problems.

3. For the successful oxidative cyclization of very long open-chain dehydro-
oligomers one has to take special precautions because of insufficient solubi-
lity and potential thermal instability of these precursors for macrocycles
[48].

3.2
Mixed Oligoyne-Diyne Macrocycles

Homoconjugated hybrid oligoyne-diyne macrocycles containing acetylene and
butadiyne moieties between the vertices also constitute interesting objects for
probing through-space and through-bond interactions in neutral hydrocarbons.
Only a limited number of such compounds have been reported. They were prep-
ared following one- or two-component strategies (Scheme 16) essentially from
the same set of synthetic precursors as those for [n]pericyclines and expanded
[n]pericyclines with oxidative acetylene coupling as key steps. The Cadiot-Chod-
kiewicz cross-coupling procedure has also been applied (Scheme 33) [4].

H
Me =~ /Br
Me:i// N=.Ie Z
il 1) nBuLi, THF, 0°C Me
M 2) TsBr, =78 to 20 °C I”
& S 79% Me v
Me \\H Me §\\
Br
38 177

Scheme 33. A two-component approach to the hybrid tetrakisdiyne-monoethyne macrocycle
178
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39%
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Scheme 33 (continued)

The oxidative coupling, however, normally provides better results, as was
demonstrated by the reasonably efficient cyclization of 179 to the homocon-
jugated 16-membered macrocycle 180 (14% vyield) with alternating ethyne
and butadiyne units (Scheme 34); the alternative Cadiot-Chodkiewicz coupling
of the bisterminal diyne 38 and the dibromotriyne 177 gave only a 2.6 % yield
of 180 [4].

Apparently, the oxidative acetylene coupling can overcome a drastic strain
increase as demonstrated by the highly efficient cyclization of octamethyltetra-
deca-1,4,7,10,13-pentayne 36 and its perspirocyclopropanated analogue 61 to
the corresponding 14-membered macrocycles 181 (67 %) and 62 (45 %), respec-
tively (Scheme 34) [18].
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|I| 2)CuCi 3)9 |{| PY/ELO | !
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Me-.. o M- //H Me "--XI—E-—-L: Me
Me \%\H Me X ‘ z Me Fe
Me Me
130 179 180
/H H\
R = = R
R, /// \\\>/H CuCl Cu(OAQ), R - R
,60°C
R R A\ VA
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—_/ over 5.5-16 h Ry ——"7"R
R..u prem— H R R
R
36 R=Me 181 R = Me (67%)

61 R—R = CH,~CH,

62 R—R = CH,—CH, (45%)

Scheme 34. One-component syntheses of the hybrid oligoethyne-butadiyne macrocycles 62,

180 and 181
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33
Structural Features and the Quest for Homoconjugation in Expanded [n]Pericyclines
and “Exploded” [n]Rotanes

An X-ray crystallographic structural analysis of the expanded [3]pericycline 82
shows an outward bending of the butadiyne units with a bonding angle of 169°
at the acetylenic carbon atoms and a compression of the endocyclic bond angles
at the tetrahedral carbon atoms to 103° [4]. In the protected expanded [6]pericy-
clinehexanone 125, the expanded cyclohexane ring was found to be in a perfect
chair conformation, and the bond lengths, as well as the angles, were incon-
spicuous [39].

As indicated above for [n]pericyclines, the X-ray crystallographic structural
analyses of the exploding [n]rotanes 165-168 closely resemble the correspond-
ing [n]pericyclines and cycloalkanes with the same number of vertices [36, 37].
Except for the molecules of exp-[5]rotane 165 in crystals obtained from CH,Cl,
(Dsy-165 in Fig. 8), all the “blown-up” [n]rotanes are not planar. In crystals of
exp-[5]rotane obtained from CCl, the molecules adopt an envelope conforma-
tion (C-165 in Fig. 8). The five-sided macrocycle of 165 with torsional angles of

Fig. 8. Crystallographic structures of “exploded” [n]rotanes 165-168
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-25.0,17.0,-2.1,-13.9 and 25.2° is, however, less puckered than that in [5]rotane
(corresponding angles: -39.6,27.2,4.6,36.7 and -19.8°) [55, 56] and cyclopentane
(-40.3, 25.0, 0.0, 40.3 and -25.0°) [57]. This decrease in the puckering angle is
caused by the fact that the exocyclic bonding angle between two substituents on
the same carbon of a cyclopropane ring is usually significantly larger than the
tetrahedral angle of 109.47°. In the case of 165 the average endocyclic angle at
the cyclopropane corners is 114.3° in Dg,-165 and 114.7° in C,-165, and, ap-
parently, the small degree of puckering can easily be lifted by crystal packing
forces, as the crystals of Ds;-165 from CH,Cl, with a planar 25-membered ring
demonstrate.

Similarly, the chair of the 30-membered ring of exp-[6]rotane 166 with an
average torsional angle of ¢=41.4(4)° is less puckered than cyclohexane
(9=55.1°) [58] and [6]rotane (¢ =54.6°) [56].

The cyclic hepta- and octadiacetylenes, exp-[7]rotane 167 and exp-[8]rotane
168, also adopt chair-like conformations in the crystals, and the “blown-up”
seven-membered ring in compound 167 has almost the same puckering (torsio-
nal angles: 69.0, -90.8, 81.2, —-13.9, -45.8, 99.4 and -97.0°) as cycloheptane
(torsional angles: 66.0, -89.5, 70.7, 0.0, -70.7, 89.5 and -66.0°) [59]. A crystal
structure of cyclooctane itself has never been obtained; the free molecule in the
gas phase according to an electron diffraction structural analysis and to mole-
cular mechanics calculations does not adopt a chair-like conformation [60] ana-
logous to that found for exp-[8]rotane 168 (Fig. 8). It is remarkable that the
exocyclic bonding angles on the spirocyclopropane moieties in the whole series
of “blown-up” [n]rotanes 165 - 168 are retained as closely as possible to the same
value as that between the two exocyclic C-C bonds in 1,1-diethynylcyclopropane
47 (115.1°) [31]. This forces the macrocycles 165 and 166 to be less puckered
than the five-membered rings in cyclopentane (106.1°) [57] and [5]rotane
(105.3°) [55] as well as the six-membered rings in cyclohexane (111.4°) [58] and
[6]rotane (111.5°) [56]. The corresponding angle in exp-[7]rotane 167 is only
1.8° larger than the mean value in cycloheptane (115.3 vs 113.5°) [59]. Only in
the exp-[8]rotane 168 is this bonding angle 116.2°, and the 1,3-butadiyne units
in 168 are bent inward by 4.6°. Apparently, the bonding angle on the spirocyclo-
propane rings is an energetic compromise between further inward bending of
the 1,3-butadiyne units and exocyclic angle deformation on the three-membe-
red ring.

The three-membered rings in these exp-[n]rotanes thus provoke a significant
bending of the triple bond angles. The largest bending, corresponding to the
smallest bonding angle 172.9(4)° was found for the exp-[7]rotane 167. In one
respect both 167 and 168 differ from the smaller members of the family in that
the 1,3-butadiyne units in these larger macrocycles are bent inwards rather than
outwards. This feature, although to a much lesser extent, was previously observ-
ed only for [5]pericyclinosilane 71a [26], while outward bending is quite com-
mon [13,61]. The ethynyl groups on the cyclopropane rings in 165-168 appa-
rently exert an electron-withdrawing action, as the proximal and the distal
bonds in the three-membered rings are found to be significantly different, as
expected for acceptor-substituted cyclopropanes [31,62]. The observed length-
ening of the proximal and shortening of the distal bonds are similar to those
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for 1,1-diethynylcyclopropane 47 [1.526(1) vs 1.483(1) A] [31]. The converse
electron-donating action of the spirocyclopropane groups on the other hand
does not affect the C=C bond lengths.

An X-ray crystallographic structural analysis of 7,7-diethynyldispiro
[2.0.2.1]heptane 109 (Fig. 9) [63] - the subunit of any perspirocyclopropanated
expanded [n]rotane - reveals that this molecule can essentially be described in
terms of a superposition of 1,1-diethynylcyclopropane 47 [31] and dispiro
[2.0.2.1]heptane [64] as far as bond lengths are concerned. The exocyclic bond-
ing angle between the ethynyl groups on the dispiroheptane moiety is larger
than that in 47 (117.0 vs 115.1°).

The most remarkable structural features of the planar cyclic mixed trisethyne-
monobutadiyne pentaacetylenes 181 and 62 are their drastically bowed diyne
moieties [18]. The acetylenic carbon atoms deviate from linearity by an average
of 11.7° in 181 and even 13.4° in 62. The internal C-C-C angle is smaller for 181
(103.8°) than for 62 (109.2°). The disparity of the C-C bond lengths in the
spirocyclopropane moieties of 62 is analogous to those observed in the ex-
panded [n]rotanes 165-168.

As in the case of [n]pericyclines, the experimentally determined structural
parameters for the protected expanded [6]pericyclinehexaone 125, as well as
those for the “blown-up” [n]rotanes 165-168, do not reveal any bond length
equalization which might be due to cyclic delocalization. The UV spectra of all
the expanded pericyclines of type 84 were virtually all superimposable, except
for that for exp-[3]pericycline 82 which showed a large bathochromic shift of
18 nm of its long-wavelength absorption maximum. This was interpreted as a
result of cyclic homoconjugation, namely through-space interaction of the in-
plane p-orbitals [4, 7]. The UV spectra for the macrocyclic “blown-up” [n]ro-
tanes 165-168 and 171 all look alike and are quite similar to those for the
basic chromophore 1,4-dicyclopropylbutadiyne and the acyclic dehydrotrimer
120 in the long-wavelength region, with bathochromic shifts of about 2 nm

Fig. 9. Crystallographic structure of 7,7-diethynyldispiro[2.0.2.1]heptane 109



Macrocyclic Structurally Homoconjugated Oligoacetylenes 35

for the absorption maxima of 165-168 and 171. The intense main absorptions
in the region 200-220 nm (£=128,000-450,000), however, are strikingly differ-
ent. A distinct bathochromic shift is observed on going from 1,4-dicyclopropyl-
butadiyne via 165-168 to 171; and, more interestingly, this absorption splits into
two bands for macrocycles 165-168 and 171, but with different magnitudes [37].
This must be due to the expected increased homoconjugative interaction be-
tween ethynyl units in the “blown-up” [n]rotanes, as corresponding effects are
not observed in the UV spectra of the analogous permethylated macrocycles of
types 3 and 84 [4, 6, 7]. The UV spectra of expanded [n]rotanes 127 and 128,
however, were similar to those of the monomeric diyne 118 except for the
increased molar extinction coefficient. Thus for these compounds there is no
indication of strong homoconjugation in the hexayne macroring [38].

The hybrid monoyne-tetrakisdiyne macrocycle 178 having 4n + 2 electrons in
both out-of-plane and in-plane m-systems has essentially the same UV spectrum
as [5]pericycline 3 which has only 4n electrons [4]. The same holds for the
hybrid hexayne 180 with two ethyne and two butadiyne units. In the hybrid
monoexpanded [4]pericycline 181, the compression of the endocyclic C-C-C
bond angles at the saturated carbon atoms enhances the through-space m-m
interactions and causes a bathochromic shift of the long-wavelength UV absorb-
tion to 266 nm, although this shift is only half as large as that seen in the UV
spectrum of expanded [3]pericycline 82. In the perspirocyclopropanated pen-
tayne 62 the through-bond - interactions are apparently enhanced by the
spirocyclopropane rings which cause a shift of the long-wavelength UV absorp-
tion maximum to even longer wavelengths (A, =273 nm) [18].

34
Thermodynamic Stabilities and Chemical Transformations

The hybrid perspirocyclopropanated monoexpanded [4]pericycline 62, the
acetal-protected expanded [n]pericyclinones 123-125, 176 and the “blown-up”
[n]rotanes 165-171 are all stable under laboratory conditions for days, but
decompose slowly over a period of weeks [18,37,39]. The hybrid octamethylhe-
xayne 181 melts cleanly without decomposition at 182-184°C, while its per-
spirocyclopropanated analogue 62 had already turned brown at 155°C and, in
one instance, exploded at 192°C [18]. The most striking feature common to all
of the “blown-up” [n]rotanes 165-171 is their shock sensitivity: When struck too
hard with a spatula, a pestle or a falling metal ball, even under argon, they go off
with a flame and yield a cloud of black soot [36,37]. An attempt to determine the
melting point for the macrocyclic decayne 165 led to the complete destruction
of a Biichi melting-point apparatus. This unusual behavior of the whole family,
which led to them being termed “exploding” [n]rotanes, must be attributed to
the additional strain introduced by the spiroannelated three-membered rings;
the analogous permethylated macrocyclic oligodiynes of type 84 are by far not
as sensitive. Even the permethylated expanded [6]rotane 173 is at least not shock
sensitive, although it does not melt without decomposing [4,6,7,48].

In view of the strain energy incorporated in a carbocyclic three-membered
ring (28.1 kcal/mol [65]), the butadiyne-expanded [n]rotanes must be true high-
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energy molecules, as their butadiyne units also have highly unfavorable heats
of formation (acetylene itself has AH}’=+54.5 kcal/mol [32]). According to
AM1 [66] calculations [37], the six-sided “exploding” [6]rotane 166 has
AHF=+773.1 kcal/mol. Incidentally, the experimentally determined heat of
formation for 1,1-diethynylcyclopropane 47 of AH¢ = +128.7 kcal/mol [33] and
the sixfold value (128.7 X 6 =+ 772.2 kcal/mol) almost coincide with the calcula-
ted value for 166. Compared to that the current “trendsetter” Cq,-buckminster-
fullerene 112 with AH?= +609.6 kcal/mol is a “low-energy” molecule [67].

A more detailed investigation of the thermal behavior of the “exploding”
[n]rotanes by differential scanning calorimetry (DSC) measurements per-
formed in aluminum crucibles with a perforated lid under an argon atmosphere
revealed that slow decomposition of exp-[5]rotane 165 has already started at
90°C and an explosive quantitative decomposition sets on at 150 °C with a release
of energy to the extent of AHg.comp=208 kcal/mol. Exp-[6]rotane 166 decom-
poses from 100°C upwards with a maximum rate at 154°C and an energy release
of AHgecomp=478 kcal/mol. The difference between the onset (115°C) and the
maximum-rate decomposition temperature (125-136°C) in the case of exp-
[8]rotane 168 is less pronounced, and AHyecomp is only 358 kcal/mol. The methy-
lated exp-[6]rotane 173 is thermally less labile and its decomposition is mod-
erated with an onset at 135 °C and a maximum decomposition rate at 194.5°C
with AHgecomp =285 kcal/mol. For example, AH o, 0f the well-known explosive
hexogen (1,3,5-trinitro-1,3,5-triazacyclohexane, RDX) determined under simi-
lar experimental conditions was only 143 kcal/mol [68]. Applying an evolved gas
analysis (EGA) technique to the thermal decomposition of 165 and 166 in diffe-
rent heatable optical cells with rapid-scan Fourier transform infrared (FTIR)
spectroscopy monitoring, the formation of only methane, ethylene and acety-
lene could be detected, and the only gaseous products evolved upon the decom-
position of exp-[8]rotane 168 and permethyl-exp-[6]rotane 173 were ethylene
and tetramethylethylene, respectively [68]. The composition of the black soot
formed in these thermal transformations is of special interest, as the formation
of ordered tube- and onion-type carbon layers, along with the evolution of
methane and hydrogen gas, was detected upon the analogous explosive thermal
decomposition of cyclic oligoynes with aromatic connectors [69]. However, only
amorphous carbon with small graphitic areas was found in the explosion pro-
ducts of the butadiyne-expanded [n]rotanes 165-168. Nevertheless, traces of
Cgo-fullerene 112 were detected by MS after the explosion of exp-[6]rotane 166.

The fact that only ethylene and tetramethylethylene are evolved from exp-
[8]rotane 168 and permethyl-exp-[6]rotane 173 upon thermal decomposition
leads to the conclusion that the spirocyclopropane moieties in these expanded
[n]rotanes fragment only externally and leave carbene moieties behind. Indeed,
the MALDI-TOF mass spectra of several exp-[n]rotanes show fragment ions
with M* minus 28. Thus, if this fragmentation in an exp-[n]rotane were to con-
tinue n times, a cyclic C, carbon cluster would be left over. So far, however, a
fragment ion with m/z =480 corresponding to 182 has not been recorded in
the mass spectrum of exp-[8]rotane 168 and it remains to be seen whether a
Cq cluster 183 will be detected in the mass spectrum of exp-[12]rotane 171
(Scheme 35).
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Scheme 35. Potential approaches to cyclo-C,, 182 and cyclo-Cq4, 183 carbon clusters

The MALDI-TOF mass spectra of the Cy-fullerene-annelated [3]- and
[4]rotanes 127 and 128 also demonstrated that these molecules fragment at the
spirocyclopropane units with successive loss of the fullerene moieties. Unfor-
tunately, however, the peaks for cyclo-C,5 and cyclo-C,, carbon clusters were
not observed [38].

The electrochemical oxidation, as well as the reduction of compound 166 in
tetrahydrofuran at —14°C, proceeds irreversibly, with the reduction potential
being remarkably high at -2.81 V [37].

As well as having interesting structural and physical properties, the expanded
[n]rotanes should show a rich chemistry due to the high reactivity of their acety-
lene moieties, as any clean transformation of all their diyne units would lead to
novel cyclic structures with alternating spirocyclopropane and various other
groups. In view of the known heterocyclizations of 1,3-diynes to thiophenes [70]
and pyrroles [71], and the fact that in model experiments 1,4-dicyclopropyl-
butadiyne 184 and 1,1-bis(trimethylsilylbutadienyl)cyclopropane 187 could be
converted to the corresponding thiophene 185, 188 [72] and N-methylpyrrole
186 [73] derivatives (Scheme 36), the same transformations can be expected for
the cyclic oligodiynes 165-168.

Indeed, upon treatment with sodium sulfide, exp-[5]- 165, exp-[6]- 166 and
exp-[8]rotane 168 were converted to the corresponding crown-type macro-
cycles 189-191 with alternating thiophene and spirocyclopropane rings in
surprisingly good yields (Scheme 36) [72]. An X-ray structural analysis disclo-
sed that the molecules [24](2,5)-cyclopropylthiophene-crown-6 in the crystal
[74] adopts a chair-like conformation (Fig. 10) in which the two cyclopropyl
groups on each thiophene unit are, in an alternating fashion almost bisected
and perpendicular with respect to the thiophene unit so that each cyclopropyl
group has a close to optimal orientation for conjugation only with one of
its neighboring thiophene moieties. This same feature was also observed for
1,1-di(2-thiophenyl)cyclopropane 188 in the crystalline form (Fig. 10) [63].

With three sulfur atoms above and three below the equatorial plane of the
molecule, 190 was expected to be a good ligand for metal ions. However, a
dichloromethane solution of 190 did not extract any ions from an aqueous
solutions of various metal salts (in total 23 different cations including Al**, Ba?*,
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Fig. 10. Crystallographic structures of [24](2,5)-cyclopropylthiophene-crown-6 190 [74]
and 1,1-(2-dithiophenyl)cyclopropane 188
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Ca?*, Cr**, Hg?", Mg?*,Na*, Zn?*, Pb?*, Ni?*, Sr?*, etc. [75]), as was also demon-
strated for an analogous [24](2,5)-thiophene-crown-6 with dimethylsilyl
connectors instead of the spirocyclopropane linkers [76]. This may be due to the
relatively small size of the cavity in 190, as the interatomic distances between the
sulfur atoms are equal or even smaller than the sum of their van der Waals radii.
The hybrid monoexpanded tetraspirocyclopropanated [4]pericycline 62 could
not be converted to a cyclic monothiophene derivative; under the conditions
applied for 165, 166, and 168 only complete decomposition of 62 was observed.
In addition, the exp-[6]rotane 166 did not survive the more drastic reaction con-
ditions required to convert the model dicyclopropylbutadiyne to N-methyl-2,5-
dicyclopropylpyrrole 186, so that the pyrrolocrown analogous to 190 [77] was
not obtained [48].

The hybrid cyclic pentayne 181 underwent Diels—Alder reaction with the elec-
tron-deficient diene tetrachlorothiophene 1,1-dioxide 192, but only at one of the
two triple bonds of the 1,3-diyne moiety. This was followed by loss of SO, to give
the tetrachlorobenzannelated cyclotetradecenetetrayne 193 (Scheme 37) [18].

Me Me M CI;:A
==y . .
Me* e DA C1,C=CCl, = R
\\\ /// + Cl S _Cl 124°C, 43h Me Me
\ / —_— W Vi
Me="% E’/"-Me 48% .
Me  Me cl cl Me=—=—Fo
Me Me
181 192 193

Scheme 37. Thermal cycloaddition of tetrachlorothiophene-1,1-dioxide 192 to the cyclic
pentayne 181

4
Perspectives

The correlation of chemical and spectroscopic properties with the structures of
molecules in order to ultimately gain predictive power has been one of the major
goals of chemistry ever since the earliest concepts of molecular structure were
created. The remarkably efficient methods for the syntheses of acyclic and
macrocyclic structurally homoconjugated oligoacetylenes and oligodiacety-
lenes presented here can undoubtedly be applied to generate a large variety of
similar compounds. The structure-property relationships which have been
uncovered for the known compounds have deepened our understanding of the
principles of structural homoconjugation. By applying appropriate physical and
chemical methods one can definitely gain more information about physical
properties and chemical reactivities of these unusual molecules. The scarce ex-
perimental evidence of chemical transformations of such macrocyclic oligo-
acetylenes and oligodiacetylenes gathered so far is just a hint as to what these
types of molecules can do.
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Introduction

Acetylenic molecular scaffolding has turned into a major area of research over
the past decade, fueled by several different yet simultaneous developments. The
mass-spectrometric observation of buckminsterfullerene (C4,) and the proposal
that it has a stable soccer-ball-type structure in 1985 [1], followed in 1990 by the
isolation of this first molecular allotrope of carbon in bulk quantities [2], led
chemists to search for other stable molecular and polymeric - non-fullerenic -
forms of carbon, which it might be possible to synthesize and isolate. Many of
the all-carbon molecules, as well as one-, two- and three-dimensional networks
of carbon that have been proposed based on theoretical calculations, or targeted
by synthesis, are acetylenic in nature; this challenging research area has been
reviewed on other occasions [3-5]. At the same time, the natural enediyne anti-
tumor antibiotics were discovered and the synthesis of analogs was vigorously
pursued in order to establish structure-activity relationships [6]. In yet another
avenue of research, chemists became increasingly interested in advanced mate-
rials, the electronic, optical and mechanical properties of which are tunable by
synthesis [7]. Many of these carbon-rich designer materials are constructed
from acetylenic building blocks, and several of them will be the subject of this
review. However, all these efforts would not have been possible without the
simultaneous and vigorous synergistic development in recent years of novel
synthetic methodology. Preparative acetylene chemistry [8] has seen an amaz-
ing renaissance, and acetylenic covalent assembly and scaffolding in particular
have benefited from the discovery of novel, metal-catalyzed, cross-coupling
reactions for C-C bond formation [9].

In view of these broad developments, the scope of this review needs to be
limited. We do not intend to discuss the elegant early work of Scott and co-
workers on “exploded cycloalkanes”, in which —-C=C- (“[n]pericyclynes”) or
-C=C-C=C- fragments are inserted between each pair of adjacent sp3-hybrid-
ized C-atoms in n-membered cycloalkanes [10]. Furthermore, phenyl-acetylenic
scaffolding, which has prospered so well in the hands of Moore and co-workers
in particular, and has culminated in the construction of some of the largest
structurally defined dendrimers known [11] will not be considered here. Phenyl-
acetylenic scaffolding [12] has provided some of the longest molecular disperse
conjugated rods [13] as well as large planar macrocycles with multinanometer



Cyclicand Linear Acetylenic Molecular Scaffolding 45

dimensions [14]. Phenylacetylenic scaffolding, together with recent devel-
opments in the field of benzoannelated dehydroannulenes, is covered by
M. Haley elsewhere in this volume [15]. The ongoing efforts aimed at the total
synthesis of endohedral metal ion complexes of C4, via intermediate acetylenic
spheroidal transition metal complexes in the laboratories of Y. Rubin at UCLA
has recently been reviewed [16]. Terminal transition metal complexes have also
found application in the stabilization of some of the longest carbyne -(C=C),,-
fragments known [17-19]. A chapter by U. Bunz on transition-metal stabilized
carbon-rich acyclic and cyclic scaffolds is included in this monograph [20].
Intriguing acetylenic molecular architecture has been reported from the labora-
tories of A. Vasella at ETH Ziirich, who combined acetylene with carbohydrate
chemistry and prepared multinanometer-long linear “acetylenosaccharides”
[21], molecular rods constructed from alternating alkyne and carbohydrate
moieties, as well as cyclic derivatives [22] that display receptor properties [22b].

This article summarizes efforts undertaken towards the synthesis of the
cyclo[n]carbons, the first molecular carbon allotropes for which a rational pre-
parative access has been worked out. Subsequently, a diversity of perethynylated
molecules will be reviewed; together, they compose a large molecular construc-
tion kit for acetylenic molecular scaffolding in one, two and three dimensions.
Finally, progress in the construction and properties of oligomers and polymers
with a poly(triacetylene) backbone, the third linearly conjugated, non-aromatic
all-carbon backbone, will be reviewed.

2
The Cyclo[n]carbons

2.1
Theoretical Considerations

In 1987, before macroscopic quantities of the fullerenes became available [2],
one of us (FD), together with his graduate student Y. Rubin, initiated a research
program aimed at preparing molecular carbon allotropes from stable, well char-
acterized precursors. The first target compound in this program was cyclo-Cs,
a member of the cyclo[n]carbon family [23]. The cyclo[n]carbons (1, Fig. 1) are
defined as n-membered monocyclic rings of sp-hybridized C-atoms, with uni-
que electronic structures resulting from two different orthogonal systems of
conjugated m-orbitals, one in-plane and one out-of-plane. Since the two cyclo-
conjugated 7-systems in cyclo-C g each possess (4n+2) m-electrons, the planar
compound might display particular stability due to a double Hiickel aromatici-
ty. The term double aromaticity was first employed in 1979 by Schleyer and co-
workers to explain the particular stability of the 3,5-dehydrophenyl cation [24,
25]; later on, Schleyer et al. also demonstrated that the Dg,-cyclo[6]carbon is the
most favorable form of the small all-carbon molecule Cg according to the geo-
metric, energetic and magnetic criteria of aromaticity [26]. Double - in-plane
and out-of-plane - aromaticity has also been advanced to explain the stability of
cyclocarbon ions such as C{; , which are formed on laser vaporization of graphite
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Fig. 1. Cyclo[n]carbons in their polyyne and their cumulenic forms

[27] or by dehalogenation of suitable arene precursors [28], and are presumed
to be intermediates in the formation of fullerenes in flames or carbon plasmas
[29-32].

The structures of small non-fullerenic C,-compounds and cyclo[n]carbon
structures (n=4-18) have been subject to intense theoretical work, which has
been comprehensively reviewed by Houk and co-workers [33]. Different theore-
tical predictions of the electronic structure had been made for cyclo-Cq, the
structure of which was first proposed by Hoffmann [34] in 1966 and which was
calculated at that time to display special Hiickel-aromatic stabilization as a result
of the two orthogonal (4n+2) m-electron systems. Self-consistent field (SCF)
calculations with a 3-21G or larger basis set by Houk and co-workers [23] pre-
dicted that the cyclic acetylenic Dgy-structure 1a (Fig. 1) with alternating bond
lengths represents the ground-state geometry. However, optimization by
Almlof and co-workers at the level of Mgller-Plesset second-order perturbation
theory (MP2) with inclusion of valence electron correlations [35], as well as
density functional theory calculations by Liithi and co-workers [36], favored the
cumulenic D,g;-structure 1b as the most stable planar monocyclic structure.
The most recent calculations by Plattner and Houk, by both a corrected density
functional theory approach as well as by the RHF/6-31G* ab initio approxima-
tion, now provide strong evidence that cyclo-Cyg is a flat circular polyyne of
Coj-symmetry, corresponding to 1a [33, 37]. These calculations also revealed
that the (4n + 2) m-electron cyclocarbons tend towards greater bond localization
with increasing ring size. Accordingly, cyclo-C, is predicted to prefer a cumule-
nic Ds), structure [38], cyclo-C,,is borderline, and the energies of its cuamulenic
Dy, and polyynic C;;, structures are nearly degenerate, whereas the larger cyclo-
C,g is a polyyne [39]. It is clear that this fascinating theoretical controversy over
the past years can only be definitively solved with the synthesis and charac-
terization of cyclo-C .

The choice of cyclo-Cq as a prime synthetic target was based on the evalua-
tion of its chemical stability and on the availability of a suitable synthetic
sequence [23]. In structure la, the bond angle at each sp-hybridized C atom is
distorted from the ideal value, 180°, to ~160°. This distortion requires about
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4 kcal mol™, leading to a predicted angle strain of 72 kcal mol™'. Several cyclic
alkynes with similar, or even much smaller, bond angles at sp-hybridized
C atoms have been isolated as stable molecules at room temperature [40].
Therefore, we expected that cyclo-C,4 could be isolated under ambient condi-
tions. Several synthetic routes towards the preparation of cyclo-C 4 that have
been pursued by us [41] and by others will be presented below.

2.2
The Transition-Metal Route to Cyclocarbons

Although the preparation of bulk quantities of free cyclo-C,3 remains elusive, a
transition metal complex could be prepared and characterized by X-ray crystal-
lography [41, 42]. Complexation of an alkyne with [Co,(CO);,] leads to a reduc-
tion of the C=C-C angles in the formed (p-acetylene)dicobalt hexacarbonyl
complex to values around 140° [43, 44]. Therefore, dicobalt hexacarbonyl frag-
ments have been used as protecting groups to allow geometrically disfavored
cyclization reactions by bending an alkyne moiety [45, 46]. The free alkyne can
usually be liberated from its complex via oxidation [47], alkyne-ligand exchange
[48], or flash vacuum pyrolysis [49].

On the way to cyclo-Cyg, 1,6-bis(triisopropylsilyl)-1,3,5-hexatriyne (2) [50]
was subjected to reaction with [Co,(CO);], followed by ligand exchange with the
bridging bis(diphenyphosphino)methane (dppm) ligand, whereupon smooth
deprotection yielded the stable dark-red dicobalt complex 3 (Scheme 1). Oxida-

1) [Cox(CO)g], hexane, thF(\Fth
then dppm, PhMe, 75% (CO)>CorCo(CO)2
(i—Pr);;Si—(—:.—'—-);Si(i—Pr)g
"
) 2) ButN F, wet THF, V4 N\
99% H H
3
Ph ph
Phy R co
Ph R .Co=CO
ocCou

Cu(OAC),, I

pyridine \

n
oc &4 =
Phag C0=CO
R.F co 4,n=1 (33%)
Ph F:h'ph 5,n=2 (5.4%)

Scheme 1. Synthesis of the cobalt complexes of cyclo-C,5 (4) and cyclo-Cy, (5) [414a, 42]. (Dppm
bis(diphenylphosphino)methane)
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tive coupling under conditions of high dilution subsequently afforded the very
stable cobalt complexes of cyclo-C5 (4) and cyclo-C,, (5), both as shiny black
needles. The X-ray crystal structure of 4 revealed considerable angle bending of
the three buta-1,3-diynediyl moieties within the nearly planar C,4 ring. With
values as low as 161°, several of the C=C-C angles in 4 approach the degree of
bending expected for cyclo-C,5. The UV/Vis spectra of 4 and 5 provided evidence
for the presence of partial cyclic m-electron delocalization in the central all-
carbon rings. Such conjugation across transition metal-complexed alkynes had
been previously predicted by theory [51]. Unfortunately, all attempts to generate
the free cyclocarbons by decomplexation of 4 and 5 failed. The dppm ligands
generate particularly stable complexes, and the bulky phosphine residues
hinder the attack of a reagent at the metal center. Alternatively, it cannot be
excluded that cyclo-C,4 or its partially deprotected precursors decompose under
the conditions of the various deprotection methods [47-49] that have been
applied.

23
The Carbon Oxide Route to Cyclocarbons

An attractive approach to cyclocarbon molecules required the preparation of
the higher carbon oxides 6-8 followed by either thermal or photochemical
CO-elimination (Scheme 2) [41, 52]. The direct synthesis of 6-8 by oxidative
macrocyclization of 9 was not possible, since all attempts to prepare the latter

o) o o 0 1) Me,3SiO(CH,),0SiMe,,
Me3SiOSO,CF3, 80 °C, 76%
-
2) Bu N* F~, THF, 95%
/  \\ 7 \\ ¢
H H (t-Bu)Me,Si SiMe,(t-Bu)
9 10 1

1

CuCI-TMEDA,

O, / acetone

Scheme 2. Synthesis of the carbon oxides 6-8 [52, 53]. (TMEDA N,N,N’,N"- tetramethylethyl-
enediamine)
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compound by deprotection of 10 or other silyl-protected 3,4-dialkynylcyclobut-
3-ene-1,2-diones [53] failed. Instead, the diacetal 11 was formed from 10 under
unusually forcing conditions, followed by desilylation. Hay-coupling [54] of 11
subsequently yielded the three cyclobuteno-fused dehydroannulenes 12-14 in
good overall yield.

The parent dehydroannulenes 15 and 16 (Fig. 2) had been previously pre-
pared by Sondheimer and co-workers as highly unstable compounds that ex-
ploded upon heating [55,56]. In sharp contrast, the three macrocycles 12-14 are
stable in moderate temperature ranges and when exposed to air. This extra
stabilization of the cyclobutene-fused derivatives is a result of the enhanced
rigidity of the ring skeleton due to annelation, which makes the bending and
out-of-plane distortions that are normally required to reach reaction transition
states energetically more difficult [57]. The analysis of the UV/Vis and 'H NMR
spectra showed that trimeric 12 possesses a planar, rigid, diatropic [18]annulene
perimeter, while tetrameric 13 has a planar, rigid, paratropic [24]annulene peri-
meter. While the parent trimeric compound 15 is also planar, tetrameric 16 is a
nonplanar, conformationally flexible chromophore which, according to AM1
and MM2 calculations - prefers a cyclooctatetraene-type conformation [57].
These calculations showed that the peculiar stereochemistry of the 1,2-di-
ethynylcyclobut-1-ene moiety defines the difference in geometry between the
two tetrameric macrocycles 13 and 16. With its large =C-C=C bond angle of
136.3° this unit is accommodated in a nearly strain-free way into a planar tetra-
meric 13 (=C-C=C bond angle of 135.8°), whereas the cis-1,2-diethynylethene
moiety, with an internal =C-C=C bond angle of 125.4°, prefers incorporation
into a nonplanar, cyclooctatetraene-type structure of 16 (=C-C=C bond angle
of 125.3°

This structural analysis was later confirmed by Komatsu and co-workers
who prepared two new series of dehydroannulenes fused with bicyclo-
[2.2.2]octene moieties [58]. In the series of compounds 17-20 (Fig. 2), they
showed by X-ray crystallography that trimeric 18 has a planar m-electron peri-

=1
=2

0
1
2
3

Fig. 2. Dehydroannulenes prepared by Sondheimer and co-workers (15, 16 [55, 56] and
Komatsu and co-workers (17-22, [58])
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meter whereas PM3 calculations suggested that tetrameric 19, like the parent
16, prefers a nonplanar, cyclooctatetraene-type structure. Such a tub-like
structure was actually found by X-ray crystallography for the tetrameric deri-
vative in the series of smaller fused dehydroannulenes 21-22 (Fig. 2). With a
calculated =C-C=C bond angle of 126.3° (PM3), the 2,3-diethynylbicyc-
lo[2.2.2]octene moiety, like the cis-diethynylethene moiety in 16, fits well geo-
metrically into the nonplanar, tub-like structures of tetramers 19 (=C-C=C
bond angle of 126.0°) and 22 (=C-C=C bond angles of 126.7(3) and 125.9(2)°,
X-ray), respectively.

Removal of the acetal protecting groups in 12-14, to give the carbon oxides
6-8, proved to be exceptionally difficult, succeeding only when the compounds
were dissolved in concentrated sulfuric acid [52]. The rapidly formed carbon
oxides were subsequently extracted into 1,2-dichloroethane that had been treat-
ed with powdered CaCO; to remove residual traces of acid. The X-ray crystal
structure of orange-yellow trimeric 6 showed a perfectly planar annulene peri-
meter with considerable angle strain in the three buta-1,3-diynediyl moieties
[52]. The carbon oxides 6 -8 are extremely sensitive to nucleophiles - including
water - which induce rapid polymerization. They also undergo rapid Diels-Alder
reactions with 1,3-dienes, such as furan, leading to strained derivatives that
subsequently polymerize. They are stable at room temperature but explode
above 80°C.

The results of low-temperature matrix-isolation studies with 6 [41a] are quite
consistent with the photochemical formation of cyclo-C g4 via 1,2-diketene inter-
mediates [59] and subsequent loss of six CO molecules. When 6 was irradiated
at A>338 nm in a glass of 1,2-dichloroethane at 15 K, the strong cyclobut-3-ene-
1,2-dione C=0 band at 1792 cm™! in the FT-IR spectrum disappeared quickly
and a strong new band at 2115 cm™! appeared, which was assigned to 1,2-diketene
substructures. Irradiation at A >280 nm led to a gradual decrease in the intensi-
ty of the ketene absorption at 2115 cm™ and to the appearance of a weak new
band at 2138 cm™! which was assigned to the CO molecules extruded photo-
chemically from the 1,2-diketene intermediates. Attempts to isolate cyclo-Cig
preparatively by flash vacuum pyrolysis of 6 or low-temperature photolysis of 6
in 2-methyltetrahydrofuran in NMR tubes at liquid-nitrogen temperature have
not been successful.

Results of Fourier-transform mass spectrometric (FT-MS) investigations of
the carbon oxides 6-8 conclusively demonstrated that one reaction pathway to
the formation of fullerenes is the coalescence of large cyclocarbon ions [29, 52].
In the negative-ion mass spectra of the carbon oxides, the expected successive
loss of CO molecules from the precursor anions, producing the cyclocarbon ions
Cis,C;, and Cj;, was observed. In the positive-ion mode, gas-phase coalescence
reactions of the cyclocarbon ions produced fullerene ions. Ion-molecule reac-
tions starting from the cyclocarbon cations Ci; (formed by laser desorption
of 6) and C}, (formed from 7) led through distinct intermediates (Cig — C¥,
— Ct, > Cf,— C#+ C,and C3, — Ciz — C3, — C¥, + C,, respectively) to fullerene
C,, as the major product ion. These reactions are remarkably selective, since the
formation of the C}, ion is not observed. In contrast, the ion-molecule dime-
rization reaction of cyclo-Cs, (produced from carbon oxide 8) led selectively to
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the buckminsterfullerene cation C{,. These experiments, together with others
[30-32, 60], provide strong support for the chain-to-ring-to-sphere mechanism
for the Kratschmer-Huffmann fullerene production process starting from
graphite [2].

In unrelated work, matrix-assisted laser-desorption-ionization time-of-
flight mass spectrometry (MALDI-TOF MS) provided evidence for the forma-
tion of ions corresponding to mono-fullerene adducts of the cyclocarbons
cyclo-Cys and cyclo-Cy, respectively [61]. The solubilized derivatives of Cqs
(23) and Cyq (24), two members of a new class of fullerene-acetylene hybrid
C-allotropes with the general formula C, 4.5, underwent rapid retro-addi-
tion of two and three fullerene moieties, respectively, to yield fragment ions
25* and 26" (Scheme 3). These findings suggest that further investigations by
FT-MS may permit the observation of the free cyclo-C,5 and cyclo-C,, ions,
from 23 and 24, respectively, and allow study of their gas-phase ion-molecule
coalescence reactions.

Scheme 3. Retro-addition of 23 and 24 under MALDI-TOF MS conditions generates the ions of
the mono-fullerene adducts of cyclo-C,5 (25%) and cyclo-C, (26™), respectively [61]
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24
Cycloreversion Routes to Cyclocarbons

2.4.1
Cyclo-C,; by Retro-Diels-Alder Reaction

Compound 27 was prepared as a direct precursor to cyclo-Cyg since it should
lose three anthracene molecules in a retro-Diels-Alder reaction under thermal
conditions (Scheme 4) [23,41a]. In the synthesis of 27, Pd(0)-catalyzed alkynyl-
ation [62] of 28 [41a, 63], followed by deprotection, gave the cis-enediyne 29 as
very unstable crystals which, in one case, exploded spontaneously. Oxidative
coupling of 29 under Eglinton-Glaser conditions [64] afforded cyclic trimeric 27
as the only identifiable product, in 25% yield. The absence of dimeric, tetra-
meric, or pentameric products can be explained by steric matching between
monomer 29 and macrocyclic oligomer, as discussed in Section 2.3. The internal
=C-C=C bond angle, a, in 29 (Scheme 4) is calculated as 125° (MM2) and 127°
(AM1) - values close to the average value of 123.3° found for the corresponding
bond angles in the X-ray crystal structure of 27 [65]. The X-ray crystal structure
of 27 showed a nearly perfectly planar dodecadehydro[18]annulene ring, which
is sterically shielded by the six benzene rings and, therefore, protected with
respect to bimolecular and polymerization reactions. Accordingly, 27 is highly
stable to air and can be heated in a sealed tube to 250 °C in the solid state without

H H

1) MeaSiC=CH, Cul, \\gl I
[Pd(PPhy).], BuNH,,

.‘H
50 °C, 87% a ‘
2) KOH, MeOH, H Q
29

20 °C, 98%

Cu(OAc),, PhH/
pyridine/MeOH,

50 °C, 25%

Scheme 4. Synthesis of dodecadehydro[18]annulene 27 for the gas-phase preparation of C,4 by
retro-Diels-Alder reaction [23,41a]
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appreciable decomposition. Both 'H-NMR and electronic absorption spectros-
copic data suggest that the dehydro[18]annulene perimeter in 27 is aromatic.

Starting from 27, cyclo-C;3 was prepared in the gas phase by laser flash
heating and the neutral product, formed by stepwise elimination of three
anthracene molecules in retro-Diels-Alder reactions, was detected by resonant
two-photon-ionization time-of-flight mass spectrometry [23]. However, all
attempts to prepare macroscopic quantities of the cyclocarbon by flash vacuum
pyrolysis using solvent-assisted sublimation [50] only afforded anthracene and
polymeric material.

24.2
Cyclocarbons by [2 + 2] Cycloreversion

Elegant work by Tobe et al. provided additional strong evidence that cyclorever-
sion reactions of well-defined precursor molecules may be the methods of
choice for generation of bulk quantities of cyclocarbons in the future [66-68].
Eglinton-Glaser coupling [64] of the dialkynylated [4.3.2]propellatriene 30 yiel-
ded 31 as the major product (29 %) in addition to a small amount of tetramer 32,
both as mixtures of diastereoisomers (Scheme 5) [66]. Upon changing the oxi-
dative coupling conditions by employing Cu(OAc), and CuCl in dry pyridine
[10b, 69], an approximately 1:1 mixture of 31 and 32 (mixtures of diastereoiso-
mers) was obtained in ca. 56 % yield. In analogy to the cyclobutene-fused dehy-
droannulenes 12 and 13 (Section 2.3, Scheme 2), the electronic absorption- and
H NMR spectra supported the presence of a diatropic, planar dodecadehy-
dro[18]annulene perimeter in 31 and a paratropic, planar hexadecadehy-
dro[24]annulene perimeter in 32.In another study [68a], Pd(0)-catalyzed cross-
coupling of the dichloro[4.3.2]propellatriene 33 with 2-methylbut-3-yn-2-ol
afforded 34 which was subjected under phase-transfer conditions to deprotec-
tion and subsequent Pd(0)-catalyzed cross-coupling to afford the dehydroannu-
lenes 35 (0.9%), 36 (11%), and 37 (0.9%) as mixtures of diastereoisomers
(Scheme 5). By a longer, stepwise construction route, 35 was also selectively pre-
pared in higher yield. Again, cyclobutene-annelation enforces planar macrocyclic
m-electron perimeters in the paratropic dehydro[12]annulene 35 and dehy-
dro[16]annulene 36, whereas the dodecadehydro[20]annulene perimeter in 37 is
presumably nonplanar.

Mass spectrometric studies were undertaken to explore the conversion of the
dehydroannulenes 31,32 and 35-37 into cyclocarbon ions by [2 +2] cyclorever-
sion [66, 67]. The only peaks displayed in the positive ion-mode laser-desorp-
tion time-of-flight (LD-TOF) mass spectra of 31 and 32 were due to the indan
fragment (CoH{y). In contrast, the negative ion-mode spectrum showed peaks
resulting from the successive loss of indan fragments by cycloreversion, leading
ultimately to the cyclocarbon ions Cj; and Cj,, respectively, as parent ions.
Similarly, the LD-TOF mass spectra of 35-37 displayed the same characteristic
fragmentation pattern, resulting from the successive loss of indan fragments
and ultimately leading to the cyclocarbon ions: Ci,, Cis, and Cjg, respectively.

The photochemical [2+2] cycloreversion [70] of the Cg-precursor 31 was
studied at 0°C in furan as the solvent (Scheme 6) [66, 67]. Irradiation with a
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Scheme 5. Synthesis of the dehydroannulenes 31/32 and 35-37 for the preparation of cyclo-
carbons by [2 + 2] cycloreversion [66, 68a]

low-pressure Hg lamp yielded the three oxanorbornadiene-fused dodecadehy-
dro[18]annulenes 38-40 as diastereoisomeric mixtures in respectable yields
(38:15%; 39:27% and 40:11%) beside some polymeric material. A closer
examination of this interesting conversion suggested that 38 was formed first
and was then converted to 39 and, ultimately, to 40. Clearly, these products must
result from efficient [2+2] cycloreversions under loss of indan fragments,
followed by regioselective [4+2] Diels-Alder cycloaddition of furan at exactly
the same positions that were previously occupied by the propellane moieties.
Semiempirical AM1 calculations explained this regioselectivity of the cycload-
dition nicely, by showing that the new alkyne bond formed by loss of one indan
from 31 is the most strained and introduces the greatest distortion from lineari-
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hv, low pressure Hg lamp, 0 °C,

solvent: furan

39 (27%, + diastereocisomers) 40 (11%, + diastereoisomer)

Scheme 6. Photochemical [2 + 2] cycloreversion of the dodecadehydro[18]annulene in furan
as the solvent, followed by [4+2] Diels-Alder cycloaddition, gives the oxanorbornadiene
adducts 38-40 [66]

ty into the macrocyclic perimeter. This study does not necessarily imply direct
formation of cyclo-C,3 by photolysis of 31; however there is good probability that
the same reaction in an appropriate inert, non-reacting matrix might ultimate-
ly lead to isolable amounts of the cyclocarbon.

In another study, the dehydroannulenes 31, 32, and 35-37 were laser-ablated
by 355 nm photons to generate the bare cyclocarbon skeletons by cycloreversion
[68b]. The mono-anions produced were first analyzed by mass spectrometry
and then subjected to a second laser pulse at 266 nm to obtain the photoelectron
(PE) spectra for the cyclocarbon anions C; (n=12, 16, 18, 20, and 24). These
spectra were compared to those obtained by using graphite as the target for laser
ablation. The comparative analysis of the two types of PE spectra suggested that
laser ablation of the dehydroannulene precursors led to monocyclic C7, which
had isomerized to a large extent to linear C;,, whereas Ciy, C{3, C3, and C;, were
formed as the monocyclic cyclocarbon species. Dimers and trimers of the
monocyclic oligocarbon anions were also formed during laser ablation, and the
PE spectra suggested that the monocyclic C anions, generated from the dehy-
droannulene precursor 36, had undergone spontaneous coalescence, to produce
structures that are not monocyclic but possibly cap- or cage-like [30c]. The
nature of these structures is under further investigation.
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Scheme 7. Preparation of the 1,2,3-triazole-fused dehydroannulenes 42 -44 as potential cyclo-
carbon precursors [71]

In yet another approach towards the synthesis of cyclocarbons by cyclorever-
sion, Adamson and Rees [71] prepared the 1,2,3-triazole-fused dehydroannule-
nes 42 - 44,as mixtures of regioisomers in ca. 30 % overall yield, by oxidative Hay
coupling of the protected 4,5-diethynyl-1,2,3-triazole 41 (Scheme 7). No investi-
gations have yet been reported on the thermal or mass spectrometric [3+2]
cycloreversions of 42 -44, with loss of the triazole moieties and ultimate forma-
tion of the cyclocarbons Cg, C,4, and C,, respectively.

3
Tetraethynylethene (TEE) Molecular Scaffolding

During the past decade, scientists have become increasingly interested in the
preparation of acetylenic molecular and polymeric carbon allotropes and car-
bon-rich nanometer-sized compounds that display desirable characteristics,
such as unusual structures, high stability, and superior electronic and nonlinear
optical properties [4]. For the construction of these materials of fundamental
and technological interest at the interface between chemistry and materials
science, they developed a large molecular construction kit of peralkynylated
building blocks. Figure 3 shows several of these molecules that are already in
hand (45-66) [72-92] as well as several that remain elusive (67 -69) [3, 93, 94].
Derivatives of tetraethynylethene (54, TEE, 3,4-diethynylhex-3-ene-1,5-diyne)
are particularly useful building blocks in this modular chemistry [95]. Today,
TEEs of nearly any desired functionalization and silyl-protection are available
for the construction of nanometer-sized functional molecular objects. The
earlier work by the Diederich group and by others [81, 96, 97] on the synthesis
of TEEs has been recently reviewed [41b, 98]; therefore, this article is more
concerned with several of the unusual properties displayed by the advanced
materials which result from two-dimensional TEE molecular scaffolding [99].
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69 [94]

68 [3]

C) Some Hitherto Elusive Modules for Three-dimensional Scaffolding

H
Z
H
67 [93]
Fig.3 (continued)

3.1
Macrocyclic TEE Architecture

3.1.1
Perethynylated Dehydroannulenes

The per(silylethynyl)ated octadehydro[12]annulenes 58a, b and the dodecade-
hydro[18]annulenes 59a, b were prepared by oxidative Hay macrocyclization of
the corresponding cis-bis(trialkylsilyl)-protected TEEs [84, 85]. X-ray crystal
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structures of (i-Pr);Si-protected 58b and Me;Si-protected 59b showed that both
annulene perimeters are perfectly planar. Considerable strain in the 12-mem-
bered ring of 58b is expressed by the strong bend of the two buta-1,3-diynediyl
moieties, with C=C-C angles as low as 164.5° and by the reduction of the inner
C-C=C bond angles to 116.6° and 118.5°. Comparable C-C=C angles in un-
strained TEEs adopt values between 120° and 125° [82,100]. In contrast, the
buta-1,3-diynediyl moieties in the [18]annulene perimeter of 59b are practical-
ly linear and the inner C-C=C bond angles correspond to those seen in acyclic,
strain-free TEEs.

A comparative evaluation of the electronic absorption and 'H NMR spectra
of 59a, b and other dodecadehydro[18]annulenes (12 [57], 15 [55], 18 [58], 27
[23],31 [66], and 70 [84] Fig. 4) with planar conjugated (4n+2) m-electron peri-
meters showed that all of these compounds are diatropic. In agreement with their
aromaticity, the HOMO-LUMO gaps of these compounds are large, with yellow-
colored 59a, b displaying an optical end absorption around 480 nm and a HOMO-
LUMO gap of 2.57 eV in pentane. In contrast, the HOMO-LUMO gaps of the
octadehydro[12]annulenes 17 [58], 58a, b, 71 [84], and 72 [101], and also of the
hexadehydro[12]annulenes 21 [58], 35 [68a], and 73 [102] are much smaller, in
keeping the antiaromatic character of these 4n 7-electron systems. Thus, the
purple-colored perethynylated derivatives 58a, b, in pentane, display an optical
end absorption around 660 nm and a HOMO-LUMO gap of 1.87 eV. For several of
these compounds, a pronounced paratropicity was clearly revealed by 'H NMR
spectroscopy. On the other hand, 74 [64, 103], 75 [104] and other benzo[12]
annulenes [105] do not exhibit paramagnetic ring currents as a result of the
benzoannelation, and display optical properties that differ entirely from those of
the antiaromatic systems. Thus, compound 74 is pale yellow and its electronic end
absorption occurs at 450 nm, corresponding to a HOMO-LUMO gap of 2.74 eV.

(+-Bu)Me,SiO OSiMey(t-Bu)

—

OSiMe(t-Bu) IOI

_

(+Bu)Me,SiO OSiMe,(t-Bu)
(+-Bu)Me,SIO 70 (84]  OSiMe,(t-Bu) 71[84)
72101} 73 [102] = H [64,103]
75 R = C—C—CMe3 [104]

Fig.4. Diatropic (70), paratropic (71-73), and benzoannelated dehydroannulenes (74, 75)
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In agreement with these findings, octadehydro[12]annulene 58b under-
went two stepwise one-electron reductions (E°=-0.99 and -1.46 V vs Fc/Fc*
(ferrocene/ferricinium couple) in THF) more readily than the dodecade-
hydro[18]annulene 59a (E°=-1.12 and -1.52 V) [84]. This redox behavior is
best explained by the formation of an aromatic (47 + 2) m-electron dianion from
antiaromatic 58 b, whereas 59a loses its aromaticity upon reduction. The strain-
free 18-m-electron system showed, higher stability than the strained 12-m-elec-
tron system, as expected. Nevertheless, 58 b was found to be quite stable. At room
temperature, dilute pentane solutions remained unchanged over weeks and
crystals were stable to air and light for months. However, if a solution of 58 b was
concentrated without crystallization, significant decomposition occurred. The
remarkable stability of 58b [m.p. 200°C (dec.)] clearly originates from the way
the individual molecules are arranged in the crystal. An examination of the
crystal lattice of 58 b showed that the delicate annulenic chromophores are offset
in the stacking, so that they are completely surrounded by the bulky, inert
(i-Pr);Si groups. This insulating matrix-type effect of (i-Pr);Si groups has been
observed in many X-ray crystal structures of TEEs, and seems to represent a
more general mode of stabilization of these compounds in the solid state [84, 85,
87,1004, 106, 107].

The Me;Si protecting groups in 58a and 59a could be removed by treatment
with sodium tetraborate (borax) in MeOH/THE, yielding 58 ¢ and 59c, respec-
tively, as very unstable compounds [84]. Any attempts to obtain characterizable
two-dimensional all-carbon network structures [3, 4] by oxidative polymeriza-
tion of 59 ¢ have failed.

3.1.2
Perethynylated Expanded Radialenes

Compounds 55-57 (Fig. 3) are the first representatives of the expanded radia-
lenes (Fig. 5) [83,84] and possess nanometer-sized carbon sheets with diameters,
not including the (i-Pr),Si groups, of ca. 17 (55), 19 (56) and 22 A (57). They are
amazingly stable, readily soluble compounds, with melting points above 220 °C,
and can be viewed as persilylated C4, Cs5, and Cy, isomers, respectively. Despite
their high degree of unsaturation, all three derivatives are yellow colored and
their end-absorption in the UV/Vis spectra occurs at nearly the same wave-
length, below 500 nm. Apparently, macrocyclic cross-conjugation is quite ineffi-
cient, and m-electron delocalization in all three macrocycles extends only
through the longest linearly conjugated fragment, which is equal to the con-
jugated dodeca-3,9-diene-1,5,7,11-tetrayne m-backbone in 60a (Fig. 3). Com-
pounds 55-57 exhibit 2, 3 and 4 one-electron reduction waves, respectively
[84]. The appearance of the first reversible reduction at similar potentials:
[E°=-1.08 (55), - 1.35 (56) and - 1.27 (57) vs Fc/Fc* in THF], in all three of the
expanded radialenes, is also in accord with the fact that m-conjugation is limited
by inefficient cross-conjugation, and possibly - to some extent - by nonplanari-
ty as well. Limited m-electron delocalization, due to inefficient cross-conjuga-
tion, also explains the unusual UV/Vis spectra of the expanded dendralenes
61a/b (Figs.3 and 5) [87]. The spectra of both compounds are nearly identical to
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= = 7
it I
a >]n< I | I
i PRI
radialenes [108] expanded radialenes
n Z 3
I 7 A
| I
dendralenes [109] expanded dendralenes

Fig. 5. Insertion of buta-1,3-diynediyl fragments (a) into radialenes [108] produces carbon-
rich expanded radialenes and (b) into dendralenes [109] produces expanded dendralenes

that of 60a with regard to absorption wavelength maxima, end absorption, and
vibrational fine structure. As in the case of the expanded radialenes 55-57, the
m-backbone of 60a is the longest linearly conjugated fragment in 614a, b.

The physical properties of the expanded radialenes were greatly enhanced
upon donor functionalization, leading to the stable derivatives 76 - 78 with fully
planar conjugated n-chromophores [110]. These compounds exhibit large third-
order nonlinear optical coefficients, can be reversibly reduced or oxidized, and

(C12Has5)oN
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Fig. 6. Electronic absorption spectra of donor-functionalized expanded radialenes 76-78 in
CHC, at 298 K

form Langmuir monolayers at the air-water interface. Of particular interest is
the electronic absorption spectrum of trimeric 76, which displays a strong low-
energy absorption band in the Vis region with an exceptionally large molar
extinction coefficient (¢=171,000 dm® cm™ mol™ at A, =646 nm; Fig. 6). The
origin of this remarkable band is not yet well understood. The high stability and
solubility of the large carbon cores in the expanded radialenes raises great hope
that much larger acetylenic carbon surfaces can be prepared and characterized
in the future.

3.2
Molecular Wires: Oligomers and Polymers with the Poly(triacetylene) (PTA) Backbone

Molecular conducting [111] or photonic [112] wires, as well as molecular wires
isolated in various polymeric, inorganic, or dendritic matrices [113], are seen as
the ultra-miniaturized molecule-sized electronic components for molecular
electronics devices [13, 114, 115]. The design and construction of conjugated
polymers and corresponding oligomers of precise length and constitution [17,
116] increasingly takes advantage of high-level computational approaches,
which predict with confidence, key properties such as band gap and nonlinear
optical response [117].

Oxidative polymerization of trans-bis-deprotected 79 under Hay coupling
conditions [54] yielded, after end-capping with phenylacetylene, the high-
melting and readily soluble oligomers 80a-e with the poly(triacetylene) back-
bone [87, 106] (Scheme 8). Poly(triacetylene)s [PTAs, -(C=C-CR=CR-C=C),-]
are the third class of linearly conjugated polymers with a non-aromatic all-
carbon backbone in the progression which starts with polyacetylene [PA,



Cyclic and Linear Acetylenic Molecular Scaffolding 65

-(CR=CR),-] [118] and poly(diacetylene) [PDA, -(C=C-CR=CR),-] [119],
and ultimately leads to carbyne [-(C=C),-] [17-19]. Compounds 80a-e
extend up to =50 A in length (80e). They undergo facile one-electron reduc-
tion, the number of reversible reduction steps being equal to the number of
TEE moieties in each molecular rod [87, 106]. Thus, the first reduction of 80a
occurs at E(= -1.57 V (vs Fc/Fc?, in THF + 0.1 M Bu,NPF,), whereas the first
reduction of 80e is much more facile, occurring at -1.07 V. The highly colored
oligomers are amazingly stable to air, and can be stored on the laboratory
bench for months without decomposition. Correspondingly, no oxidation of
these rods was observed in THF below 1.0 V (vs Fc/Fc*) in electrochemical
studies.

When the oxidative polymerization of 79 was carried out in 1,2-dichloroben-
zene at 65°C in the presence of 3,5-bis(tert-butyl)phenylacetylene as end-cap-
ping reagent, an air-stable longer-chain PTA (81) was obtained (Scheme 8); its
number-averaged molecular weight was determined to be M;=9600 (degree of
oligomerization X, =22) [120]. Deep red-brown 81 was soluble in hot chloro-
form and in 1,2-dichlorobenzene above 65°C and showed an optical gap of
E,=2.0 eV, i.e. in the range of values measured for poly(diacetylenes) (PDAs)
[119b]. It can be reversibly reduced at the remarkably low potential of
E(=-0.65V (vs Fc/Fc*). The materials properties of the PTA polymers were
further enhanced by the introduction of lateral p-C;H,N(C,,H,;), donor groups
[110]. Thus, polymer 82 (Scheme 8, M,=16800, X,=17) undergoes electro-
chemically one reversible 1-e~ reduction and one reversible 1-e~ oxidation
step, and the optical gap (E;=1.6 eV (770 nm)) is substantially reduced as com-
pared to 81.

PTA oligomers and polymers were also constructed starting from 1,2-di-
ethynylethenes ((E)-hex-3-ene-1,5-diynes, DEEs) [110, 120, 121]. In terms of
stability and redox behavior, the properties of oligomers 83a-f (Scheme 9) re-
semble those of 80a-e. Their enhanced solubilities, however, allowed estimation
of the effective conjugation length [122] of PTA polymers [123] for the first time.
The effective conjugation length indicates the number of repeat units in a con-
jugated polymer that is required to furnish size-independent properties: redox,
optical, etc. The chain-length-dependent electronic absorption spectra and the
third-order nonlinear optical properties of oligomers 83a-f were compared
with those of the longer-chain polymers 84a, b (Scheme 9). The comparison
yielded convergence of the linear and nonlinear optical properties in the range
of 7 to 10 monomer units, corresponding to 21 to 30 conjugated double and
triple bonds.

Poly(triacetylene) oligomers, with backbones as in 83a-f but with lateral
dendritic side chains, have recently been prepared as insulated molecular wires
[113e, 124]. In these tubular macromolecules, such as 85a, b (Scheme 9), the
insulating layer, created by the dendritic, Fréchet-type [125, 126] wedges, pro-
tects and stabilizes the central conjugated backbone but does not alter its elec-
tronic characteristics. UV/Vis measurements indicate that there is no loss of
m-electron conjugation along the PTA backbone in the higher generation com-
pounds, despite their distortion away from planarity due to the bulky dendritic
wedges.
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| R X, M,
84a | CH,OSi+BuMe, 31 11300
84b | CH,OSi-BuMe, 22 8000

85a n
85b n

1
2 Gj

Scheme 9. Oligomers and polymers with a PTA backbone that are derived from 1,2- di-
ethynylethenes (DEEs)

3.3
Donor-Acceptor Substituted Tetraethynylethenes

3.3.1
Preparation, Physical Properties, and Photochemical trans — cis Isomerization

A library of more than 50 different arylated tetraethynylethenes (TEEs) and 1,2-
diethynylethenes (DEEs) were prepared [100] for systematic investigation of
nonlinear optical properties in two-dimensionally conjugated molecules [127].
In these chromophores, a total of six conjugation pathways in two dimensions
are effective: two linear cis- and two linear trans-conjugation paths as well as two
geminal cross-conjugation paths (Fig. 7). High-yielding synthetic entries into
this class of compounds take remove advantage of Pd(0)-catalyzed cross-coup-
ling reactions [9a, 98, 100]. Photochemical trans — cis isomerizations provided
elegant access to some of these derivatives as illustrated by the syntheses of 86
(Scheme 10) and 87 (Scheme 11) [98, 100]. The planarity of the m-conjugated
carbon frames in many of these chromophores was revealed by their X-ray
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Fig. 7. Schematic representation of possible conjugation pathways in perarylated tetra-
ethynylethenes. Paths a and b depict trans- and cis-linear conjugation, respectively, and path
¢ depicts geminal cross-conjugation. (D donor, A acceptor)

crystal structures [100]. This planarity is a unique feature, as compared to other
structurally related systems, such as stilbenes and tetrakis(phenyl)ethenes, and
provides the basis for meaningful structure-property relationships. Figure 8
displays a number of the TEE chromophores (86-101) that were investigated for
their electrochemical, photophysical, as well as nonlinear optical properties.
The electronic and photonic properties of the arylated TEEs were investig-
ated, with a special emphasis on the effects caused by degree and pattern of

R2 NM62

(FPR)3Si O
(FPP)gSi O

88 R'=R’=NMe, (310) 86 (1100; 500)
89 R'=NMe,, R?>=NO, (59, 280)

80 R'=R2= NMe, (420)
91 R'=R?=NO, (230) 93 R' = R2=NMe,, R®=NO, (1500; 1110)
92 R' =NMe,, R2 =NO, (1000; 790) 94 R' = R? = OMe, R® = NO, (240)

Fig.8
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O,N
95 R' = R? = NMe,, R® = R* = NO, (3200; 2000) 97 R= —®—N02 (n.o.; 2550)

96 R'=R*=NO,, R? =R3=NMe, (n.o.; 890)
ToRd= 2 R4 = : S
87 R' = R®=NMe,, R2=R*=NO, (n.o0.; 1590) — UNOz (n.0.; 2200)

99 R'=R?=NMe, (1900)
100 R'=R?=NO, (530)
101 R' = NO,, R? = NMe, (3600)

Fig. 8. Examples of some of the donor-acceptor substituted TEEs prepared for the exploration
of structure-property relationships in the second- and third-order nonlinear optical effects of
fully two-dimensionally-conjugated chromophores. For all compounds, the second hyper-
polarizability y [10-%¢ esu], measured by third harmonic generation experiments in CHCl,
solution at a laser frequency of either A=1.9 or 2.1 (second value if shown) pm is given in
parentheses. n.0. not obtained

donor/acceptor substitution. The large majority of these compounds are ther-
mally and environmentally stable molecules [100a]. As solids, they can be stored
for months in air at room temperature, and many decompose only upon heating
to temperatures above 200 °C. Intramolecular donor-acceptor interactions, as
evidenced by a long-wavelength charge-transfer band, are considerably more
effective in TEEs 86 and 92, which have cis and trans linearly conjugated elec-
tronic pathways between donor and acceptor, than in 89, with a geminal, cross-
conjugated electronic pathway. UV/Vis spectroscopy revealed a steady bathoch-
romic shift of the longest wavelength absorption band (1,,,,) as the number of
donor-acceptor conjugation paths increased from bis-arylated-, to tris-arylated-,
and to tetrakis-arylated TEEs. Many of these molecules fluoresce strongly.
Electronic emission spectroscopic investigations demonstrated a considerable
solvent dependence of the fluorescence of donor-acceptor substituted TEEs such
as 89 and 92, which is in agreement with the presence of highly polarized excited
states in these molecules.
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NMEQ
1) K>COj3, MeOH,
or
BusN*F~, THF

2) p-O,N-CgHl, Cul, EtsN,
[PACIx(PPhg),], 20 °C, 56%

MEZN

Scheme 11. Synthesis of the tetrakis-arylated TEE 87 by photochemical isomerization [100]

Electrochemical analysis and ab initio calculations were employed in a syste-
matic study to determine the ability of the conjugated carbon core to promote
electronic communication between the pendant donor/acceptor functionalities
[128]. It was found experimentally that multiple p-nitrophenyl redox centers
present on the TEE core apparently behave independently from one another in
electrochemical reduction steps. Thus, the first reversible one-electron reduc-
tion of one p-nitrophenyl ring in 86, 89, 92, 93, and 94 occurred in CH,Cl, (+ 0.1
M Bu,NPF) at the same potential (around -1.37 V vs Fc/Fc*) as the two first
reduction steps in 91,95, and 96 [129]. Although these findings suggested at first
that the electrochemically generated charges are localized on individual p-nitro-
phenyl rings, high level computing clearly revealed charge delocalization; the
charges are effectively conveyed by the alkyne moieties into the entire m-con-
jugated carbon framework. In the dianion, this delocalization actually imparts
enough single bond character to the central TEE double bond to allow rotation
and cis-trans isomerization. The computationally predicted isomerization was
indeed realized subsequently in spectroelectrochemical studies with a bis
(p-nitrophenyl)-substituted DEE [128].

Photochemical trans— cis isomerization, which provided elegant and
facile access to a variety of TEEs (see Schemes 10 and 11), was comprehen-
sively investigated to elucidate the structural and electronic parameters as
well as the environmental conditions controlling the reaction. Similar studies
had previously been conducted on stilbenes and azobenzenes [130]. For a
total of seven TEEs and DEEs, including 90-92 and an analog of 96 (with
(n-C,H,;),N instead of Me,N groups), the quantum yields of the trans— cis
and cis —trans isomerization steps were investigated as a function of struc-
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ture, solvent, excitation wavelength, and temperature [131]. The type and
degree of donor/acceptor (D/A) functionalization drastically affected the
partial quantum yields of isomerization, &,_,. and &__,,. Generally, the high-
est quantum yields were found for the bis-acceptor (A-A) derivatives (P
ca. 0.7) followed by the D-D (@, ca. 0.25) and the D-A molecules (P
ca. 0.03; hexane, 27°C, irradiation at the longest wavelength absorption). TEEs
were found not to undergo thermal isomerization, which sets them apart
from stilbenes and azobenzenes, presumably because of the lack of steric
hindrance in the planar chromophores in both the cis and trans configura-
tions. Due to their non-planarity, cis-stilbenes and azobenzenes undergo
thermal isomerization into the planar trans-derivatives. Therefore, TEE and
DEE derivatives, in contrast to stilbenes, allow the investigation and quanti-
fication of electronic and solvent effects on cis-trans isomerizations, uncom-
plicated by steric influences.

3.3.2
Structure-Property Relationships in Nonlinear Optical Tetraethynylethenes

The second hyperpolarizability, y, that describes molecular third-order nonli-
near optical effects [132], was measured for over 35 TEE and DEE derivatives in
third harmonic generation (THG) experiments in CHCl; solutions (Fig. 8). The
experiments, at a laser frequency of either A=1.9 or 2.1 um were performed by
rotating the samples parallel to the polarization, to generate Maker-fringe inter-
ference patterns that were subsequently analyzed [133]. Since all compounds in
solution are planar, differences in y cannot be due to nonplanarity-induced
deconjugation. Furthermore, the absorption of the compounds at the third
harmonic is either zero or negligible, so that the measured y-values do not
originate from resonance effects. These are important criteria for meaningful
structure-function relationships, since corrections for large resonance con-
tributions to y are either not straightforward or not possible. A series of funda-
mental conclusions was reached [134, 135]:

1. Donor substitution of TEEs gives higher y-values than acceptor substitution
(see 90 vs 91 or 99 vs 100, Fig. 8). This correlation might be specific for the
TEEs, which are strongly electron-accepting residues, as revealed by electro-
chemical studies [128, 136], since donor-acceptor interactions lead to en-
hanced y-values (see below). The magnitude of y increases with the donor
strength (see 93 vs 94, Fig. 8).

2. Acentricity greatly enhances the y-value (see 92 vs 91 and 90 or 101 vs 99 and
100, Fig. 8). Such a trend had been predicted for certain ranges of compounds
by theory [137]; however when the first hyperpolarizability, 8, which deter-
mines second-order nonlinear optical properties, is maximized, y is predic-
ted to be zero [138].

3. Molecules with donor and acceptor in trans- and cis-configurations give
much higher nonlinearities, due to favorable linear donor-acceptor conjuga-
tion, than those with substituents at the geminal position, where only the
weaker cross-conjugation is effective (see 89 vs 86 and 92, Fig. 8).
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4. In contrast to other findings [139], a substantial increase in y is observed
upon extending the conjugation length (see 99-101 vs 90-92, Fig. 8). How-
ever, this increase in y goes along with a considerable increase in molecular
mass and, therefore, only a moderate enhancement of the macroscopic y©,
which expresses the third-order nonlinearity per unit volume, is observed.

5. Full two-dimensional conjugation, with as many as six conjugation paths (see
Fig.7) leads to very large y -values. The value measured at 1.9 pm for 95 is the
largest in the series of tetrakis-arylated derivatives, and full dimensional con-
jugation is nearly as effective in increasing the third-order nonlinearity as
extension of one specific conjugation path (see 95 vs 101, Fig. 8). Compari-
son of the macroscopic y®-values, which take the higher mass of 101 into
account, demonstrate an even larger advantage of the two-dimensionally
fully-conjugated system 95 over 101. Resonance effects were observed at
1.9 pm in the series of two-dimensionally fully conjugated systems 87 and
95-98. Therefore, these chromophores were also measured at 2.1 pm, at
which laser wavelength resonance effects are very small and could be correc-
ted for; the largest y-values were clearly recorded for the compounds of high-
est acentricity (see 95 vs 96 or 97 vs 98, Fig. 8). They are among the largest
nonresonant y -values measured for small molecules of this size.

These structure-function relationships provide extremely useful guidance for
the future rational design of molecules and polymers with even higher optical
nonlinearities. For non-centrosymmetric molecules such as 95, very high first
hyperpolarizabilities 3 that determine the second-order nonlinear optical prop-
erties were also measured [140].

4
Conclusions

The state of research on the two classes of acetylenic compounds described in
this article, the cyclo[n]carbons and tetraethynylethene derivatives, differs
drastically. The synthesis of bulk quantities of a cyclocarbon remains a
fascinating challenge in view of the expected instability of these compounds.
These compounds would represent a fourth allotropic form of carbon, in addi-
tion to diamond, graphite, and the fullerenes. The full spectral characterization
of macroscopic quantities of cyclo-C, should provide a unique experimental
calibration for the power of theoretical predictions dealing with the electronic
and structural properties of conjugated m-chromophores of substantial size and
number of heavy atoms. We believe that access to bulk cyclocarbon quantities
will eventually be accomplished by controlled thermal or photochemical cyclo-
reversion reactions of structurally defined, stable precursor molecules similar to
those described in this review.

In contrast, the synthesis of tetraethynylethene (TEE, C,,H,) was described in
1991 and, since then, a rich variety of cyclic and acyclic molecular scaffolds
incorporating this carbon-rich molecule as a construction module have been
prepared. The majority of these compounds, such as the expanded radialenes or
the oligomers and polymers of the poly(triacetylene) type, are highly stable and
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soluble and display a variety of interesting electronic and optical properties. In
addition to the compounds that have been explicitly discussed in this review,
TEE molecular scaffolding has generated liquid crystalline PTA oligomers [121],
solid state charge-transfer complexes with electrostatically controlled layered
structures [141], and organometallic derivatives with TEE units as n'-ligands
coordinating to Pt centers, in which metal-to-ligand charge-transfer leads to
electronic delocalization over the entire planar m-system [142]. It is clear today
that only the tip of a large iceberg of structural diversity in TEE chemistry and
its technological perspectives has been explored [143].

The link between cyclo[n]carbons and tetraethynylethene is the occurrence
of both structural motifs as repeat units in fascinating two-dimensional all-car-
bon networks [3, 4]. The development of viable preparative approaches toward
these elusive acetylenic networks represents one of the true challenges for syn-
thesis at the turn of the millennjum.
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Abbreviations

aq aqueous

BPO benzoyl peroxide

dba dibenzylideneacetone

DCC 1,3-Dicyclohexylcarbodiimide
DEAD  Diethyl azodicarboxylate

DIBALH Diisobutylaluminum hydride

dppm 1,3-Bis(diphenylphosphino)methane
dppp 1,3-bis(diphenylphosphino)propane

Dec Decyl
DPTS 4-(N,N-Dimethylamino)pyridinium p-toluenesulfonate
DSC Differential Scanning Calorimetry

HEB Hexaethynylbenzene

HMPA  hexamethylphosphoric triamide
LHMDS lithium hexamethyldisilazane

MALDI  Matrix Assisted Laser Desorption Ionization
Oct Octyl

ODCB  o-dichlorobenzene

PAM Phenylacetylene macrocycle

PDM Phenyldiacetylene macrocycle

TEM Transmission Electron Microscopy

TFA trifluoroacetic acid

thexyl  1,1,2-trimethylpropyl

TIPS triisopropylsilyl

TIPSA  Triisopropylsilylacetylene

TMEDA N,N,N’,N’- tetramethylethylenediamine
TMS trimethylsilyl

TMSA  Trimethylsilylacetylene

TOF-MS Time of flight - mass spectroscopy

1
Introduction

Over the last decade, the chemistry of the carbon-carbon triple bond has ex-
perienced a vigorous resurgence [1]. Whereas construction of alkyne-con-
taining systems had previously been a laborious process, the advent of new syn-
thetic methodology based on organotransition metal complexes has revolutio-
nized the field [2]. Specifically, palladium-catalyzed cross-coupling reactions
between alkyne sp-carbon atoms and sp?-carbon atoms of arenes and alkenes
have allowed for rapid assembly of relatively complex structures [3]. In parti-
cular, the preparation of alkyne-rich macrocycles, the subject of this report, has
benefited enormously from these recent advances. For the purpose of this
review, we limit the discussion to cyclic systems which contain benzene and
acetylene moieties only, henceforth referred to as phenylacetylene and phenyl-
diacetylene macrocycles (PAMs and PDMs, respectively). Not only have a wide
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variety of new PAM and PDM topologies now become accessible due to or-
ganotransition metal chemistry, but also the number of steps to known macro-
cycles has been shortened and overall yields dramatically increased in some
cases (vide infra) [4, 5]. This report will focus on the new synthetic methods for
preparation of PAMs and PDMs, as well as on some of their subsequent chemi-
cal transformations.

2
Historical Perspectives

Prior to the mid-1980s, the number of phenylacetylene and phenyldiacetylene
macrocycles was exceedingly limited. The very first example claimed in the lite-
rature was ortho-substituted PDM 1 [6]. Beginning in the late 1950s, Eglinton
et al. published a series of articles describing novel carbocyclic products ob-
tained through the oxidative coupling of terminal acetylene moieties [7]. In
particular, these researchers found that gentle heating of both aliphatic and aro-
matic diynes under high dilution conditions with excess anhydrous cupric ace-
tate in a pyridine-methanol-diethyl ether solvent mixture produced good to
excellent yields of diacetylenic (intramolecular product) and tetraacetylenic
(intermolecular product) macrocycles. Application of the new experimental
conditions to o-diethynylbenzene (2), prepared from known o-divinylbenzene
(Scheme 1), eventually led to the isolation of an unstable canary-yellow solid.
Initially, on the basis of strain considerations and preliminary X-ray data, they
believed this substance to be molecule 1, the macrocyclic trimer of 2; however,
subsequent experimental and analytical studies pointed toward formation of
the strained cyclodimer 3 [8].

Although mass spectrometry is the most obvious method of discerning bet-
ween molecules 1 and 3, this particular technique was unavailable to Eglinton
and coworkers at that time; thus, the mass of the material was determined by two
less utilized methods:

(1) the “thermistor drop technique” suggested that the molecular weight of the
yellow solid was quite close to 248.28 g mol-!, a value associated with the
C,Hg formula of dimer 3; and

= =
S _ac ~ ——d-— O O and/or
= 52% 43%
% = =
2 3 1

Scheme 1. a) Br,, CCly; b) t-BuOK, ¢t-BuOH, dioxane; c) t-BuOK, PhH; d) Cu(OAc),, py, MeOH,
Et,0
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(2) the application of X-ray techniques gave the dimensions of the unit cell,
which were then used in conjunction with an experimentally derived value
of the density to calculate a molecular weight representing 99.8% of the
theoretical value for the dimer [8].

Cyclodimer 3 proved to be somewhat difficult to manipulate, thus contributing
to the complexity of its characterization. The “bowed” diacetylenic linkages
revealed in the X-ray data impart surprising physical characteristics to the
molecule. The energy-rich hydrocarbon was sufficiently strained that it decom-
posed explosively upon grinding (i.e. preparing a Nujol mull) or when heated
above 80°C. At room temperature, crystals blackened within a few days and
apparently auto-polymerized, even when stored under vacuum in the dark.
Only dilute solutions of 3 in benzene or pyridine were fairly stable over time,
especially when stored cold under an inert atmosphere.

=  50% 38%
X

Scheme 2. a) Br,, CCl,; b) t-BuOK, t-BuOH, dioxane, 0°C; c) t-BuOK, t-BuOH, dioxane, 100°C;
d) Cu(OAc),, py, MeOH

Definitive evidence for dimer formation was provided by an intramolecular
synthesis of 3 (Scheme 2) [9]. On the basis of this successful route, the authors
concluded that a stepwise mechanism was plausible for the formation of 3
from o-diethynylbenzene. Furthermore, they speculated that the final product
was formed from a transitory copper complex, in which the two acetylene
moieties undergoing dimerization were held in physical proximity by a single
copper atom. Interestingly, intermolecular coupling of the 1,4-bis(o-ethynyl-
phenyl)butadiyne intermediate to produce a cyclic octayne did not occur to
any significant degree [9]. Even when the cyclooligomerization of o-diethynyl-
benzene was run in more concentrated solutions, Eglinton and coworkers were
unable to find evidence of trimeric or tetrameric carbocycles [8]. Instead, they
noted a decreased yield of 3 and an increased amount of insoluble polymers
and copper salts.

Syntheses of the first ortho-PAM were independently reported by Eglinton
and Staab in 1966 using two different strategies. The intermolecular approach
used by Eglinton et al. was Stephens-Castro coupling [10] of 0-iodoethynylben-
zene (Scheme 3). Refluxing the corresponding copper acetylide in anhydrous
pyridine under nitrogen gave the planar cyclotrimer 4 in 26 % yield as well as
traces of the non-planar tetramer 5 [11].

The intramolecular approach of Staab and Graf, shown in Scheme 4, pre-
cluded formation of 5, but was considerably more involved [12]. The cyclic
dienyne 6 was afforded by Wittig reaction of o-phthaldialdehyde with the corres-
ponding bis(ylide) derived from tolane. Bromination of 6 and subsequent treat-
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Eglinton (1966) 26% + ?7%
Youngs (1997) 47% + 8%

Scheme 3. a) CuSO,, NH,0H - HCI, NH,OH, EtOH; b) py, reflux

‘ 20% ‘ 44%

Scheme 4. a) Br,, CCly, NBS, BPO; b) PPh;, PhH; c) i] PhLi, THF ii] phthaldialdehyde, THF;
d) Br,, CCl; e) t-BuOK, THF

ment with excess KO-#-Bu gave 4 in 9% overall yield. X-ray crystallography of
the macrocycle showed 4 to be planar and essentially strain-free [12¢].

The formal “cyclodimer” of 0-iodoethynylbenzene, diyne (7), was prepared in
1974 by Sondheimer’s group using analogous bromination/dehydrobromina-
tion chemistry [13]. The highly strained molecule was comparatively stable,
decomposing around 110°C on attempted melting. Slow decomposition of the
solid was observed after 2 days, when unprotected from light and air.
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That same year saw the synthesis by Staab and Neunhoeffer of the first meta-
substituted PAM. Stephens-Castro coupling of m-iodoethynylbenzene produced
the cyclic hexamer 8, albeit in 4.6 % isolated yield [14]. Nevertheless, isolation of
8 proved conclusively that construction of larger and more complex macrocyclic
structures was an attainable goal.

The above examples illustrate the benefits and limitations offered by each
synthetic strategy. The intermolecular approaches (Stephens-Castro, Eglinton)
were appealing in that preparation of the starting phenylacetylene derivative
was generally straightforward; however, yields of a given macrocycle were often
low and the desired material had to be isolated from a mixture of products. On
the other hand, intramolecular approaches (halogenation/dehydrohalogena-
tion) usually produced a single product that could be isolated and purified with
relative ease. The drawback of this approach was that construction of the cyclic
structure was often a lengthy process. More importantly, this route could not be
utilized for the formation of expanded systems such as PDMs. Although subtle
variations of both synthetic technique and product structure have been repor-
ted, this field of research lay fallow for nearly thirty years since the preparation
of 3.

3
Phenylacetylenes

In 1980 Sonogashira reported a convenient synthesis of ethynylarenes - the Pd-
catalyzed cross-coupling of bromo- or iodoarenes with trimethylsilylacetylene
followed by protiodesilylation in basic solution [15]. Prior to this discovery,
formation of terminal acetylenes required manipulation of a preformed, two-
carbon side chain via methods that include halogenation/dehydrohalogenation
of vinyl- and acetylarenes, dehalogenation of f,3-dihaloalkenes, and the Vils-
meier procedure [14]. With the ready availability of trialkylsilylacetylenes, the
two-step Sonogashira sequence has become the cornerstone reaction for the
construction of virtually all ethynylated arenes used in PAM and PDM synthesis
(vide infra).

3.1
Ortho

Although other methods have been reported to give PAM 4 [16], the preferred
route involves cyclooligomerization of an appropriate o-haloethynylbenzene.
Youngs et al. have improved the Stephens-Castro method shown in Scheme 3
such that 4 is now isolated in 47 % yield along with 8% of tetramer 5 and traces
of a hexamer [17]. The Youngs group has utilized this cyclization procedure to
prepare methoxy-PAM (9) [18] and the related thiophene derivative (10) [19].
Vollhardt et al. recently reported the synthesis of hexaethynylated PAM 11
using a combined Sonogashira/Stephens-Castro approach [20]. The requisite
compound for cyclization, molecule 12, was prepared in stepwise fashion from
1,2,3,4-tetrabromobenzene. Regioselective alkynylation at positions 1 and 4
afforded dibromophenyldiacetylene (13), which was then monoalkynylated at
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position 2 to give 14 (Scheme 5). The bromide was converted to the iodide by
treatment with BuLi and subsequent quenching with molecular iodine. Selective
desilylation with potassium carbonate in methanol furnished 12. Conversion to
the copper acetylide followed by reflux in pyridine gave cyclotrimer 11 in
ca. 10% overall yield. X-ray structural analysis of the cyclohexylmethyl-substitut-
ed dehydroannulene (11: R=CH,C¢H,,) showed a highly distorted PAM core due
to severe congestion of the exocyclic substituents. Although the triple bonds
were significantly distorted from linearity, on average by 5.7° (cyclic) and 4.5°
(exocyclic), the overall molecular structure is similar to that found in the parent
macrocycle.

R R
. H o
e s el
Br X" Br NBr
Br I f
R R
13 14
c-e

12 11
R=SiMes(Thexyl), Pr, CH,CgH11

Scheme 5. a) RC=CH (2 equiv), PdCL,(PPhs;),, Cul, Et;N; b) TMSA (1 equiv), PACL,(PPhs;),, Cul,
Et;N; ¢) Buli, Et,0; d) 1,, Et,0; e) K,CO5, MeOH; f) CuCl, NH,OH, EtOH, py
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In 1988, Linstrumelle and Huynh used an “all-palladium” route to construct
PAM 4 [21]. Reaction of 1,2-dibromobenzene with 2-methyl-3-butyn-2-ol in
triethylamine at 60 °C afforded the monosubstituted product in 63 % yield along
with 3% of the disubstituted material (Scheme 6). Alcohol 15 was then treated
with aqueous sodium hydroxide and tetrakis(triphenylphosphine)palladium-
copper(I) iodide catalysts under phase-transfer conditions, generating the ter-
minal phenylacetylene in situ, which cyclotrimerized in 36% yield. Although
there was no mention of the formation of higher cyclooligomers, it is likely that
this reaction did produce these larger species, as is typically seen in Stephens-
Castro coupling reactions [22].

HO Me
@Bf a Z e _b__
Br 63% 36%
Br
15

Scheme 6. a) 2-methyl-3-butyn-2-ol, Pd(PPh,),, Cul, Et;N; b) Pd(PPh;),, Cul, aq NaOH, PhH,
BnEt,N*Cl-

In order to minimize the formation of side products, PAM 4 can be assemb-
led via an intramolecular approach [23]. The Sonogashira protocol [15] and
conversion of masked iodides [24] comprises most of the chemistry involved in
Scheme 7. Using these proven methods, diyne 16 and subsequently triyne 17 can
be prepared quickly. Iodination, desilylation, and intramolecular alkynylation
with Pd(dba), under high dilution conditions furnished 4 as the sole product.

iM
/ SiMes
SiMes
Soe-tedf e
82% H 88%
NH; N3Et>

N
|| S SiMe3 cf . ‘ —_—

73%
O N3Et2
16

Scheme 7. a) i] NaNO,, HCl, CH,CN, H,0 ii] Et,NH, K,CO5, H,0; b) TMSA, PdCL(PPh,),, Cul,
Et;N; ¢) Mel, 120°C; d) K,CO;, MeOH, THF; ) PdClL,(PPh,),, Cul, Et,N; f) N,N-diethyl-o-
ethynylphenyltriazene, PACL,(PPh;),, Cul, Et;N; g) Pd(dba),, PPh;, Cul, Et;N
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Although this route had several more steps than the two-step pathway, the over-
all yield was higher - 35% versus the reported 23% yield for Scheme 6. More
importantly, larger macrocycles were not detected, thus making product isola-
tion and purification relatively facile.

The above success suggested that construction of more complex ortho-PAMs
might be achieved through intramolecular routes. For example, molecules 18
and 19 are impossible to prepare via the cyclooligomerization path, and other
intermolecular strategies failed to give the desired macrocycles [23]. Scheme 8
illustrates the synthesis of 18 [23]. Using the same general sequence of reactions,
the carbon backbone (16 —20) was efficiently assembled. Closure of 20, after
vacuum sublimation, gave a yellow solid that proved to be only sparingly soluble
in organic solvents. This problem prevented the acquisition of NMR data;
nevertheless, mass spectrometry, IR, and UV-Vis data confirmed the formation
of 18. Even though a solubility problem was anticipated in the case of larger
planar PAMs, its severity was surprising at this stage. It is quite probable that
the low yield of the cyclization step (< 15%) is due mainly to this complication.
Unfortunately, repetition of the synthetic sequence with solubilizing sub-
stituents on the arenes has failed so far to furnish derivatives of 18 [25].

16

Scheme 8. a) K,CO;, MeOH, THF; b) 1,5-dibromo-2,4-diiodobenzene, PACl,(PPh;),, Cul, Et;N;
¢) TMSA, PdCL,(PPh;),, Cul, Et;N; d) Mel, 120°C; e) Pd(dba),, PPhs, Cul, Et;N

Given the solubility problems described above, construction of 19 was accom-
plished using strategically placed tert-butyl groups [26]. Starting with p-tert-
butylaniline, iododiyne 21 was prepared in multigram quantities (Scheme 9).
Part of the material was carried forward to 22, which was then desilylated and
coupled to the remaining 21, thus affording 23. Iodination, desilylation, and
double intramolecular coupling gratifyingly furnished 19 as a bright yellow
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solid. To date, attempts to obtain X-ray diffracting crystals have been unsuccess-
ful; nevertheless, the spectral properties were fully in accordance with the pro-
posed structure. Although the overall yield was quite low (0.6 % for 13 steps), the
Pd-catalyzed intramolecular coupling appears to be the sole approach to PAMs
containing two or more complete macrocycles.

NH, . .
MesSi | SiMe;
a-d S 4 e-g
62% 29%
+-Bu
tBu
21
h,i df
25% 14%

t-Bu
19

Scheme 9. a) BnEt,;N*ICl;, CaCOs, CH,Cl,, MeOH; b) i] NaNO,, HCl, CH,CN, H,O ii] Et,NH,
K,CO,, H,0; ¢) TMSA, PACL(PPh,),, Cul, Et;N; d) Mel, 120°C; e) TIPSA, PdCL(PPh,),, Cul,
Et;N; f) K,CO;, THE MeOH; g) N,N-diethyl-o-iodophenyltriazene, PdCl,(PPhs;),, Cul, Et;N;
h) Bu,NE, THE, EtOH; i) 21, PdCL,(PPhs),, Cul, Et,N; j) Pd(dba),, PPh, Cul, Et;N

Considerably larger ortho-oligo(phenylacetylene)s can be prepared by reac-
ting o, w-diiodide 24 with polyyne 25 under Pd-catalyzed coupling conditions to
give the 40-membered PAM 26 in 25 % yield [Eq.(1)] [27]. The higher derivatives
of Cy40Hgo> CauoH120> CazoHigo and CypoH,oo Were also isolated in small amounts
and characterized by TOF-MS [28].

The ready availability of PAM 4 via several syntheses has allowed elucidation
of the chemistry displayed by the molecule. Youngs and coworkers, the principle
protagonists in this subarea, have utilized the m-electron-rich nature of 4 to pre-
pare a variety of organometallic species in which 4 participates as a ligand. For
example, treatment with dicobaltoctacarbonyl yielded the sixty-six-electron
cluster 27 [29]. The structure of complex 27 was analyzed by X-ray crystallogra-
phy, from which the authors inferred a resemblance to the postulated transition
state during metal-mediated [2 + 2 + 2] cyclotrimerization of alkynes. An alter-
native mode of metal bonding was observed with the Ni(0) complex (28), gen-
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Pd(PPh3),
toluene
Cul, Et3N
25%

24 25 26

erated from a benzene solution of Ni(COD), and 4 [30]. Youngs recognized that
the distance from the center of the 12-membered dehydroannulene to the
center of the carbon-carbon triple bonds approximated 1.2 A, thus providing a
good environment for m-alkylene/transition-metal bonding interactions. This
resulted in the nickel atom of 28 residing in the plane of the macrocycle. In
treating 4 with copper triflate, either 29 or 30 could be isolated, depending on the
stoichiometry [31]. Use of the slightly larger silver cation gave rise to the first
PAM sandwich complex, 31 [32].

Beside complexation with transition-metals, PAM 4 exhibited unusual chemi-
stry when treated with an alkali metal. Addition of four equivalents of lithium

(CO)3Co 5 2 Co(CO
3 %C 0(CO)3

g

~Co
A

17
Co(CO)3

27
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metal to a THF solution of 4 produced a mixture that changed color from yellow
to blue, then purple, and finally red after six hours [33], generating the helical
fulvalene dianion derivative Li,(n°n*-C,,H,,) (32) (Scheme 10). The structure of
32 was confirmed by X-ray analysis of its complex with TMEDA. The extremely
air-sensitive product could be treated with degassed methanol to generate the
neutral parent compound (33) or treated with other electrophiles such as
chlorotrimethylsilane to generate corresponding helical adducts, such as 34
[33]. Youngs et al. proposed the following mechanism for this novel cyclization:
the first two equivalents of lithium generate the diradical dianion, which then
collapses to form the central six-membered ring. Further reduction by two more
equivalents of lithium and protonation by the solvent (THF) would give the
dilithiated complex, 32.

33 R=H
Scheme 10 34 R=SiMe;

An analogous type of lithium-induced “zipper” cyclization was observed with
PAM 5, affording the meso/DL pair of helicenes (Scheme 11) [34]. PAM 5 also
reacted with dicobaltoctacarbonyl to give a tetracobalt cluster in which only two
of the triple bonds have been complexed [35].

Li
THF
Scheme 11
3.2
Meta

In the early 1990s, Moore et al. reported the syntheses of a tremendous variety
of meta-connected PAMs [5b, 36]. They recognized that the structural rigidity of
systems like 8 could be useful in supramolecular chemistry. The convergent,
stepwise approach of linear oligomeric phenylacetylene sequences developed in
the Moore laboratory permitted absolute control over chain length, order of
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monomer addition, and substituent placement [37]. Appropriately derivatized
phenylacetylene monomers (e.g. 35-37) were sequentially added and cyclized
to generate geometrically well defined phenylacetylene macrocycles in high
overall yields [38]. This strategy was particularly advantageous, compared to
the more commonly used one-pot cyclooligomerization route, in terms of
efficiency, product purity, and control over ring size. Furthermore, additional
transformation of functional groups could be performed efficiently.

N3Et2
R t-Bu
Etst \\ Br % | l
SiMea SiM93
SiMe;
35 36 37

R=H, OH, CH,OH, -Bu, OBu, CO,Bu

Monomers contained terminal phenylacetylenes protected with trimethyl-
silyl groups and aryl iodides masked as N,N-dialkyltriazenes. A typical PAM
synthesis involved three basic transformations (Scheme 12):

(1) reaction of the dialkyltriazene moiety in 35 with iodomethane at 110°C gave
aryl iodide 38, often in very high yields;

(2) protiodesilylation of trimethylsilyl-protected acetylene in 35 with me-
thanol and catalytic potassium carbonate afforded terminal phenyl-
acetylene 39;

(3) Pd-catalyzed cross-coupling of aryl iodide 38 and terminal phenylacetylene
39 gave a dimer (e.g. 40) containing both trimethylsilyl-protected acetylene
and aryltriazene moieties.

This sequence of three reactions could be repeated an appropriate number of
times to generate the desired linear phenylacetylene oligomer (e.g. 41). The
strength of this stepwise assembly of linear oligo(phenylacetylene)s is due to the
fact that trimethylsilylacetylene and aryldialkyltriazene are very effective pro-
tecting and masking groups for a terminal acetylene and for an aryl iodide,
respectively. Each could be removed selectively in the presence of other function-
alities under relatively simple reaction conditions in nearly quantitative yield.
PAMs were prepared by utilizing conditions for intramolecular cross-
coupling of linear oligomers. Unmasking the triazene unit and deprotection of
the trimethylsilyl group in 41 afforded a difunctional terminal phenyl-
acetylene/aryl iodide intermediate. The cyclization reaction was most effective
under pseudo-high-dilution conditions: slow addition via syringe pump of a 1:1
benzene:triethylamine solution of deprotected 41 to a solution of Pd-catalyst
under N, atmosphere. Under these conditions, only the desired product was
isolated; no evidence of catenane or higher oligomer formation was observed.
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Scheme 12. a) Mel, 110°C; b) K,CO;, CH,Cl,, MeOH; ¢) Pd(dba),, PPh;, Cul, Et;N

Cyclization of substituted phenylacetylene sequences afforded functional-
ized macrocycles that were amenable to subsequent manipulation. For ex-
ample, transesterification of 42 with octanol in the presence of 18-crown-6
ether and potassium carbonate gave the corresponding ester in 85% yield
(Scheme 13). The ester functionalities could be reduced by DIBALH to give the
hydroxymethyl-substituted macrocycle (43) in 61 % yield. The low yield of this
particular transformation is attributed to mechanical losses during purifica-
tion, due to the highly polar nature of the product. Macrocycle 43 could then
be treated with alkyl bromides to give a group of benzyl ether derivatized
PAMs.
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The phenyl ether linkage of butoxy substituted 44 was cleaved with boron
tribromide to give a hexaphenol derivative (45) in 60% yield (Scheme 14). The
hexaphenol derivative was found to be remarkably soluble in most polar organic
solvents, such as ethanol, DMF, DMSO, and dioxane, as well as in aqueous base
solution. Condensation with octanoic acid in the presence of DCC and catalytic
H* afforded the inverse ester (46) in high yield.

R=0OC,Hg

4 "~ BBrg, CICH,CHLCI,
R=OH - 60%

45 " ]c,H4sCOOH, DCC,
R=0COC;H s DPTS, 89%

46

Scheme 14 R

By using monomers with different substituents, multiple functionalities
could be introduced into the phenylacetylene oligomer at any desired position
along the sequence backbone, resulting in macrocycles with a wide variety of
symmetries (e.g. 47-53). In principle, this versatile synthetic method should
allow construction of PAMs in which any particular group could be placed at any
particular site. Judicious choice of the type and placement of functionalities has
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permitted Moore’s group to tailor the physiochemical properties of the macro-
cycles. Such properties include aggregation of the PAMs in solution due to
mi-stacking (51-52) [39], discotic liquid crystalline behavior (46) [40], assembly
into molecular crystals (50) [41], and cofacial assembly to form ordered mono-
layers (53) [42].

R® 47 R'R®R5=t-Bu R%R*RC=H
48 R'=CO,CH; R3R5=t-Bu R%R*RS=H
49 R'=CO,CH; R*R®=tBu R%R3R°=H
50 R'-R®=CO,H
51 R'-R%=0Bu R*-R®=CO,Bu
52 R',R%R5=08u R?R*RC=CO,Bu

R® 53 R'-R*=t-Bu, R5-R®=COO *NBu,

An impressive achievement of this strategy has been the construction of
three-dimensional structures. Utilizing branched phenylacetylene sequences,
double cyclization yielded macrobicyclic arrays 54 and 55 [43]. The zenith of
Moore’s approach is macrotricycle 56, a freely hinged system with a sizable
36x12x12 A molecular cavity [44].

Despite the above successes, intramolecular cyclization of meta-linked
phenylacetylene oligomers is limited to pentameric (and larger) macrocycles.
Attempts to prepare the corresponding tetrameric systems, such as 57, failed to
provide the desired products, presumably due to excess strain in the resultant
molecule. Resorting to the bromination/dehydrobromination route, Oda et al.
successfully synthesized the target macrocycle (Scheme 15) [45]. Treatment of
dialdehyde 58 with low-valent titanium, generated from TiCl, and Zn in DME,
furnished a mixture of the (Z,Z,Z,E)- and (E,Z,E,Z) isomers of 59 in 35-40%
yield; neither the (Z,Z,Z,Z) isomer nor the intramolecular coupling product
were detected. Reaction with excess bromine presumably gave the octabromin-
ated macrocycle. Subsequent treatment of the crude mixture with #BuOK
afforded 57 in 55 % yield.

X-ray structure analysis showed that macrocycle 57 was essentially planar,
with the twist angle of the benzene rings from the plane of the macrocycle being
less than 2°. Most of the strain was seemingly contained in the triple bonds, as
these were bent from linearity by 10.1° to 12.3°. Despite its strained nature, the
macrocycle showed remarkable stability. Decomposition occurred above 300°C
on attempted melting. No reaction was observed between 57 and cyclopenta-
diene at room temperature.
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Scheme 15. a) TiCl,, Zn, DME; b) Br,, CHCl;; ¢) t+-BuOK, THF

3.3
Para

Using the same reaction strategy, Oda’s team successfully prepared the first
examples of para-linked PAMs [46]. The requisite alkene precursors 60 and 61
were obtained from the McMurry coupling of 4,4’-diformyl-(Z)-stilbene in ca.
20% vyield, along with a 30-40% vyield of tetraene 62 (Scheme 16). Bromina-
tion/dehydrobromination of the 4:1 60:61 mixture afforded oxygen-sensitive
para-PAMs 63 and 64 in 85% combined yield. Separation was accomplished by
gel permeation chromatography, eluting with THF or CHCl;. In contrast to 57,
hexamer 63 decomposed explosively at ca. 80°C under air. Less strained octamer
64 decomposed at ca. 120°C under air. The high degree of strain in 63 was also
reflected in its spectroscopic properties. For example, the chemical shift of the
sp-carbon (§=97.65) was considerably lower than that of 57 (6=92.20).

W

60 (m=3)
61 (m=5)
62 (m=1)

Scheme 16. a) TiCl,, Zn, DME; b) Br,, CHCl;; ¢) t-BuOK, THF

Attempts to prepare the corresponding tetrameric para-PAM from 62 were
unsuccessful. Dehydrobromination in furan afforded a syn:anti mixture of cyclo-
adducts 65, that were subsequently transformed to the known dibenzodiyne (66).
Formation of 65 is likely to arise from stepwise elimination/cycloaddition rather
than to involve the intermediacy of the highly strained tetrameric PAM.
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3.4
Mixed

Using combinations of ortho-, meta-, and para-connected phenylacetylene
monomers, Moore’s group has been able to assemble a number of unstrained
monocyclic geometries based on a trigonal lattice. PAMs 67-69 are three exam-
ples that clearly illustrate the enormous potential of this route to the preparation
- not only of a large variety of hydrocarbon frameworks - but also of a tremen-
dous number of endo- and exo-functionalized structures for each framework
[47]. A unique application of this method was the synthesis of a “molecular
turnstile” [48]. Modeling of turnstile 70 showed that the inner ring freely rota-
tes; however, substituted derivatives 71 and 72 might be sufficiently hindered for
rotation to be observed. Indeed this was the case; whereas 72 was conforma-

t-Bu

t-Bu
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70 R=H

71 R=CH,OCH
CHz0CH, t-Bu

72 R=CH,0

t-Bu

tionally locked with a barrier of rotation greater that 20.6 kcal mol™, the spindle
in 71 rotated rapidly on the NMR time scale at room temperature (barrier
ca. 13.4 kcal mol™).

4
Phenyldiacetylenes

In the thirty years following Eglinton’s groundbreaking work on 3 [8], no reports
were published on the preparation of related macrocyclic phenyldiacetylene
systems. This is somewhat surprising given the fact that, since the mid-1970s,
topochemical polymerization of diacetylene monomers has been recognized as
a means of generating crystalline polymers possessing conjugated backbones
[49]. If this reactivity could be extended to include molecules such as 1 and 3,
PDMs might serve as precursors for a variety of technologically important com-
pounds, such as highly conjugated polymers, nonlinear optical materials, and
allotropes of carbon [5¢, 50]. Given Eglinton’s difficulties (vide supra), better
synthetic methods would have to be employed. Fortunately, organotransition
metal chemistry developed over the intervening thirty year period provided the
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wherewithal for PDM construction. This allowed for an “explosive” revival of
PDM chemistry starting in the early 1990s.

4.1
Ortho

Armed with new synthetic techniques and modern chemical instrumentation,
Swager et al. revisited the ortho-diethynylbenzene cyclooligomerization route to
PDMs in 1994 [51]. This group was intrigued by the possibility of employing cyc-
lic diacetylene molecules as monomers, the polymerization of which would pro-
duce conjugated networks of sp and sp? carbon atoms. Presaging their interest,
several publications had appeared in the mid to late 1980s predicting that such
networks could display useful electronic, optical, and physical properties [52].

In addition to diyne 2, the Swager team investigated the copper-promoted
cyclooligomerizations of several 4,5-disubstituted-o-diethynylbenzenes (73).
Preparation of the requisite o-dialkylbenzenes was accomplished by cross-cou-
pling the Grignard salt of the desired alkane with o-dichlorobenzene in the
presence of catalytic (1,3-bis(diphenylphosphino)propane)nickel(II) chloride
(Scheme 17). Diiodination was achieved with a mixture of iodine and sodium
iodate in glacial acetic acid. Double alkynylation with trimethylsilylacetylene,
using Sonogashira conditions followed by protiodesilylation with catalytic KOH
in 5:1 methanol: THF (v:v), furnished the dialkylated analogs of 73. The corres-
ponding didecoxy compound was assembled in an analogous manner; however,
standard Sonogashira coupling conditions produced only trace amounts of the
monoethynylated product. The diethynylated product could be produced in
excellent yield (889%) through utilization of two equivalents of Cul at a higher
reaction temperature (70°C). Although the exact origin of this effect remains
unclear, it is possible that the lone pairs on the heteroatom function as Lewis
bases in the formation of weakly bound aryl-copper complexes, thereby prevent-
ing formation of the requisite cuprous acetylide coupling partner.

O Y
al R=alkyl R 1
R Q R Q // R

HO@ e.f R:@' g.d 73 74 (n=1)
Realkoxide 75 (n=2)
HO R=alkoxide R | 76 (n=3)

R=C4Hg, CgH13, C1gH21, C12Hz5, OCoH24

Scheme 17. a) H(CH,),MgBr, (dppp)NiCl,, Et,0; b) I,, NalO;, H,SO,, AcOH; c) TMSA,
PdCl,(PPh;),, Cul, i-Pr,NH; d) aq KOH, THE, MeOH; e) C,,H,,Br, K,CO5, acetone; f) Hg(OAc),,
I, CH,Cl,; g) TMSA, PdCL,(PPh;),, xs Cul, i-Pr,NH, 70°C; h) CuCl, TMEDA, O,, ODCB
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With a variety of 4,5-disubstituted-o-diethynylbenzenes 73 in hand, the
somewhat unstable arenes were then oxidatively cyclooligomerized under Hay
conditions (CuCl, TMEDA, O,) [53], to give a mixture of dimeric (74), trimeric
(75),and tetrameric (76) PDMs as well as some polymeric material. The enhanc-
ed solubility conferred by the alkyl and alkoxy substituents proved crucial in
facilitating isolation of 75 and 76. Purification of the different products from the
resultant reaction mixture was feasible - but nontrivial, especially for the larger
carbocycles. Only through repetitive chromatography and fractional crystalliza-
tion could the trimers and tetramers be obtained as pure materials. Yields of a
given PDM varied widely, depending on the length of the hydrocarbon tails, the
scale of the reaction, and the exact experimental conditions. Several trends be-
came clear over time. For example, derivatization with shorter alkyl groups (i.e.
butyl, hexyl) and alkoxy groups tended to produce higher yields of the larger
macrocycles in addition to more diacetylenic polymer. Conversely, function-
alization with longer hydrocarbon moieties improved the yields of the dimeric
product. Additionally, the cyclooligomerization reaction was more efficient at
converting starting material to macrocyclic products when the hydrocarbon
tails were longer than six carbons. For example, when R=C,H,;, the combined
yield of macrocycles totaled 85 % of theory. Otherwise, formation of macrocyc-
lic products was optimized when cyclooligomerization was conducted on a
small scale with short reaction times (e. g. 30 min). Moreover, when setting up
Hay conditions, the order of reagent addition was found to influence both over-
all yield of each product and the ratio of one macrocycle to the next. All in all,
this type of cyclooligomerization is an extremely sensitive reaction, giving com-
plex mixtures of products that then require great skill and patience to separate
into pure macrocycles.

Due to an interest in studying their unusual reactivity (vide infra), several
attempts were made to maximize yields of the strained dimers 74. Lengthening
reaction times and decreasing substrate concentrations in the cyclooligomeriza-
tion experiments proved fruitless. In response to this situation, a stepwise syn-
thesis of the tetrahexyl-substituted dimer was developed as shown in Scheme 18.
Surprisingly, Hay coupling of 77 resulted in an improved yield of the tetramer
(45 vs 8 %) and a substantial decrease in the yield of dimer (13 vs 30%). This
product distribution was unexpected, since intramolecular reactions are typi-
cally much faster than intermolecular reactions.

An X-ray structure analysis of 74 (R=C,H,) revealed that the unsaturated por-
tion of the molecule was planar, with the angles between adjacent acetylenic
bonds deviating by 13-15° from 180°, the value for a strain-free molecule. Since
the connection of the alkyne moieties to the aromatic rings was only shifted
slightly (2-3°), distortion of the acetylene linkages appears as the major source
of instability in these macrocycles.

Differential scanning calorimetry (DSC) experiments on the various dimeric
carbocycles indicated that, depending on the length of the alkyl groups, thermal
polymerization had occurred between 100 and 125°C as an abrupt, exothermic
process. The narrow temperature range for each exotherm was suggestive of a
chain reaction; however, IR spectroscopy revealed the absence of acetylene
functionalities in the polymerized material. Consequently, none of the substi-
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Scheme 18. a) TMSA, PdCL,(PPh,),, Cul, i-Pr,NH; b) aq KOH, THE, MeOH; c) CuCl, TMEDA,
0,,0DCB

tuted dimers seemed to have undergone a well defined topochemical diacetyl-
ene polymerization. X-ray powder diffraction gave rudimentary structural
information on the polymers derived from 74. Beyond indications of a layered
morphology, the material was too disordered for more detailed information to
be obtained. Solid state 1*C NMR failed to provide useful structural data due to
the predominance of carbon-centered radicals.

Analysis of DSC experiments on various alkyl-substituted trimers gave even
more disappointing results. Although more thermally resilient, these macro-
cycles polymerized with very broad exotherms. For the hexyl-substituted
trimer, melting occurred around 150°C, while polymerization extended from ca.
170 to 230°C. This pattern was thought to be indicative of a random poly-
merization process. Overall, polymerization of trimeric macrocycles occurred
at sufficiently high temperatures that the resultant materials were intractable
brown tars.

Fortunately, the reactivity of the dimeric PDMs was much easier to follow in
solution. As shown in Scheme 19, addition of elemental iodine to a benzene solu-
tion of 74 (any derivative) under argon afforded the tetraiodinated 6-5-6-5-6
fused ring system 78 in 50 - 67 % isolated yield. Eglinton had reported formation
of the same type of fused ring system upon treating 3 with Na/NH; in a reductive
hydrogenation experiment [8]. The reaction is thought to proceed through
radical intermediates, though efforts to trap such species failed. Exposure of 78
to oxygen or iodination of 74 in the presence of oxygen afforded dione 79.
Labeling experiments with '30H, showed that incorporation of the carbonyl
oxygen did not occur via hydrolysis; rather, direct oxidation of 79 by molecular
oxygen is presumably how the carbonyl oxygens were introduced.

In Swager’s study, exposure of 2 to Hay conditions also failed to yield 1 or the
corresponding tetrameric PDM (76, R=H). Preparation of the latter molecule,
however, was reported almost simultaneously. Starting with known o-iodo-
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ethynylbenzene, Youngs et al. assembled the macrocycle by an intermolecular
reaction, utilizing chemistry similar to that shown in Scheme 18 [54]. As above,
the exact copper coupling conditions used proved crucial for product formation.
Eglinton conditions gave large amounts of insoluble polymer and only a small
quantity of 76 (R=H). Since this reaction was conducted under fairly dilute con-
ditions (0.01 mol L7!), the predominance of polymer was somewhat surprising.
However, by bubbling air through a very dilute (0.001 mol L™!) pyridine solution
of 77 (R=H) in the presence of 120 equivalents of CuCl, the desired carbocycle
was formed in about 20% isolated yield. Interestingly, the modified Glaser
procedure, which gave the highest yield of tetrameric PDM also furnished
Eglinton’s dimeric macrocycle 3 in about 50 % isolated yield.

Recrystallization of 76 (R=H) from CH,CI, provided crystals adequate for
X-ray structural determination. The molecule was found to be saddle shaped
with a phenyl ring at each vertex and nadir. The alkynyl bonds were found to be
essentially linear and to possess a mean length of 1.194 A, typical for the length
of triple bonds in free butadiyne. Although 76 is a dehydrobenzoannulene pos-
sessing a 4n m-electron circuit, the nonplanarity of the macrocycle alleviated
much of the strain associated with a flat structure and thus precluded the possi-
bility of anti-aromatic ring currents.

In late 1995, a team led by Vollhardt and Youngs reported their work on the
strained PAM/PDM hybrid 80 [55]. Whereas the synthesis of 80 was not remark-
able [Eq. (2)], the solid-state behavior of the molecule was. X-ray crystallography
revealed that the macrocycle was moderately strained, with the monoynes bent
inward toward the center of the macrocycle by 3.9-11.5° and the diyne unit bent
outward by 8.6-11.2°. More importantly, crystal packing revealed that the diyne
moieties were aligned in the prerequisite fashion for topochemical diacetylene
polymerization to occur. Indeed, irradiation of crystals of 80 produced a violet
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surface layer exhibiting a metallic luster. Laser desorption time-of-flight mass
spectrometry of 80 demonstrated that polymerization was occurring, since oli-
gomers as large as nine units were detected. Complete polymerization could be
accomplished either by thermal annealing (ca. 150°C by DSC) or by high pres-
sure (20,000 psi, 1 h). Solid state *C NMR of the violet polymer displayed two
new peaks at 145.1 and 150.0 ppm, corresponding to the alkene carbons in the
polydiacetylene chain. Taken together, this is convincing evidence for occurrence
of a topochemical diacetylene polymerization, the product of which is possibly
a tube-like structure with the fused annulenes adopting an all-syn configuration.

CuCl

N\ 7 N\ / —5weon

O O 83%

2)

Confirmation of this hypothetical structure by synthesis and polymerization
of more soluble derivatives of 80, while seemingly the next logical step, will like-
ly be problematic. Previous studies of topochemical polymerizations of relative-
ly strain-free diacetylenic macrocycles concluded that solid-state packing was
more important than ring-strain effects [56]. Swager’s work with 74 seems to
corroborate this statement. Even though the molecules were more distorted and
polymerized at lower temperatures, the resultant products were sufficiently dis-
ordered that further characterization was not possible. The packing diagram of
74 (R=C,H,) reflected the poor overlap of the diyne moieties. In addition to ring
strain, subtle changes of structure can alter molecular packing dramatically and
thus affect the solid state behavior. For example, replacement of the phenyl ring
between the monoyne units in 80 with a cis-ethene moiety produced a crystal
containing staggered diacetylenic units, thus negating the potential for a topo-
chemical reaction pathway [57]. Based on the above results and work with other
PDMs and PAM/PDM hybrids, it is reasonable to conclude that each annulenic
macrocycle behaves independently and that no generalization based on annu-
lene topology can be proposed at this time for accurately predicting thermo-
product structure. Short of growing crystals (an insurmountable task for some
macrocycles) and obtaining crystallographic data (a costly and time-consuming
process) for each and every diacetylenic system, the ability to overcome these
vexing problems appears doubtful at the present time.

An alternative mode for dehydrobenzoannulene decomposition was recently
reported by Vollhardt et al. [58]. Non-planar hybrid 81, prepared in low yield via
cyclodimerization of known triyne 82 [Eq.(3)], reacted explosively at ca. 250°C
to give a nearly pure carbon residue. Solvent extraction of the black powder fai-
led to yield soluble materials such as fullerenes; however, analysis of the residue
by TEM showed formation of “bucky onions” and “bucky tubes” [59],in addition
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to copious amounts of amorphous carbon and graphite. Although the amount
of “bucky” materials was quite small (1-2%), this result was clear validation
of the argument that PAMs and PDMs might function as precursors to carbon
allotropes.

Cu(OAc)2*H20, py
MeOH, Et,0

82 81 (13%) (5%)

Introducing an interesting permutation of a familiar theme, Rubin and co-
workers cyclooligomerized 1,2,3,4/5,6-differentially terminated hexaethynyl-
benzenes (HEB, e.g. 83), to create PDM derivatives 84-86 [60]. These systems
could be viewed as molecular fragments of the all-carbon network graphdiyne,
anovel allotrope in which the graphitic motif is expanded by butadiyne linkages
[52b, 61]. Such networks have attracted considerable interest of late, but
continue to remain elusive from a synthetic perspective [5c]. Unlike other
PDMs, Rubin’s macrocyclic products feature a fringe of tert-butyl capped
ethynyl groups around the periphery. Not only does this feature increase the
potential for nonlinear optical activity by extending the conjugation network
[50], it also serves to substantially stabilize the characteristically reactive dimer
84 (vide supra). However, perethynylation necessitated more intricate synthetic
maneuvering prior to cyclooligomerization. The requisite substitution pattern
of differentially terminated alkynes on 83 was unobtainable through Pd-medi-
ated cross-coupling procedures. Instead, a large number of HEB precursors
could be prepared through Diels-Alder reactions between suitably derivatized
tetraalkynylcyclopentadienones [62] and disubstituted acetylenes.

As fate would have it, the direct approach to the TMS-protected version of the
desired HEB failed. Rather than providing a symmetrical adduct, the Diels-
Alder reaction between tert-butyl-capped tetraethynylated cyclopentadienone
87 and bis(trimethylsilyl)hexatriyne gave the adduct arising from cycloaddition
to one of the outer triple bonds. Although this is a surprising result, computer
modeling (PM3) suggested that the Diels-Alder reaction across the central triple
bond was inhibited in the transition state by steric crowding of the bulky dieno-
phile with the large ethynyl capping groups on the dienone. Accordingly, Rubin’s
team turned to an oblique approach for installation of the two remaining
ethynyl moieties.
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The successful construction of 83 is depicted in Scheme 20. Reaction of 87
with diethoxybutynal afforded cycloadduct 88 in 61% yield. Whereas the dial-
dehyde arising from 88 proved to be unstable, stepwise homologation via stan-
dard procedures furnished 83 in modest overall yield. Cyclooligomerization of
83 under Hay conditions produced a mixture of highly fluorescent PDMs which
could only be partially resolved. Column chromatography on silica gel resulted
in a 25% yield of pure [12]annulene 84 and an inseparable mixture of trimer 85
and tetramer 86 (13 % combined yield). X-ray crystallography of 84 showed the
diyne units in the molecule to be distorted to the same extent as 74; however, in
strong contrast to other dimeric PDMs, the steric bulk of the eight tert-butyl
groups imparted unusually high stability for 84.

Just prior to Rubin’s publication, another article appeared focusing on sub-
structures of graphdiyne [63]. Like the other researchers in the PDM area, the
Haley team was intrigued by the predictions of useful materials properties and
technological applications for this and similar carbon-rich systems [5c, 50, 52].
In particular, topochemical polymerization of a crystalline substructure of this
network could produce an environmentally robust material with a large third-
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order nonlinear optical susceptibility. Such materials are of considerable econ-
omic interest, since the light mediated flow of information required for the devel-
opment of photonic technology is contingent on high speed optical switching
[50]. Additionally, the diyne units in graphdiyne result in a pore size of about
2.5 A, a cavity that can easily incorporate atoms as large as cesium. This should
lead to interesting redox applications, as the large holes in the planar sheets
could accommodate through-sheet transport of metal ions and possibly provide
a unique method of dopant storage by intrasheet intercalation.

The fundamental synthetic difference between the route followed by the
Haley group and much of what had been previously reported for PDM con-
struction was assembly of the final structures by an intramolecular reaction. All
previous methods of preparing substructures of diacetylenic carbon networks
had relied upon cyclooligomerization of perethynylated monomers [5c, 60a]. As
already demonstrated, this route invariably produced complex PDM mixtures
which made separation of the dimers, trimers, and tetramers very difficult and
resulted in low isolated yields of a given macrocycle. Additionally, the variation
in product structures was severely limited by the ease of construction, or lack
thereof, of the starting o-diethynylbenzene. Intramolecular coupling of a suitable
a,w-polyyne, on the other hand, was likely to ensure formation of a single pro-
duct in good overall yield.

Surprisingly, the simplest graphdiyne model, PDM 1, had eluded synthesis.
Even though substituted derivatives (e.g. 75, 85) have been prepared by the stan-
dard cyclooligomerization reaction of o-diethynylbenzenes, isolation of the
parent molecule failed via this method [8, 51]. Utilization of an intramolecular
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Scheme 21. a) TMSC=CC=CH, PdCL,(PPh,),, Cul, Et;N; b) TIPSA, PdCL(PPh,),, Cul, Et,N;
c) o-diiodobenzene, Pd(PPh;),, PACL,(PPhs),, Cul, Et;N, THE, aq KOH; d) Bu,NE, THF, EtOH;
e) Cu(OAc), - H,0, py, MeOH
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approach would require hexayne 89, which in turn would necessitate use of a
suitably functionalized phenylbutadiyne such as 90 (Scheme 21). The parent
molecule, 1-phenyl-1,3-butadiyne, is a highly reactive compound which poly-
merizes rapidly when neat or in concentrated solution; even a dilute solution at
-20°C polymerizes within a few hours [64]. Not surprisingly, then, all attempts
to use monodeprotected 90 in Pd-catalyzed alkynylation reactions provided
intractable polymeric gums [65].

The answer to this problem was in situ generation of the free phenylbuta-
diyne under standard Pd-coupling conditions [66]. Addition of a few milliliters
of a concentrated KOH solution provided the bis-coupled product in 71% yield.
Desilylation and use of high dilution conditions in the oxidative coupling
reaction gave 1 as the sole product in moderate yield. Compound 1 was poorly
soluble in common organic solvents; nevertheless, all of the spectral data (NMR,
IR, UV, MS) supported the assigned structure. The minimal solubility of the pro-
duct was no-doubt responsible for the low isolated yield.

Whereas PDM 1 in theory could be assembled via the cyclooligomerization
reaction, larger, more complex graphdiyne substructures like 91-94 could be
constructed only via the intramolecular cyclization route. Scheme 22 illustrates
the preparation of 91 [63]. From the outset, the need for solubilizing substituents
was recognized; thus, the required building blocks (95) were readily prepared by
standard transformations. Fourfold in situ desilylation/alkynylation gave the




110 M. M. Haley et al.

94

fluorescent dodecaynes 96 in ca. 35% yield. Although modest, this yield implies
an average conversion of about 90 % for each of the eight necessary transforma-
tions. Protiodesilylation of 96 and oxidative twofold intramolecular coupling
gave 91. Even with four fert-butyl groups, 91 proved to be virtually insoluble in
common solvents. Fortunately, substitution with decyl moieties worked quite
well, with 91 now isolated in 839% yield after purification. Compounds 92-94
were synthesized in an analogous fashion [67].

The in situ deprotection/alkynylation protocol has proven to be exceedingly
useful. In addition to graphdiyne models, an array of PAM/PDM hybrids have
been prepared (76 (R=H), 81, 97-99) [66]. Extension of the simple, one-pot
procedure to various iodoarenes has allowed preparation of a series of bis(tri-
isopropylsilyl)-protected a,c-polyynes in very good yields. Subsequent depro-

SiMej
Z

R |

R A
Sii-Pry
95 (R=t-Bu, Dec)

Scheme 22. a) TIPSA, PdCL,(PPh;),, Cul, Et;N; b) Mel, 125°C; ¢) TMSC=CC=CH, PdCL,(PPh,),,
Cul, Et;N; d) 1,2,4,5-tetraiodobenzene, KOH, PACl,(PPhs;),, Pd(PPhs),, Cul, Et;N, THF
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96 (R=t-Bu, Dec)

Scheme 22. e) Bu,NF, THE, EtOH; f) Cu(OAc),, py, MeOH, Et,0

tection and cyclization under pseudo-high dilution conditions provided dehy-
drobenzoannulene topologies that were either inaccessible by traditional routes
(97-99) or previously available only in low yield (76 (R=H) [54], 81 [58]). For-
tunately, product solubility was not an issue for these macrocycles, due to their
lower symmetry (e.g. 97 vs. 1) and/or non-planarity (76, 81, 98-99).

97 98 99

Another limitation of the traditional Cu-mediated cyclooligomerization
reaction is generation of differentially substituted PDMs. In the above case, the
substitution pattern in the starting o-diethynylbenzene must be maintained on
each and every benzene moiety in the oligomeric mixture of PDMs that is pro-
duced. Thus, it is impossible to prepare less symmetric systems like 100 via this
route. With the intramolecular synthetic approach, however, it should be possi-
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ble to construct a wide variety of derivatized structures. Due to the stepwise
pattern of molecule assembly, introduction of functional groups should be a
straightforward process. One pattern of particular interest is “donor-acceptor”
derivatives such as 101. It should be possible to enhance the physical properties
of PDMs for potential use of the annulenic monomers or polymers as con-
jugated materials for electronics and photonics [50b]. To this end, several donor
and/or acceptor macrocycles (e.g. 100-102) have been successfully prepared
[68]. The assembly of these PDMs was easily accomplished, as the starting
arenes were readily prepared via methods published in the literature. UV-Vis
spectral data showed enhanced delocalization in these macrocycles (compared
to 1): the absorption bands were significantly broadened and red-shifted up to
200 nm [68].

R? R?
100 101 102
R=Dec, OMe, OOct R'=Dec, OMe, OOct R'=R%=NBu, R?=R*=NO,
RR=-O(CH»CH0)4- R?=NO, R'=R*=NBu, R?=R’=NO,

4.2
Meta

In 1996, Tobe et al. prepared and characterized the first meta-PDMs and then
studied their solution-phase self-association properties [69]. This work builds
upon concepts advanced by Moore et al. in their investigation of solution-state
aggregation behavior of various functionalized meta-PAMs [39]. The attractive
force at work, m-stacking of aromatic moieties, plays an important organiza-
tional role in supramolecular chemistry. Examples of this type of localized
binding interaction abound in nature; biological systems are particularly reliant
on this organizing principle. For example, the existence of stable DNA double
helices is contingent upon the weak associative forces between vertically stacked
adjacent base pairs. m-Stacking also influences the packing orientation of
aromatic molecules in the crystalline state and the intercalation of small, planar
molecules between nucleotides (e.g. camptothecins, enediyne anti-tumor anti-
biotics). Consequently, understanding the structural characteristics that con-
tribute to a molecule’s ability to engage in this type of behavior has important
real-world implications.
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With an eye toward this goal, Tobe and coworkers assembled exo-functiona-
lized macrocycles of type 103, as portrayed in Scheme 23 [69]. Sequential appli-
cation of standard Pd-cross-coupling techniques furnished differentially pro-
tected diethynylbenzene monomers 104 and 105 in good yields. Selective pro-
tiodesilylation of the tert-butyl derivative, oxidative dimerization, and removal
of the TIPS group gave dimeric tetrayne 106. Cyclooligomerization furnished
rigid tetrameric PDM 103 (25 %) along with conformationally flexible octamer
107 (13 %).In the case of 105, extended exposure to aqueous LiOH in THF remov-
ed the TMS group and hydrolyzed the ester. Treatment of the crude carboxylate
with SOCI, followed by hexadecyl alcohol gave the long chain ester. Analogous
transformations afforded first tetrayne 108, then PDM 109 in 17% yield.
Curiously, the cyclooligomerization reaction failed to produce isolable amounts
of hexameric PDM, the product of cyclotrimerization.

Sii-Prs Sii-Prg

Vi Vi

Br. 1
ab c (for 104, 98%)
R or d (for 105, 44%)
R
\ \
SiMes

104 (R=t-Bu, 69%)
105 (R=CO,C,Hs, 70%)

L —In

106 (R=t-Bu, 86%) 103 (R=t-Bu, n=0, 25%)
108 (R=CO,C1gHa3, 39%) R 107 (R=tBu, n=2, 13%)
109 (R=CO, Cy6Haa, n=0,
17%)

Scheme 23. a) TMSA, Pd,(dba),, PPh;, Cul, NEt,; b) TIPSA, Pd,(dba);, PPh,, Cul, NEt;;
¢) LiOH, THE H,0; d) i] LiOH, THE H,0 ii] SOCl, iii] C,¢H3;0H, Et;N, Et,0, PhH; e) Cu(OAc),,
py; f) Bu,NE, THF; g) Cu(OAc),, py, PhH
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Si(i-Pr) H

Y4 4

a d
104 — Bu — t-Bu — 103 + 107
(73%) (12%)
N\ \

Br H
(27% from 104)

4

Scheme 24. a) NBS, AgNO;, acetone; b) 106, Pd,(dba);, Cul, 1,2,2,6,6-pentamethylpiperidine,
Lil, HMPA, PhH; ¢) Bu,NF, THF; d) Cu(OAc),, py, PhH

PDM 103 was also prepared by building up the appropriate a,-polyyne and
then employing very dilute Eglinton conditions to effect intramolecular oxida-
tive coupling (Scheme 24). This procedure afforded 103 in excellent yield (73%
for intramolecular closure) as well as a modest amount of 107 (12%). The meta-
PDMs were colorless solids that gradually decomposed upon standing. All three
macrocycles were scrutinized for evidence of self-aggregation in solution by
searching for concentration-dependent chemical shifts of the aromatic protons.

Moore’s research had revealed that self-association, as displayed by various
derivatized meta-PAMs in deuterochloroform, was optimized when electron
withdrawing (ester) groups were placed on the external periphery of the rigid,
planar carbon framework [39]. Electron-donating substituents like alkoxy and
alkanoate groups exhibited no evidence of solution-phase self-association,
though macrocycles bearing a combination of ester and alkoxy groups did show
weak association. PAMs with mixtures of exo and endo substituents failed to
aggregate in solution. Whereas variation of the length of the alkyl chain in the
ester moiety had no effect, inclusion of branched substituents (tert-butyl
groups) was found to preclude a sufficiently proximate face-to-face approach of
two solvated PAMs to the point that self association did not occur.

Based on the above criteria, it is not surprising that only ester 109 displayed
behavior indicative of self-association through -7 stacking interactions. Rela-
tive to the variation in the chemical shift of the aromatic protons observed by
Moore et al. in similarly functionalized PAM 42 [39], the shift changes noted by
Tobe and coworkers were comparatively small. For example, Moore saw upfield
chemical shift differences of 0.9-1.0 ppm in the aromatic protons of 42 as the
concentration was varied by a factor of 128 in CDClL,. If it can be assumed that
the monomer-dimer equilibrium is the predominant self-association process in
this solvent in the concentration range under study, the dimerization constant,
Kassoc,0f 42, at 293 K was calculated to be ca. 60 M™'. For 109, in comparison,
Tobe’s group observed upfield chemical shift changes between 0.1 and 0.2 ppm
as the concentration was varied by a factor of 394, which they translated into
Kissoc=38 M1 at 293 K. Thermodynamic parameters, obtained through van’t
Hoff plots, indicated that self-association of PAMs and PDMs in CDCl; is not
favored entropically, but is driven by a small, favorable enthalpy difference
(=5.0 kcal mol™! for 42 vs -5.8 kcal mol™! for 109). The same van’t Hoff plots
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yielded corresponding AG values for self-aggregation: -2.4 kcal mol-! for 42 vs
-2.1 kcal mol™ for 109. This close agreement is somewhat surprising, since the
m-stacking interaction is thought to occur primarily through the face-to-face
proximity of phenyl groups. Since PDM 109 has two fewer phenyl rings than
PAM 42, it should seemingly exhibit a significantly decreased enthalpy of as-
sociation. Tobe and coworkers circumvent this problem by invoking the possi-
bility that the rigid butadiyne rods in 109 also contribute favorably to self-asso-
ciation, now through 71— interaction between proximate triple bonds.

Very recently, Tobe’s group disclosed a concise synthesis of PDM 110 having
interior binding groups [70]. Since the hexameric homolog of 109 was un-
obtainable through the cyclooligomerization route, the appropriate linear o, -
polyyne 111 was created in relatively few steps from highly functionalized arene
112 via established methods (Scheme 25). The key reaction was hetero-coupling
of dimer units 113 and 114, forming 111. Desilylation and high dilution Eglinton
conditions provided macrocycle 110 in 50 % yield. Hexamer 115, which did not
contain cyano groups, was prepared in an analogous fashion.

Whereas PDM 115 was found to self-associate to form a dimer in CDCl; solu-
tion with AG=-3.4 kcal mol™" at 293 K, the chemical shift of the aromatic protons
of 110 showed no concentration dependence over a wide concentration range.
The lack of self-association in 110 was likely due to electrostatic repulsion of the
cyano groups and the (calculated) nonplanarity of the macrocyclic framework.
Surprisingly, when 110 and 115 were mixed in CDCl,, the aromatic protons did
move upfield, depending upon concentration of both macrocycles. Analysis of
the chemical shift change indicated that, instead of competitive formation of
heterodimer 110-115 and homodimer (115),, 110 interacted with 115 to form
the heterodimer as well as higher oligomeric aggregates. Interestingly, the cyano
groups of 110, while deterring self-association, serve to enhance attractive m-m
stacking interactions with 115 by electron withdrawal. In addition to this unusual
aggregation behavior, meta-PDM 110 was found to form 1:1 and 2:1 host:guest
complexes with tropylium and guanidinium cations [70].

4.3
Para

A survey of the literature revealed that no synthesis of para-PDMs has been
reported.

44
Mixed

The shape-persistent, structurally well-defined nature of PAMs and PDMs make
them attractive models for binding guest molecules within their cavities. In
1995, Hoger and Enkelmann reported the construction of the first meta/para-
PAM/PDM hybrid designed to possess hydrophobic and hydrophilic substitu-
ents for subsequent use in host:guest chemistry [71]. Macrocyclic amphiphile
116 was assembled via the straightforward manner depicted in Scheme 26.
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X-ray structure analysis of the 116 - py, complex showed the interior of the
macrocycle, approximately 2.0 X 2.4 nm, to be occupied by the hydrophobic pro-
poxy groups. Thus, the four pyridines form hydrogen bonds with the phenolic-
OH groups on the exterior of the ring. This nonplanar macrocycle was asymme-
trically deformed, with a torsion angle about the diyne moieties of 6.7°. The
relative simplicity of the "H-NMR spectrum suggested that 116 was interconver-
ting rapidly in solution between several conformations. Unfortunately, solution
data could not indicate the nature of the interior, i.e. whether the hydroxyl
groups are in or out. Use of guest molecules of suitable-size (e.g. 117) resulted in
reversal of the binding topology in 116 [72]. Guest 117 fits exceedingly well in the
cavity of 116, so that the hydrogen bonding now occurs in the macrocyclic
interior (K., =160 M™1).

MezN NMe2
A 3
Z3 X
MesN NMe,
117

In the synthesis of 116, the weak step was once again the Cu-promoted cyclo-
oligomerization reaction, that furnished the desired dimer in 45% yield. Seek-
ing to circumvent this recurring problem, the Hoger group turned to use of
covalently bound templates, in order to direct the cyclization reaction [73].
Condensation of 118 with 1,3,5-benzenetricarboxylic acid gave “inside” templa-
ted triester 119 (Scheme 27). Cyclization followed by hydrolysis of the template
afforded cyclotrimer 120 in excellent yield (89%). This number is in stark con-
trast to the yield of 120 produced via the non-templated pathway (20-25%).
Moreover, the latter route produced 120 as part of an inseparable cyclooligo-
meric mess. Replacement of the 3-hydroxypropyl tether with a substantially
longer 11-hydroxyundecyl unit made little difference in the isolated yield (84 %)
of the macrocycle. This result suggested that the impressive yield of the cycliza-
tion reaction is due mainly to the low concentration of 119 (high dilution con-
ditions) but high local concentration of terminal acetylenes (intramolecular
reaction as a result of templation). Thus, as long as the geometry is preorganized
(offered by the template), proximal spatial constraint is not necessary for the
high-yield cyclization to occur.

Use of “outside” templates gave a slightly lower yield (86%) of macrocycle
[Eq. (4)]. Subsequent experiments showed that, in the “outside” case, tether
length played a role in product yield [73b]. Assuming that cyclization is a step-
wise process, use of too short a tether, while facilitating the first dimerization,
would geometrically restrict the second. This indeed proved to be the case: shor-
tening the tether of the acyclic precursor, in Eq. 4 by ten carbons, resulted in a
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decreased yield by over 15%. Nevertheless, Hoger’s studies demonstrate con-
clusively that use of templates in PAM/PDM synthesis is a powerful tool to
increase macrocycle yield.

Rubin recently disclosed the synthesis of ortho/meta-PDM 121 [74]. The
molecule is formed by dimerization of deprotected 122, which in turn can be
synthesized in a few steps and in sizable quantity [Eq. (5)]. The UCLA group was
interested in “zipping up” polyacetylenic systems like 121 to prepare fullerenes
(vide infra). Unfortunately, MALDI mass spectroscopic studies showed that 121
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121

and its ethylenic analog (benzene replaced by ethene) possessed little propen-
sity to lose hydrogen [75].

5
Phenyltriacetylenes

Extension of the Haley in situ deprotection/alkynylation process to substituted
phenyltriacetylenes led to the formation of the first triyne-connected annulenes
(e.g.123) [76]. The assembly of such macrocycles was not feasible via cycloolig-
omerization chemistry. Additionally, standard metal-mediated cross-coupling
reactions were out of the question: although the synthesis of phenylhexatriynes
has been reported previously, the molecules were so unstable that they were only
characterized by UV-Vis spectroscopy [77]. The requisite building block 124 was
prepared with some difficulty from 125 (Scheme 28), an intermediate in the
syntheses of 97 and 98 that is readily available in ten gram quantities from 1-bro-
mo-2-iodobenzene. Modified Cadiot-Chodkiewicz coupling [64,75] using mon-
odesilylated 125 and TMS-C=CC=C-Br gave 124 in moderate yield, which in
turn was converted into 123 by standard procedures. As with annulene 97, 123
proved to be readily soluble. Additionally, since this type of synthesis produced
only single macrocycles, extensive separation and purification procedures that
result in material loss were avoided.

Using similar methodology, macrocycle 126 was prepared, as well as the un-
usual monoene 127 [76]. Considerable debate in the literature over the last thirty
years has focused on whether dehydrobenzoannulenes are able to sustain
induced ring currents [5a]. Although fusion of arenes to the annulenic core pro-
vides rigidity and stability, this also weakens the diatropicity/paratropicity of
the macrocycle significantly. Until quite recently, the number of planar systems
available for study was limited; however, with the the addition of 123 and 126, the
series of alkyne-linked, tribenzo-fused dehydroannulenes is complete from
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Scheme 28. a) TMSA, PdCl,(PPh;),, Cul, Et;N; b) TIPSA, PdCL,(PPhs;),, Cul, Et;N, piperidine;
c) K,CO;, MeOH; d) i] BulLi ii] CuBr iii] TMSC=CC=CBr, py; e) o-diiodobenzene, aq KOH,
Pd(PPh,),, PACL(PPh,),, Cul, Et,N, THF; f) Bu,NE, EtOH; g) Cu(OAc),, CuCl, py

[12]- to [22]annulene. NMR spectroscopic studies showed that the arene pro-
tons of the 4n+ 2 Hiickel-type systems (1, 80, 123) possess distinct downfield
shifts compared to model compounds, whereas the 4n systems (4,97) exhibited
opposite but attenuated behavior [76]. The chemical shifts of arene protons in
126, on the other hand, were virtually unchanged compared to the acyclic
models, suggesting that this macrocycle is atropic. Although it is well known that
ring currents lessen with increasing macrocycle size and that paratropicity
diminishes faster than diatropicity [5a], it is somewhat surprising that the
20-membered macrocycle seems to lack a ring current.

6
Phenyltetraacetylenes

The success of generating phenylbutadiynes and phenylhexatriynes in situ
under Pd-coupling conditions suggested that preparation of even larger
macrocycles should be possible. Given the problems with constructing 124,
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other methods were investigated for the synthesis of tetrayne-linked systems.
One subtle modification that worked particularly well was addition of excess
K,CO; to standard Eglinton oxidative acetylene-coupling conditions. This work-
ed for a series of monoynes and diynes, accomplishing desilylation and alkyne
dimerization in a single pot with yields as high as 98% [78]. In the case of 90,
exposure to the same conditions afforded tetrayne 128 as a bright yellow solid
(Scheme 29). Subsequent removal of the TIPS groups and cyclization with
CuCl/Cu(OAc), under pseudo-high dilution conditions provided orange cyclo-
dimer 129 as the sole product (51%); neither higher cyclooligomers nor the
highly strained carbocycle arising from intramolecular ring closure were detec-
ted. Despite being non-planar, compound 129 proved to be only marginally
soluble in common solvents. Repetition of the synthetic sequence utilizing 95
(R=t-Bu) furnished derivative 130. Inclusion of four tert-butyl moieties notice-
ably improved product solubility and thus the isolated yield (64%). To date,
attempts to grow suitable crystals for X-ray structure studies have been unsuc-
cessful.
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90 R=H 128 R=H (61%) 129 R=H (51%)
95 R=tBu R=t-Bu (70%) 130 R=tBu (64%)

Scheme 29. a) Cu(OAc), -H,0, K,CO;, py, MeOH; b) Bu,NF, EtOH, THF; c) Cu(OAc),, CuCl, py

An alternate approach to tetrayne-linked systems focused on the use of orga-
nometallic fragments to stabilize a highly strained annulene, followed by libera-
tion of the hydrocarbon. Despite significant efforts on the part of several rese-
arch groups [1, 5c], systems containing contiguous, bent triynes and higher
polyynes have proven elusive; only strained monoyne and diyne derivatives
(e.g.3,7,63,80) are known. Although triyne- and tetrayne-linked systems have
been prepared (vide supra), calculations showed these to be relatively strain-
free. The most “highly strained” is compound 126. Even there, the largest devia-
tion of the triple bonds from linearity was calculated to be only 5.1°.
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With sp bond angles calculated to be around 162°, macrocycle 131 would be
highly strained and was therefore expected to be quite reactive [79]. The octa-
cobalt complex 132, on the other hand, should be readily isolable. Indeed, 132
was prepared easily from 133 in five steps, and was isolated as stable, deep
maroon crystals (Scheme 30). All spectroscopic data supported formation of the
strain-free dimeric structure. Unfortunately, all attempts to liberate 132 from the
cobalt units led only to insoluble materials. Diederich et al. observed similar
problems when trying to prepare the cyclocarbons [5c]. Whether the failure to
prepare these two classes of macrocycles is due to the extreme reactivity of
the distorted polyyne moiety or to the lack of a viable synthetic route is not
certain. Thus, isolation and characterization of smaller bent hexatriyne- and
octatetrayne-containing systems is an important goal that should help answer
these questions.
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Scheme 30. a) p-diiodobenzene, PACl,(PPh;),, Cul, Et;N; b) Co,(CO)s, Et,0; ¢) dppm, toluene;
d) Bu,NF, THF, EtOH; e) Cu(OAc), - H,0, py

7
Phenyloligoacetylenes

The penultimate example of macrocycles based on phenyl and acetylenic units
has been the very recent report by Tobe [80] and Rubin [81] of cyclophane 134.
Both groups generated 134 in the mass spectrometer by laser desorption of hexa-
protected polyynes 135 (robust) and 136 (unstable), respectively (Scheme 31).
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The precursors were prepared starting from either 137 or 138, themselves the
products of somewhat involved syntheses.

In Tobe’s TOF-MS experiments, negative mode data clearly showed genera-
tion of 134~ from 135; in addition, a small peak attributed to Cg, was observed.
In positive mode, C¥;, was the predominant peak, in addition to peaks corres-
ponding to C, loss down to C%,. Rubin’s more labile precursor 136 readily lost its
carbonyls to produce both 134° and Cg; as intense signals. Unfortunately,
attempts by both groups to generate 134, and thus Cg4, outside the mass spec-
trometer have so far been unsuccessful. Nevertheless, these results suggest
strongly that C4, can be prepared by organochemical transformations and vali-
date the idea that polyacetylenic systems like 134 can “zip up” to form fullerenes.

8
Conclusion

From the late 1950s through the mid-1970s, the field of annulene chemistry
enjoyed a golden age. Fundamental aspects of nature, such as the concept of
aromaticity, were probed through spectroscopic measurements on oligo(phen-
ylacetylenes) and related carbocycles. The pioneering research by the groups of
Eglinton, Nagakawa, Staab, and Sondheimer opened up a vast territory for future
exploration and growth. For almost fifteen years after the initial flurry of activi-
ty, this area of hydrocarbon chemistry attracted little interest and generated few
publications. During this lull, new synthetic methods evolved as ever more
demanding natural and non-natural structural arrays of acetylenic carbons
were sought.

Beginning in the early 1990s, a new generation of alkyne chemists began
crafting phenylacetylene structures designed with technologically significant
applications in mind. Examples of potential uses include incorporation of the
macrocycles in liquid crystal displays (LCD), supramolecular chemistry, self-
assembly of nanostructures, nonlinear optical (NLO) devices, and all carbon
molecules and networks. Facile carbon-carbon bond formation through transi-
tion metal catalysis, in conjunction with the widespread availability of silyl-pro-
tected acetylenes, have together greatly accelerated the rate at which complex
structures can be constructed. These developments now make it possible to tune
and tailor the physiochemical properties of macrocycles, a definite first step
toward the realization of technological applications.

It is difficult to say just exactly where this field is heading. Although signifi-
cant forward progress has been made over the last few years, much work
remains. Synthetic methods must continue to advance if these molecules are to
find interest and use beyond the lab bench. Similarly, characterization of mate-
rials resulting from macrocycle polymerization, while a challenging prospect,
should become a high priority. Solutions to these problems will require a mult-
idisciplinary approach by chemists and materials scientists alike, offering fresh
perspectives to old ideas. The future direction of phenyacetylene macrocycles,
while uncertain, is rich with possibilities. One thing is for certain - the current
spate of publications and discoveries can truly be said to mark a renaissance of
this exciting field.
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Note Added in Proof

Oda et al. recently reported the synthesis of the highly strained trimeric meta-
PAM 139 (Scheme 32) [82]. The required triene 140 was prepared from a,w-dial-
dehyde 141 by an intramolecular McMurry coupling reaction. Bromination/dehy-
drobromination of 140 furnished 139 as moderately stable, colorless crystals
which decomposed above 180°C. The greater degree of strain in 139 compared to
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‘ CHO ‘ cHO

141
. de y : \
Q_0 T Q_D
140 139

Scheme 32. a) m-BrC,H,CH,PPht Br-, t-BuOK, DMSO; b) i] BuLi, THF ii] DMF; c) TiCl,, Zn,
DME; d) Br,, CHCl;; e) t-BuOK, Et,0
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tetramer 57 was clearly reflected in the spectroscopic properties of the molecule:
1) the inner protons of 139 appeared at § = 8.38, 0.31 ppm lower field than 57
(6 = 8.07) and significantly shifted compared to 1,3-bis(phenylethynyl)benzene
(6 = 7.72); 2) the sp carbon atoms of 139 (6 = 99.86) resonated at 7.7 ppm lower
field than those of 57 (6 = 92.20); and 3) the Raman frequency of the triple bonds
in 139 (v = 2155 cm™) was appreciably shifted to that found for 57 (v = 2202 cm™).

Like 57, X-ray structure analysis of 139 showed that the macrocycle was
essentially planar with the benzene rings deformed from a regular hexagon by
ca. 3.3°. Torsion angles between the benzene rings and triple bonds were less
than 3.5°. The alkynes were the primary location of the strain in the macrocycle
and thus were highly distorted from linearity. The average sp bond angle of 139
(158.6°) was about 10° smaller than those of 57 and was comparable to those of
7 (155.8°). [13] Unlike 57,139 added two equivalents of cyclopentadiene at room
temperature to give a 1:1 syn:anti mixture of diadducts; neither mono- nor
triadducts were obtained.
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1
Introduction

The Nobel prize in Chemistry for the year 1996 was awarded for the discovery of
the fullerenes, the third allotropic form of carbon, with C4, and C,, as the two
most prominent representatives. While the fullerenes of course are the epitome
of carbon-rich molecular compounds, it is an irony that their synthesis is more
of a physical phase transition, taking place under drastic conditions [1].

Along with the discovery of the fullerenes, starting in the mid-1980s, the
chemistry of alkynes and their use as building blocks for novel molecular struc-
tures, such as hexaethynylbenzene 1 [2], tetraethynylethylene [3], and cyclic
dehydroannulenes [4],as well as pericyclynes [5] and oxocarbons [6], experienc-
ed an “explosive” revival, which was greatly stimulated by the (probably correct)
belief that a total synthesis of fullerene-like cages would proceed through alky-
ne intermediates [7]. Yet not only cage-type or bowl-shaped targets such as cor-
annulene and derivatives [8], but also graphite segments [9], alkyne-bridged
graphite (graphyne [10, 11]) and other more exotic carbon-rich tetrahedral and
porphyrine-carrying species [11 c] and cycles [12, 13] were considered attrac-
tive synthetic goals and have been made since then.
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While the topic of purely organic carbon-rich compounds has attracted quite
a number of different groups, the “organometallic arm” of the enterprise has,
with some exceptions [11 b, d], been much less developed until recently. This is
due to the anticipated synthetic difficulties and supposed lack of stability in
synthesis and manipulation of ethynylated organometallic compounds. Both of
these concerns can be obviated, if the target molecules, such as 2 and 3, are
chosen carefully.
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If one thinks of organometal-fragment-supported all-carbon networks in
comparison to their purely organic congeners, differences are immediately
evident. The first difference is that a wider variation of geometries may be acces-
sible, such as shown in networks 1 and 2: cyclobutadiene rings ligated by organo-
metallic 14-electron fragments are the central building blocks in networks with
either trigonal or tetragonal symmetry. Other geometries, unfavorable in organ-
ic networks, such as obtained by incorporation of cyclopropenylium moieties
4, should be accessible in their organometallic variants as well. A second ad-
vantageous difference of organometal-ligated carbon networks would be the in-

Network 1

Fullerenyne

Fig. 1. Different alkyne bridged networks and a fullerenyne
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creased solubility compared to their organic counterparts, originating from the
organometallic ligate or its spectator ligands bearing solubilizing alkyl chains
such as in 5-7. The number of solubilizing groups would be larger or equal to
the number of organometallic fragments, while in organic systems the attach-
ment of solubilizing groups is restricted to the “rim” of the molecule.

Recent calculations by Burdett [14] suggest that even one-dimensional ex-
tended segments out of the networks 1, such as depicted in 8 should be metal-
lic, granted that an unsaturated 12-electron fragment ligates the cyclobutadiene.
If one chooses a bulky enough bisphosphine ligand in 8, the resulting environ-
ment should render these unsaturated species stable. Such stable species would
be very attractive in the wake of molecular electronics [15], where the obser-
vance of single-molecule conductivity and true single molecule wires represent
“holy grails” in the field.

While it is at the moment not possible to synthesize extended 2D-segments
out of the organometallic all-carbon nets 1 and 2, the obvious way to attack that
problem is to construct different small modules at first and then assemble them
into larger structures. In our case these modules are multiply ethynylated n-
complexes, connected to yield oligomers of differing topology and size. An
advantage of alkynyl-bridged modules is that (a) the alkyne unit is rigid and
comparatively stable and (b) C-C bond forming reactions involving triple bonds
are high-yield processes of either the Hay, Eglinton or Vogtle type for homocou-
pling of two alkyne units [16-18], or the Heck-Cassar-Sonogashira-Hagihara
[19] and Stille [20] types for the formation of bonds between an alkyne and an
sp?-hybridized carbon center.

2
Syntheses of Diethynylated 7-Complexes

In order to connect ethynyl groups to the cyclobutadiene or cymantrene unit, we
had four catalyst systems from which to choose:

® The classic Stille systems, utilizing (PPh;),PdCl, in an aprotic solvent such as
DME, toluene or benzene to couple tin-substituted alkynes to aryl or alkenyl
bromides or iodides. The disadvantage of this catalyst system is the relatively
high temperature (80-120°C) needed to conduct the coupling [20a].

® The Farina variant of the Stille coupling, utilizing AsPh; or P(furfuryl); and
Pd,dba; and additional Cul. These systems are much more reactive (up to
1000 times) than the original Stille systems and proceed at ambient tempera-
tures with sufficient rates in DMF or THE The disadvantages of this coupling
system is that AsPh,; is relatively toxic and that it is often difficult to separate
catalyst residues from products [20b].

® The “ligandless” Beletskaya catalysts, PdCl,(CH;CN), used in DMF or acetone
with tin-substituted alkynes and sp?-hybridized iodides and bromides. This
system is very reactive and relatively cheap. The disadvantage is that it decompo-
ses quickly under development of catalytically inactive Pd-black particles [20c].

® The Heck-Cassar-Sonogashira-Hagihara system, which couples terminal
alkynes and vinylic or aromatic halides in an amine solvent, typically piperi-
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dine or triethylamine, with added Pd(PPhs;),Cl, and Cul. This catalytic system
is very powerful but not every organometallic substrate will endure the basic
reaction conditions. Aromatic iodides react much faster than bromides, and
aromatic chlorides are unreactive [19] as in all of the coupling systems de-
scribed here.

2.1
Cyclopentadienyl Complexes

An attempt by Manriquez et al. [21] to prepare alkynylated cyclopentadienes as
ligands was not met by success, due to the fact that these hydrocarbons were too
sensitive. Stille and Sterzo published two landmark papers [22] describing the
synthesis of ethynylated cyclopentadienyl complexes by a metallation-iodina-
tion coupling strategy, starting from cymantrene 9 or other half-sandwich com-
plexes. The ease of metallation allows the functionalization of the cymantrene
Cp ring without any problem, while coupling of 10 in the subsequent alkynyla-
tion step proceeds in high yields to furnish 11-13.

Yet interestingly enough, no di- or multi-alkynylated Cp-complexes had been
made by extension of this methodology. Metallation of 13 under strict tempera-
ture control (- 78°C) with added (tetramethyl)ethylenediamine (TMEDA), iodi-
nation by 1,2-diiodoethane and subsequent coupling with (trimethylsilyl)
(trimethylstannyl)ethyne utilizing the “Beletskaya” type catalyst PdACl,(CH;CN),
in DMF gave rise only to the formation of the ortho-diethynylated cymantrene
16 [20]. A metallation experiment conducted in ethyl ether at -40°C took a
different course, furnishing a mixture of the corresponding ortho- and meta-
dialkynylated cymantrenes 16 and 17 after workup with diiodoethane and sub-
sequent Beletskaya coupling. It was not possible to characterize the correspond-
ing intermediate iodoalkynyl-substituted cymantrenes 14 and 15, isolated as
viscous oils. A trace of a paramagnetic impurity, inseparable from 14 and 15 by
chromatography, rendered NMR spectroscopy as an analytical tool in this case
virtually useless.

Both dialkynylated cymantrenes 16 and 17 have the same symmetry and
similar NMR spectra, so that the ultimate structure elucidation had to rest upon
X-ray crystallography. It was reasoned that the dialkynylcymantrene with the
smaller J(H,H) coupling of the cyclopentadienyl protons should be 17, an inter-
pretation reinforced [23 a] by the result of the single-crystal structure.

Attempts to directly dimetallate the cymantrene nucleus, a reaction feasible
for CpReCI(CO)(NO) [23D], failed completely, despite the strong electron-with-
drawing effect of the Mn(CO); group. The use of an acetal of formylcymantrene
18, should give 2,5-dialkynylated cymantrenes after metallation, iodination,
coupling and manipulation of the acetal function, but attempts to metalate 18
(using a procedure described by a Russian group [23 c]) with sec-BuLi instead
of BulLi (as described in the preparation) initially gave rise to only minor
amounts of the corresponding dimetallated cymantrene 19 in addition to the
anticipated monometallation product. By adding 2.5 equivalents of sec-BulLi to
18, 19 was formed and trapped by 1,2-diiodoethane, chlorotrimethylsilane and
methyl disulfide, respectively. The presence of the two acetal oxygens in 18
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apparently has a strong enough activating effect to make 19 accessible by double
deprotonation.

Beletskaya-coupling of 20 gave rise to the isolation of 21 in good yields [23d]
which should be an attractive module for the synthesis of cymantrene-con-
taining oligomers and polymers.

> ®

0.0 0. 0
1,2-diiodo-
sec-Buli . ethane
Li Li
)
Mn(CO); Mn(CO)3
18 19
TMS
SnMe3 M
=T"8
PdClz(CH;,CN)z
Mn(c0)3 Mn(CO);
20 21
2.2

Cyclobutadiene Complexes

Until 1992, the only ethynylated cyclobutadiene complexes pertinent in the lite-
rature were 22 - 24, prepared by Fritch and Vollhardt using [2 + 2]-cycloaddition
of suitable polyynes over CpCo(CO), [24]. No alkynylated derivatives of 25,
however, had been prepared.

The analogous dimerization of alkynes over Fe(CO); is not applicable, so
clearly a different route towards alkynylated derivatives of 25 was needed. Com-
parison of 25 to cymantrene suggests that metallation of the hydrocarbon
ligand should be the route of choice for the synthesis of novel substituted cyclo-
butadienes. In the literature, addition of organolithium bases (MeLi, BuLi) to the
CO ligands with concomitant rearrangement had been observed [25]. But the
utilization of LiTMP (lithium tetramethylpiperidide, Hafner [26]) or sec-BuLi as
effectively non-nucleophilic bases led to clean deprotonation of the cyclobuta-
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diene ligand and to a lithio compound which could be reacted with diiodoethane
to furnish 26 in 69 %.

Reaction of 26 under typical Stille-coupling conditions developed by Farina
and Krishnan [20c] made the ethynylated cyclobutadiene complex 27 accessible
[27]. The reaction is broadly applicable and not restricted to tin-substituted
alkynes carrying trimethylsilyl groups. Even substituted stannylated butadiynes
and hexatriynes can be coupled to 26. Functionalization of the second position
of the cyclobutadiene ring is performed without any problem, similar to the
cymantrene system, giving rise to 1,2-functionalized cyclobutadienes when
rigorous temperature control is exerted, i.e. the sec-Buli is precooled. Addition
of sec-Buli to 27 without prior cooling promotes the formation of the corre-
sponding para-substituted product in addition to the statistically preferred
ortho-iodide. We assume that the observed ortho-selectivity in the deprotona-
tion step is caused by complexation of the lithium cation to the adjacent triple
bond, which would function as an internal ligand. Farina-type coupling to 43
and 44 respectively gives the dialkynylated cyclobutadienes 28 and 29 in good
to excellent yields [28].In this case the intermediate iodides 43 and 44 could be
isolated, fully characterized, and did not show paramagnetic impurities [28].

Attempts to use in the alkynylation reaction not tin-substituted alkynes, but
to couple 26 directly under the conditions developed by Heck, Cassar, Sono-
gashira, and Hagihara, surprisingly enough gave rise to the formation of the
corresponding amino-substituted cyclobutadiene complex 30 in good yields.

The palladium catalyst is essential in this reaction, as was shown in control
experiments to make sure that this was not a direct nucleophilic addition of the
amine to the electron-poor (regarding the low lying LUMO!) cyclobutadiene
ligand. A series of amino-substituted cyclobutadiene complexes have been
synthesized by this methodology [29].

|
easn—:—<0>—:-SnMeg I—%TMS @:‘ms SnMeg—%SnMea
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Fe(CO); Fe(CO)s Fe(CO)s
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Fe(CO)s Fe(CO)s Fe(CO); Fe(CO)s Fe(CO);
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2.3
Linear Oligomers and Homopolymers

The complex 23 was regarded to be a suitable module for the synthesis of linear
polymers 31 consisting of cyclobutadiene and butadiyne units. The TMS groups,
useful relics of the synthetic path to 23, should provide the necessary solubility
to the formed polymer chain. Our initial attempt for the synthesis of 31 involved
a Hay-coupling reaction conducted at ambient temperature. Surprisingly, only
traces of 32 and over 95 % starting material were obtained. A tentative explana-
tion for this rather unusual behavior is that the TMS groups shield the alkyne
functionalities by their steric bulk. When the same reaction was conducted in
boiling TMEDA for 18 h under admission of pure oxygen, the formation of 31
was observed by GPC and NMR spectroscopy. This result indicates that certain
organometallic monomers and polymers can be very stable and survive even
harsh oxidizing conditions [30].

The degree of polymerization in 31 is P, = 15 according to the analytical data.
The UV/vis spectrum of 31 in comparison to that of 23 is remarkable, revealing
a considerable increase in the e-value and a bathochromic shift of the transitions
recorded in 23. In order to understand the optical properties of this system, it
seemed desirable to synthesize defined oligomers: lowering of the temperature
to 78°C and shortening the reaction time from 18 h to 4 h in the Hay-coupling
of 23 led to the formation of a product mixture comprised of oligomers instead
of polymer 31 as evidenced by GPC [31]. Separation of 32-34 was achieved by
column chromatography, while the higher oligomers 35 -39 had to be isolated by
preparative HPLC. The comparison of the UV/vis spectra of the oligomers
shows that the spectra of 37 and 39 are very similar to each other and almost
superimposable on the spectrum of the polymer 31. From these data it can be
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Fig. 2. UV/vis spectra of 32-39

concluded that electronic saturation of the oligomeric sequence is reached with
the hexamer 36 or the heptamer 37, a situation not uncommon for ethynyl-
spaced, conjugated polymers [31 c].

It is conspicuous that the feature located at 300 nm in 32 shifts to 360 nm in
37, indicating that it is probably attributable to a transition involving the large
hydrocarbon ligand. The band at 450 nm, first observed in 32, does not change
position in the whole series, indicating that it may be a localized charge-transfer
transition. This implies that the variable band at 300-360 nm in the sequence of
oligomers 32-39 is analogous to A, in organic systems.

In an attempt to further exploit the Hay coupling, the corresponding elon-
gated systems were synthesized by a double chlorovinylation of 23 to give 40,
which was subjected to dehydrohalogenation. Trapping of the formed bisanion
with chlorotrimethylsilane furnished 41 as a stable and isolable compound. In
order to prepare 42, the TMS groups residing at the butadiyne termini of 41 were

™S
/¢l Il
Il I
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cleaved off by potassium carbonate in ethanol. The free bisdiyne was only stable
in dilute solution and was used as such in the subsequent Hay coupling. The
polymer 42 could be obtained in 89% yield. The analytical data of 42 (GPC,
NMR) showed a low degree of polymerization (P, = 7-8), due to insufficient
solubility as a consequence of the lower concentration of solubilizing tri-
methylsilyl groups in 42 as compared to 31 [32].

i. KOH/MeOH

“n

ii. CuCl//TMEDA
O,/acetone

Derivatives of 25 were investigated to prepare cyclobutadiene oligomers
stabilized by tricarbonyliron fragments and spaced by ethynyl groups. Starting
from either 26, 43,44 in combination with 45, and using the bisstannylated (di-
ethynylcyclobutadiene)tricarbonylirons 28b and 29 ¢, 46 - 50 were accessible via
Farina-coupling in good yields. The corresponding heterodimers 51 and trimers
52, combining CpCo-stabilized cyclobutadiene complexes with 26, are available
as well. Note, that the direction of the coupling reaction to give either predomi-
nantly dimer 51, or exclusively trimer 52, depends upon the substituent on the
cyclobutadiene ring of 23b, c. The bulky TMS group in 23 b slows the coupling
reaction so that the dimer 51 is the main product, while for R = H (23 ¢) the reac-
tion led under the same conditions only to the formation of the trimer 52. When
preparing kinked oligomers such as 53-55 from 29 c and 44 by Farina-coupling
the occurrence of stereoisomers was expected. While it was impossible to
separate these diastereomers, the *C NMR spectra show that some of the
resonances are split, indicating the existence of two diastereomers for 53 and
three diastereomers in the case of 54.

In order to access segments of the fullerenyne framework, 16 b was subjected
to the conditions of the Hay coupling. Instead of the expected cycles, only a
brownish film-forming material was isolated; which examination by GPC and
13C NMR revealed as linear polymer. Surprisingly, the hydrocarbon ligand of 56
shows only one set of five (broadened) signals, indicating that the separation of
the organometallic stereocenters by a butadiyne group is sufficient to render the
diastereomers unresolvable by *C NMR spectroscopy. A similar observation
was made for 55, where the isomers were likewise indistinguishable.
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What is the reason for the absence of cycles in the oligomerization of 16b?
The formation of cyclic vs. linear oligomers may be guided by steric factors, and
the issue will be discussed in Sect. 4.2.If an end capping reagent 11 is provided
as an additive in the oligomerization reaction of 16b, the isolation of 57a-f is
feasible by column chromatography and HPLC. Oligomers 57 represent the first
linear organometallic segments out of the fullerenyne scaffold depicted earlier.
Again, starting from 57 ¢, the occurrence of diastereomers is expected, but as in
the other cases described, we have never been able to resolve them by *C NMR
spectroscopy nor to separate them by HPLC.

3
Star-Shaped Perethynylated 77-Complexes

3.1
Stepwise Construction of Tetraethynylated Cyclobutadienes

Having been successful in the application of the metallation/iodination/cou-
pling (MIC-)sequence to 13, 18 and 27, furnishing the respective diethynylated
m-complexes 29 and 16, it was likely that repetition of the sequence could lead to
the construction of more highly ethynylated cyclobutadienes as well. Indeed,
application of the MIC-sequence to 29 gave rise to the triethynylated cyclobuta-
diene complex 59 via the iodide 58. Repetition of this sequence via 60 with 45 as
partner in a Farina-type coupling led to the isolation of the desired organome-
tallic dumbbells 61 [33].

R R
MesSn—="R sec-BuLl
=R ——» < =—R
AN : 1 2-d||odoethane
| Fe(CO)s Pd-catalysis I I Fe(CO), Fe(CO)3
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Megsn‘(%' SnMe3
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n=1, 77%, mp 117 °C
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3.2
The One-Pot Procedure to Perethynylated 7--Complexes

The synthetic path to 61 gives a good deal of control over the regiochemistry and
is useful for the stepwise construction of oligomeric cyclobutadiene complexes,
but is paid for by its multi-step character, reducing the yields of the ultimate
product and increasing the synthetic effort by the necessary purification steps.
The question arose whether the peralkynylation of cyclobutadiene complexes
could not be achieved in one step, in the spirit of Vollhardt’s hexaethynylation of
benzene [2]. And indeed, reaction of 62 with stannylated alkynes [34] under
standard Farina-coupling conditions, gave rise to the formation of the cor-
responding cyclobutadienes 63 in a higher than 80 % isolated yield [35].

MezSn—==—R
| | —_—
\ Pd-catalysis
| Fe(CO)3
62

63aR=SiMe; 83%
b Ph 84%
¢ Me 81%
d Octyl 40%
e (H) (79%)

Fe(CO)s
65 ML, =Mn(CO);
64 66 ML, = FeCp 67

But not only organic stannylacetylenes coupled to 62; organometallic stanna-
nes also gave rise to the formation of pentametallic complexes 64-67 in fair to
good yields, and the cross-shaped complex 64 already is a sizable segment out of
the proposed organometallic all-carbon network. It was possible to obtain X-ray
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analyses for 64 and 65, both of which show unexpected, yet interesting, crystal
packing behavior, insofar as the faces of the cymantrene or the cyclobutadiene-
tricarbonyliron units are involved in parallel 7-stacking. Thus some solid state
face-to-face “dimer” or “polymer” formation in 64 and 66, respectively, do occur
[36]. The sandwich-type dimeric character of 64 is shown in Fig. 3.

Not only simple tin-substituted alkynes, but stannylated 1,3-diynes and 1,3,5-
triynes react equally well with 62 under palladium catalysis to yield to corre-
sponding expanded stars 68 and 69, carrying elongated alkyne arms. In the case
of the hexatriyne coupling, the yield of the coupling product drops to 16 %,
probably due to the fact that 69, exhibiting a large and unprotected m-electron
face, is not “inert” towards the reactive Pd catalyst and undergoes uncontrolled
crosslinking. This leads to large amounts of intractable material, stuck on top of
the chromatography column, when isolating 69.

Given the close chemical similarity between 9 and 25, the question arose
whether peralkynylation of cymantrene would be feasible according to the same
methodology. At the outset of the whole project, the corresponding starting
material 70 had not been described in the literature. The likeness between 9
and 25 allowed the formation of pentaiodocymantrene 70 by Pettit’s [34] and
Winter’s [37] method, utilizing permercuration and subsequent oxidation with
potassium triiodide in yields of up to 40% [38]. Reaction with stannylated
alkynes under the coupling conditions developed by Beletskaya accessed the
five-armed stars 71 and 72.

Fig. 3. Ball- and stick-representation of the sandwich structure of 64
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Whereas in the case of 72 the coupling yield is 38 % (82% per coupling step),
in the case of the butadiynes the yield of 71 drops to 11% (64% per step). The
generally lower yield of the cymantrenes in these couplings has to do with the
enhanced steric crowding in 70 as compared to 62, a fivefold instead of a four-
fold coupling, and the presence of a larger m-face, which is more prone to react
with the active Pd-species in an unwanted fashion.
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Nevertheless, coupling of more elaborate alkynes to 70 will give rise to the

synthesis of novel exciting segments of organometallic fullerenynes [39].

With the successful chemistry of the cymantrenes and the (cyclobuta-

diene)tricarbonyl iron, the quest for tetraethynylated cyclobutadienes based on
CpCo-stabilized complexes arose. Why would they be interesting? Whereas all
derivatives of 63 and 68 exhibit reasonable stability when their alkynyl
substituents are protected by either an alkyl or a trimethylsilyl group, the
desilylated parents are isolated only with difficulty and are much more sensitive.
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The CpCo complexes, on the other hand, should be more stable due to the pre-
sence of the robust and bulky Cp-shield. Unfortunately, however (tetraiodo-
cyclobutadiene)CpCo is not available, and there is no obvious synthetic path to
make it. But maybe another way to produce CpCo-stabilized tetraethynylated
cyclobutadiene complexe exists: It is known, that 22a undergoes a rearrange-
ment to 22d when subjected to the conditions of flash vacuum pyrolysis at
elevated temperatures [24]. The driving force behind this rearrangement is two-
fold: first, the steric strain between the two adjacent TMS groups is removed
in 22d and second, the TMS groups in 22d are not bound to an sp*hybridized
center but to an sp-hybridized one, which is a more favorable situation from
a thermodynamic point of view.

While this rearrangement (22a — 22d) is fascinating from a mechanistic
point (it is not completely clear if it is a Bergman rearrangement [40] or an
electrocyclic process), it seems, prima facie at least, not particularly valuable for
synthetic purposes. It may be possible to extend this rearrangement by adding a
suitable substituent to the alkyne groups. It was interesting to see if this sub-
stituent would behave analogously to the TMS group upon flash vacuum
pyrolysis. To this end, the bisbutadiynylated cyclobutadiene complex 73 was
prepared by a copper-catalyzed Cadiot-Chodkiewicz-coupling [16b], involving
brominated TIPS-acetylene and 22a.

At 535°C FVP proceeded as advertised to furnish 74 in 83 % yield as the sole
product. Despite the presence of the two butadiyne groups, 73 is stable enough
to be distilled at 10~* Torr by using a simple heat gun [41]. The product, 74 (rock
stable itself) can be converted into the semi- 75 or completely deprotected
(tetraethynylcyclobutadiene)cyclopentadienylcobalt 76 with potassium carbo-
nate or tetrabutylammonium fluoride, respectively. With this surprising rear-
rangement, the regioselective synthesis of tetraethynylated CpCo-stabilized
cyclobutadienes was achieved. The substituent pattern in the product is such,
that two ortho-alkyne groups carry TMS and the other two TIPS groups. The
semi-deprotected species 75 should then provide access to novel peralkynylated
oligomers and cycles.

33
Stability Considerations

All of the ethynylated cyclobutadienes are completely stable and can be easily
manipulated under ambient conditions, as long as the alkyne arms carry sub-
stituents other than H. For the deprotected alkynylated cyclobutadiene com-
plexes, obtainable by treatment of the silylated precursors with potassium
carbonate in methanol or tetrabutylammonium fluoride in THE, the stability is
strongly dependent upon the number of alkyne substitutents on the cyclobuta-
diene core and the nature of the stabilizing fragment. In the tricarbonyliron
series, 27b, 27¢, 29 b, and 28b are isolable at ambient temperature and can
be purified by sublimation or distillation under reduced pressure. The corre-
sponding tetraethynylated complex 63 e, however, is not stable under ambient
conditions as a pure substance but can be stored as a dilute solution in dichloro-
methane. It can be isolated at 0°C and kept for short periods of time with only



152 U.H.E. Bunz

slow decomposition though. In comparison, Diederich’s tetraethynylethylene
[3] shows similar behavior. The tetrabutadiynylated cyclobutadiene 68 b, the
least stable in the series, is formed by in situ deprotection in deuterated metha-
nol and has to be characterized in this medium immediately: adding potassium
carbonate to the yellow solution of 68a (R = TMS) instantaneously turns the
reaction mixture dark.

Y
SE N
| R \

Fe(CO), Fe(CO)s CoCp Fe(CO); Fe(CO)s

N

27b 27c 22b 29 28b

Stable, isolable at ambient temperature, can be purified by sublimation under reduced pressure.
The CpCo-ligated cyclobutadienes are more stable than the tricarbonyliron ones.

\ 7 \ 7
71N  Z|N
CoCp Fe(CO)s Vi Fe(CON\
76 63e 68b
Stable under ambient Stable at 0 °C for short Decomposes in Solution
conditions for ca 24 h periods of time (0.5 h) under darkening

The CpCo-stabilized ethynylated cyclobutadienes are considerably more
robust, and the parent 76 can be isolated as a yellow crystalline material, stable
at ambient temperature for several hours. At 0°C 76 decomposes in the course of
several days, which is indicated by darkening of the formerly brillant-yellow
needles. The stability of 76 made in X-ray analysis feasible and the bond
angles/distances obtained are in good agreement with reported values for
ethynylated cyclobutadiene complexes already described [35, 36].

With the enhanced stability as compared to that of 63 e,76 should be an ideal
starting material for the construction of larger organometallic molecular ob-
jects of dendrimeric, cyclic or polymeric nature.
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4
Novel Organometallic Dehydroannulenes [42]

4.1
Syntheses

While the synthesis of cross-shaped and oligomeric derivatives of 9, 23, and 25
is straightforward, utilizing standard synthetic techniques, it would be of con-
siderable interest to prepare cyclic structures with similar ease. All of these
would be members of the hitherto unknown family of organometallic fused
dehydroannulenes, juxtaposing a complexed cyclobutadiene or cyclopenta-
dienyl ring with the central dehydroannulene core (A). Besides their esthetic
beauty and the fact that they would represent segments of the organometallic
tetragonal net or the fullerenyne family (Fig. 1), these organometallic dehydro-
annulenes would be of considerable interest for the study of electron transfer
phenomena in organometallic systems.

Such organometallic dehydroannulenes A are expected to be formed as mix-
tures of diastereomers differing only with regard to the relative position of the
organometallic fragments (above or below the plane of the large hydrocarbon
ligand) with respect to each other. In respective diastereomers, only the spatial

™S Z Z 4 4 4

NN N TS TN
CoCp CoCp Fe(CO); FeCp Mn(CO)s
22a 22b 29b 77 16b

cycles no cycles no cycles cycles no cycles
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distribution, and as a consequence the distance of the organometallic fragments
from each other, varies, whereas the electronic situation (as shown later by
UV/vis spectroscopy) will be undisturbed. If partially oxidize, through-space vs.
through-bond effects in intramolecular electron transfer phenomena can be
studied in these systems.

The first synthetic approaches to organometallic dehydroannulenes were not
particularly successful, because neither the submission of 22b nor of 29b led to
the formation of the desired cyclooligomers. In the first case only an insoluble,
probably polymeric, yellow material was isolated, whereas in the case of 29b
decomposition under rapid darkening was observed. Surprised by this behavior,
it was decided to subject the much less reactive, sterically more encumbered,
bistrimethylsilyl-substituted 22a to the conditions of the Hay coupling.

Surprisingly, workup and subsequent chromatography gave rise to the isola-
tion of trans- and cis- 78 in 10.1 and 4.4 % yield, respectively. While separation
of trans- and cis- 78 was achieved by column chromatography; for the next
higher homologe, 79, preparative HPLC had to be employed. Two of the four iso-
mers of 79 were not completely separable, but they could be enriched, allowing
a conclusive assignment of their structures. Further elution made the pentamer
80 accessible in small amounts as a mixture of diastereomers. Due to the low
yield, however, preparative diastereomer separation was not attempted. As in the
case of 79, the occurrence of four diastereomers in a ratio of 1:5:5:5 would be
expected; three of these were evidenced by analytical HPLC, but the peak of the
minor isomer could not be detected and was presumably hidden under the
signal of one of the main diastereomers.

In our endeavors to make all-oxygen-substituted pericyclynes [43], we
discovered that Vogtle coupling [18], utilizing copper(II) acetate under neutral
conditions in acetonitrile, was excellent for the formation of rings as opposed to
linear oligomers and polymers. Coupling of 22a under Vogtle-conditions led to
considerably improved yields of cycles when compared to the Hay reaction
(Fig. 4). Interestingly enough, ring size and diastereomer distribution in the
product mixture were independent of the coupling method used, indicating that
the formation/distribution of 78 -80 must be determined mainly by statistics.

In favor of this hypothesis is the fact that in both coupling variants the ob-
served diastereomer distribution is roughly in accord with a simple statistical
model, excluding any direct interaction between the relatively bulky (by the
trimethylsilyl groups and the Cp rings) monomer units.

Hay coupling of 16b gave a linear polymer 56 (vide supra) while the sterical-
ly more encumbered 1,2-diethynylferrocene 77 forms the desired closed
fragments of the fullerenynes. To synthesize 77, 81 was used as a starting mate-
rial and reacted with Ph;P=CHCI, furnishing 82 in 71 % yield as a mixture of
stereoisomers [44]. Dehydrohalogenation afforded 77 which, when subjected to
the conditions of the classic Eglinton coupling, gave access to 83 and 84, but only
in modest yields. Surprisingly, it was not possible to detect the formation of any
polymers, which would have been identified, but copious amounts of black and
insoluble material appeared, probably oxidation products of the ferrocene
nucleus. Again, the observed ratio of the diastereomers 83/84 (3.5:1) suggested
that the distribution obeys statistics and that there is no special steric interac-
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R // Cu(OAc),

boiling
R \\ acetonitrile
CoCp
R=TMS

22a

Statistic Ratio 2 1 1 2 4

Yield (Hay- 10.1% 4.4% 4.0% combined 17.8% 4.7%
conditions)

Yield (Voegtle- 16.6% 7.9% 6.6% combined 28.6% 7.5%
conditions) pentamers 13%*

*diastereomer separation not attempted

Fig. 4. Yields and isomer distribution 78 and 79
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tion between the monomer units. The UV/vis spectra of 83 and 84 are almost
superimposable, similar to those of the corresponding cyclobutadieno-fused
dehydroannulenes. Thus the relative orientation of the organometallic frag-
ments with respect to each other does not play a crucial role in the deter-
mination of the electronic transitions.

The situation is the contrary for the electrochemical behavior of the two
cycles. These show distinct cyclic voltammograms due to the altered spatial dis-
tribution of the three electroactive CpFe groups. The differences in the electro-
chemistry of 83 and 84 are not dramatic but significant and their interpretation
is not straightforward. A cycle with smaller bridging units such as 85, forcing the

cl Y,
=0  PPhsP=CHCI = KOBu/DMSO 4
—_— _—
=0 1% = 41%
I o | cl b AN
FeCp FeCp FeCp
81 82 77

CuCly/CuCl
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83 (cis) 84 (trans)
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Fig. 5. UV/cis spectra of 83 and 84
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Fig. 6. Cyclic voltammograms of 83 and 84

CpFe FeCp

electroactive groups into close proximity, should enhance the effect and lead to
an larger split, making, the interpretation of the cyclic voltammograms more
straightforward.

4.2
Coupling Propensities of Diethynylated 77-Complexes

What determines the propensity of cyclization of the different diethynylated
complexes? Looking carefully at the monomers, there are three variables which
could influence the formation of cycles as opposed to linear polymers. One is the
angle a between the two alkyne arms. The second is the parameter ¢, which in-
dicates how far the two alkyne groups are apart at their origin, while the third is
the parameter %, the bulk of the monomer.

Whereas o and ¢ are easily determined, 9 is more of a qualitative parameter,
and ¢is constant for all monomers examined. From accumulated experience, the
formation of cycles becomes more predominant either with increasing bulk of
the organometallic monomer under consideration or with decreasing angle «,
or a combination of both. This seems to be true for 22a,b and 29b. Only 22 a, the
most bulky monomer in this series, but not 22 b or 29b, give cycles. It could be
argued that cycles formed from 22b or 29b are too unstable to be isolated. This
cannot be true in the case of the cycles derived from 22b, which were generated
independently by desilylation of 78. The resulting cycle 86 is stable in air up to



158 U.H.E. Bunz

180°C and does not show any sign of decomposition. So the increased steric
bulk of 22 a does indeed enhance its propensity for cyclization. In the case of the
ferrocene cycles 83/84, the steric bulk of 77 is comparable to that of 22b, except
that in 77 o is 72° compared to 90° in 22b. This difference seems to be sufficient
for promoting the formation of cycles. Accordingly, 16b is not sterically encum-
bered enough to force the formation of cycles.

This general picture is similar to that observed in the ring-closing propensity
of open chain alkanes, where a gem-dimethyl group greatly improves the
yield of cycles as opposed to polymers (see 87, 88). This is known as the
Thorpe-Ingold effect and has been examined in depth [45]. The steric bulk of
the substituents diminishes the conformational space available for the open pre-

linear
—P  oligomers — >Q

88

<

87

cursor, in such a way that conformations which lead to cycles are greatly pre-
ferred. Distortion of bond angles (which is the older interpretation of this effect)
does not seem to play any role at all. A similar situation arises for the open
oligomers of diethynylated m-complexes, which can either orient themselves to
form precursors to cycles B or open polymers C (see p 153). Despite the fact that
the single monomeric units are very rigid, an open oligomer such as B or C still
would be very flexible. This is similar to a polymethylene chain: although every
methylene group itself is very rigid, the chain is conformationally unrestricted
and floppy.



Carbon-Rich Molecular Objects from Multiply Ethynylated 77-Complexes 159

The increase in steric demand in the open oligomeric precursors of the di-
ethynylated m-complexes facilitates the formation of B, thus explaining
the observed behavior.

5
Conclusions

With the body of work outlined here, it has been shown that multiply ethynyl-
ated m-complexes can be accessed quite readily by utilizing Stille- and Hay-type
couplings, conventional functional group transformations or - in a more exotic
fashion - flash vacuum pyrolysis. Most of the tricarbonyl iron- and manganese-
ligated species described here are moderately sensitive and can be handled
under ambient conditions for several hours, whereas the CpCo stabilized
systems are brutally robust, so that “fire and sword” chemistry may be used for
their preparation and transformation. This robustness makes these compounds
valuable as building blocks in material science and for the construction of novel
mesoscopic organometallic structures and objects. Future developments, utiliz-
ing the potential of 22, 23, and 74-76 will lead to the synthesis of larger and
more elaborate segments from the organometallic networks shown in Fig. 1.
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An important challenge in the design of novel conjugated polymers is the synthesis of mate-
rials with tailor-made solid-state electronic properties. This section outlines the synthesis of
the most significant classes of poly(para-phenylenevinylene)s (PPVs), poly(para-phenylene)s
(PPPs), and related structures. Furthermore, this review demonstrates that the chromophoric
and electronic properties of conjugated 7-systems are sensitive to their molecular and supra-
molecular architecture.
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Insoluble poly(para-phenylene) has already been prepared by several synthetic proce-
dures. The introduction of solubilizing substituents leads to soluble polymers. Unfortunately,
the resulting mutual distortion of adjacent subunits minimizes the electronic interaction of
the m-systems. It is possible to overcome this shortcoming by introducing solubilizing groups
that cause minimal mutual distortion of the building blocks. A strategy for accomplishing this
is the simultaneous bridging and solubilization of the PPP-backbone. PPP-type ladder poly-
mers (LPPP) exhibit a highly efficient photo- and electroluminescence, and can be used in
organic-materials-based light-emitting diodes (LEDs) and also as emitters in organic solid-
state lasers. Hyperbranched polyphenylenes and polyphenylene dendrimers represent a novel
class of soluble phenylene derivatives. The highly branched structures of these materials
guarantee their complete solubility.

Poly(para-phenylenevinylene)s (PPVs) represent one of the most intensively investigated
classes of m-conjugated materials. Many synthetic procedures to generate unsubstituted and
substituted PPVs have been developed. They include 1,6-polymerizations of 1,4-xylylene
intermediates as well as several polycondensation methods. Parallel to the polymer syntheses,
several series of PPV oligomers (OPVs) have been synthesized and characterized. Such model
oligomers of different molecular size allow for a study of the dependence of electronic and
optical properties on the length of the conjugated m-system.
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cence, Electroluminescence, Light emitting diodes.
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1

Introduction

Conjugated oligomers and polymers can now claim a considerable and uninter-
rupted degree of attraction over a period of several decades [1]. In the initial
years, research concentrated on the synthesis of the first representatives of the
new substance-class of conjugated materials (polyacetylene, poly(para-phenyl-
ene), poly(para-phenylenevinylene), polythiophene, polypyrrole, polyaniline).
The resulting oligomers and polymers were characterized in most cases by their
insolubility and infusibility, properties that were a considerable hindrance to
their structural characterization and processing. The majority of such com-
pounds possessed no fully defined structure, and their physical properties were
influenced by structural defects. Moreover, it was often difficult to distinguish
between neutral molecules and “doped” species, produced as a consequence of
oxidation or reduction.

The last few years have now brought about a new qualitative development, as
a consequence of considerable advances in the available synthetic methods. In
the 1970s and 1980s purely synthetic aspects were in the forefront, whereas in
the following years the effective physical function of conjugated polymers has
progressively become the main topic of research. However, in order to be able to
draw a significant, definite correlation between the unique m-conjugated struc-
ture and a specific physical property (e.g., electrical or photoconductivity,
electroluminescence, photovoltaic effect), crucial new demands must be made of
the materials being investigated. These include the following:

(1) First, the polymers should be as free of defects as possible, in order to ex-
clude the possibility that their physical function is influenced by structural
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defects. Reproducibility in the synthesis of the polymers with regard to their
properties is included by definition.

(2) Second, the materials used must be processable, so that they can be worked
into the desired form (e.g., thin films or layers, fibers). Processability can be
achieved, for example, by rendering the polymers soluble. An established
strategy involves the introduction of solubilizing groups (alkyl-, alkoxy- or
aryl substituents) [2]. Another important procedure is processing of the
soluble precursors of essentially insoluble polymers (precursor route) [3,4].
The precursors are brought into the necessary form for processing and then
converted in the solid state (most often thermally) to the corresponding
conjugated polymers. Other strategies involve the use of solubilizing coun-
terions for doped species (polyaniline) [5] or processing via the interme-
diate formation of soluble charge-transfer complexes [6].

The requirements outlined above represent a considerable challenge for poly-
mer synthesis. This article describes an appealing development, based on two
central substance-classes of conjugated polymers, poly(para-phenylene)s and
poly(para-phenylenevinylene)s.

2
Oligo- and Polyarylenes

2.1
Oligo- and Poly(para-phenylene)s

Oxidative Condensation of Aromatic Hydrocarbons

Poly(para-phenylene)s PPPs and other polyarylenes represent structure-classes
of conjugated polyhydrocarbons which are currently under intensive investiga-
tion [7]. This, in turn, is the result of important advances that have been made in
the chemistry of aromatic compounds in recent years.

@_ 1 PPP
n

The parent, unsubstituted poly(para-phenylene) (PPP 1), is an insoluble and
intractable material, available by a variety of synthetic methods [8, 9]. The lack
of solubility and fusibility prevent both the unequivocal characterization and
the processing of PPP 1. Moreover, the intractability of unsubstituted PPP mate-
rials has thwarted any serious commercial development of the polymer.

The first attempts to generate poly(para-phenylene) (1) were undertaken in
the 1960s. Kovacic et al. [8] reported that the oxidative treatment of benzene
with copper(II) chloride in the presence of strong Lewis acids (aluminium trich-
loride) led to a condensation of the aromatic rings. During the reaction, radical
cations are formed as reactive intermediates, which subsequently attack neutral
benzene molecules. The reaction proceeds to an equilibrium, in which the
oligophenyl cations are no longer able to attack uncharged benzene rings. The
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maximum degree of condensation is ca. 10-12. The benzene subunits are pre-
ferentially connected in the 1,4-position; however, cross-linking and oxidative
condensation to more highly condensed, aromatic hydrocarbon building blocks
occur as side reactions. Adapting the initial procedures of Kovacic et al., several
other substituted benzene derivatives and other aromatic hydrocarbon mono-
mers were coupled to oligo- and polyarylenes.

Katsuya et al. [10] reported the oxidative coupling (copper(II) chloride, alum-
inum chloride) of 2,5-dimethoxybenzene to poly(2,5-dimethoxy-1,4-phenyl-
ene) (2). The polymer obtained is only soluble in concentrated sulfuric acid, and
is fusible at 320°C. Ueda et al. [11] described the coupling of the same monomer
with iron(III) chloride/aluminum chloride. However, the polymers obtained
were not fully para-linked.

OCH;3
CuClJ/AlCI3
— 2
or FeCly n
H;CO H3CO

Yoshino et al. [12] prepared 9,9-disubstituted poly(fluorene)s (3), in which
the solubilizing substituents are introduced in the form of a di-n-hexylmethyl-
ene bridge, that spans the neighboring rings in pairs and enforces a planar
arrangement. The soluble and fusible poly(9,9-di-n-hexylfluorene-2,7-diyl)s
(3) are obtained by oxidative coupling of 9,9-di-n-hexylfluorene with iron(III)
chloride and are characterized by a value of M,, up to a maximum of 5,000. The
absorption maximum, A, of 3 is centered at about 388 nm. As a result of the
partial flattening of the PPP backbone to a “stepladder” polymer, the long-wave-
length absorption maximum is shifted bathochromically by about 50 nm rela-
tive to that of the parent PPP structure, 1.

An unsatisfactory aspect of this synthesis is the quite low degree of poly-
merization: a maximum of 20 aromatic rings. Moreover, in addition to the pre-
dominant 2,7-coupling of the building blocks, other types of coupling can occur
leading to structural defects.

Transition Metal-Mediated Coupling Reactions

Numerous entries to the preparation of structurally well-defined PPPs have
evolved based on a variety of synthetic principles. The availability of newer,
more effective methods for aryl-aryl coupling has been an important driving
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force for the development of new synthetic strategies for poly(para-phenylene)s
and other polyarylenes. In particular, Pd(0)-catalyzed aryl-aryl coupling devel-
oped by Suzuki [13] (arylboronic acid plus aryl halide or tosylate) and nickel(0)-
catalyzed or -mediated coupling according to Yamamoto [14] (aryl halide or
tosylate plus aryl halide or tosylate) have been employed most successfully.

Kaeriyama et al. [15] reported the Ni(0)-catalyzed coupling of 1,4-dibromo-
2-methoxycarbonylbenzene to poly(2-methoxycarbonyl-1,4-phenylene) (4) as a
processable PPP precursor. The aromatic polyester PPP precursor, 4, is then
saponified to carboxylated PPP (5) and thermally decarboxylated to 1 with CuO
catalysts. However, the reaction conditions of the final step are quite drastic and
cannot be carried out satisfactorily in the solid state (film).

The strategy of Kaeriyama represents a so-called precursor route, and was
developed in order to overcome the shortcomings (insolubility, lack of process-
ability) of previous PPP syntheses. Accordingly, the condensation is performed
with solubilized monomers, and a soluble polymeric intermediate is formed.
This intermediate is then converted to PPP (or another polyarylene) in a final
reaction step, preferentially carried out in the solid state, allowing the formation
of homogeneous PPP films or layers.

COOCH; COOCH; COOH
Br. Br _N_I(g), 2‘1;
n n
4 5

CuO

—— PPP

n
1

A second, very fruitful synthetic principle for structurally homogeneous,
processable PPP derivatives involves the preparation of soluble PPPs by the
introduction of solubilizing side groups. The pioneering work here was carried
out at the end of the 80s by Schliiter, Wegner et al. [16, 17] who prepared soluble
poly(2,5-dialkyl-1,4-phenylene)s (6) for the first time.

R = alkyl, alkoxy

Schliiter et al. [16] were the first to describe coupling of aromatic compounds
containing aryl-magnesium halide and aryl halide functions, catalyzed by Ni(0)
compounds. Here, the authors adapted the principle of attaching solublizing
side chains (in the 2- and 5- positions) and arrived at soluble and processable
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products. They obtained (soluble) oligo(para-phenylene)s with maximum
degrees of polymerization of 8 -10. The products are characterized by an exclu-
sive 1,4-linking of the benzene rings in the main chain. However, the average
molecular weights were quite low.

Several authors further developed the method of Ni(0)-mediated couplings to
generate several PPP derivatives [14, 18, 19]. They described homocouplings of
various 1,4-dihalobenzene (and other dihaloarene) derivatives by means of
nickel(IT) chloride/triphenylphosphane/zinc or nickel(0)/cyclooctadiene com-
plex. Ni(0)-catalyzed homocouplings of 2-substituted 1,4-phenylene-bis(tri-
flate)s have been reported by Percec et al. [20] and used to prepare substituted
poly(para-phenylene)s 7 containing alkyl, aryl or ester substituents in the 2- and
3-positions of the 1,4-oligophenylene skeleton. The apparently broad scope of
this method of preparation is due, in particular, to the ease of preparation of the
bis(triflate) monomers starting from the corresponding hydroquinone deriva-
tives.

R R
Ni(0)
F3CS0O,0 0SO,CF4 —_—
n
R = alkyl, phenyl, COOCH3 7

The Suzuki aryl-aryl cross-coupling method, adapted to polymers by Schliiter,
Wegner and co-workers, made it possible to synthesize solubilized PPPs 6 with
a dramatically increased molecular weight (number average up to 100 1,4-phen-
ylene units) [17].

R

Br B(OH); —»

R = alkyl, alkoxy

Soluble PPPs 6 are known today that contain, not only alkyl substituents, but
also alkoxy groups, as well as ionic side groups (carboxy and sulfonic acid func-
tions) [21], which are able to form PPP polyelectrolytes.

Scherf et al. [22] reported the synthesis of PPPs 8a, which are composed of
chiral cyclophane subunits, by means of a Suzuki-type aryl-aryl cross coupling
of the corresponding diboronic acid and dibromo derivatives. The monomers
containing cyclic -O-C,,H,,-O-loops were resolved into the pure enantiomers
by preparative high pressure liquid chromatography on chiral stationary phases,
and used to generate the corresponding stereoregular iso- and syndiotactic PPP
derivatives 8b and 8c. In this context, the isotactic derivative 8b is of special in-
terest because of the chirality of its main chain[22].
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Syndiotactic PPP-Derivative 8c

The electronic properties are adversely affected by changes in conformation
due to the substituents. The substituents in the 2- and 5-positions produce a
marked mutual twisting of the aromatic subunits, which results in a drastic re-
duction in the conjugative interaction. In unsubstituted PPP 1, there is a 23° twist
between adjacent phenylene units [23]. Since the m-overlap is a function of the
cosine of the twist angle, a fair amount of conjugative interaction remains even
at 23°. If substituents are placed along the PPP-backbone, (e.g. at the 2- and 5-
positions), the solubility is enhanced, as discussed, but the m-overlap is reduced
dramatically (twist angles of 60-80° for alkyl substituents in 2,5-positions, de-
pending on the length of the alkyl substituents [24]). Thus, for poly(2,5-dialkyl-
1,4-phenylene)s, neglegable absorption can be detected in the wavelength region
above 300 nm, which is characteristic for 1—r* transitions of delocalized systems.

The results described thus far sketch the synthetic demands for being able to
prepare processable, structurally defined PPPs, in which the m-conjugation
remains fully intact or is even increased compared with that of the parent PPP
system 1. The decisive step in the realization of this principle is the preparation
of a PPP in which the aromatic subunits could be obtained in a planar or only
slightly twisted conformation in spite of the introduction of substituents.

One of the first examples was that reported by Yoshino et al. [12] concerning
the synthesis of polyfluorenes via oxidative coupling of fluorene derivatives as
decribed above.

It was logical to combine this principle for the preparation of “stepladder”
structures possessing a minimized twist between consecutive phenylene units
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with new, efficient and selective methods for aryl-aryl couplings. A first attempt
at this was by Yamamoto et al. [25]. They coupled 2,7-dibromo-9,10-dihydro-
phenanthrene to give an ethano-bridged poly(para-phenylene) derivative
(poly(9,10-dihydrophenanthrene-2,7-diyl)) (9) by way of low-valent nickel com-
plexes, which were used either stoichiometrically as a reagent (Ni(COD),) or
were generated electrochemically in the reaction mixture. As a result of the
insufficient solubilization of the ethano substituents only the oligomer fraction
with M,, <1000 is soluble, the polymeric products precipitating out as an in-
soluble powder. The value of A_,, for the soluble fraction of 9 is about 360 nm.

Br O.Q = Q.Q )

n

Building on this, it was expected that combining the synthetic procedure of
Yamamoto et al. [25] with the introduction of more extended solubilizing sub-
stituents would be an advance. Accordingly, alkyl-substituted dihydrophenan-
threnes or tetrahydropyrenes offered themselves as starting monomers for the
preparation of soluble “stepladder” PPPs of this type. 2,7-Dibromo-4,9-dialkyl-
4,5,9,10-tetrahydropyrenes (10) represent suitable starting monomers for the
realization of this synthetic route. These difunctionalized tetrahydropyrene
monomers were first prepared by Miillen et al. and reacted in a Yamamoto-type
coupling.

Reaction of the dibromide 10 with Ni(COD), in DMF/toluene gave a poly(4,9-
dialkyl-4,5,9,10-tetrahydropyrene-2,7-diyl) (PTHP 11) [26] as a new, completely
soluble type of PPP derivative with a “stepladder” structure, in which each pair
of neighboring aromatic rings is doubly bridged with ethano linkages. The so-
lubilizing alkyl substituents are attached at such positions on the periphery of the
molecule that they cannot cause twisting of the main chain. PTHP 11 possesses
a relatively high number-average molecular weight, up to M, =20,000, which
corresponds to the coupling of 46 THP units.

R = alkyl

In the first coupling experiments Miillen et al. used the monomer 10 as a
cis/trans diastereomeric mixture. When the diastereoisomers are separated by
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fractional crystallization or chromatography in 10a/b at the stage of the dibro-
mo monomers, stereoregular PTHPs 11 are accessible (cis- or trans-polymer).

10a 10b

cis - diastereomer trans - diastereomer

(pair of enantiomers)

PTHP 11 possesses a long-wavelength absorption A_,, of 385 nm, almost
identical with the value for the “stepladder” polyfluorenes 3 of Yoshino et al. [12].
Thus, two independent proofs exist for the correctness of the “stepladder”
concept: The introduction of solubilizing groups combined with simultaneous
bridging of the subunits to guarantee the highest possible degree of conjugative
interaction.

In solution PTHP 11 possesses an intense blue photoluminescence (PL) with
a quite small Stokes shift between absorption and emission (A,,,, absorption:
385 nm; A, emission: 425 nm). In the solid state the PL undergoes a slight
bathochromic shift to A, ca. 457 nm, probably as a result of aggregation. The
luminescence characteristic of PTHP 11 suggests that its suitability as an active
component in light-emitting diodes (LED) based on organic polymers should be
investigated. Such investigations showed the appearance of a quite intense
blue-green electroluminescence (EL) with a quantum yield of 0.1-0.15% (single
layer construction ITO/PTHP 11/Ca). Blue polymer-based LEDs represent an
attractive target, as blue-emitting LEDs based on inorganic semiconductor
materials are not easily accessible. As a result of their band gap energy of
2.7-3.2 eV, PPP derivatives are particularly suitable as blue emitters.

In contrast to materials of low molecular mass, polymeric emitters possess
the advantage that they can be easily worked into transparent films with a low
degree of scattering. In addition, they show a higher morphological stability
than that of vapor-deposited low molecular weight compounds (low tendency
toward recrystallization).
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Other Routes to Poly(para-phenylene)s

Beside the oxidative and transition-metal-catalysed condensation reactions dis-
cussed above, several other syntheses were developed to generate PPP and PPP
derivatives.

Marvel et al. described [27] the polymerization of 5,6-dibromocyclohexa-1,3-
diene 12 to poly(5,6-dibromo-1,4-cyclohex-2-ene) (13), followed by a thermally
induced, solid state elemination of HBr with formation of PPP 1. The products,
however, indicate several types of structural defect (incomplete cyclization,
crosslinking).

R o

1

Later on, Ballard et al. [3,28] developed an improved precursor route, starting
from 5,6-diacetoxycyclohexa-1,3-diene (14), the so-called ICI route. The soluble
precursor polymer, 15, is then aromatized thermally to PPP 1 via elimination of
two molecules of acetic acid per structural unit. Unfortunately, the polymeriza-
tion of the monomer does not proceed as a uniform 1,4-polymerization: beside
the regular 1,4-linkages ca. 10% of 1,2-linkages are formed as a result of a
1,2-polymerization of the monomer.

Q { § % J A { )
n
HsCCO COCH;, H,CCO COCH, n

15 1

In 1992/1994, Grubbs et al. [29] and MacDiarmid et al. [30] described an
improved precursor route to high molecular weight, structurally regular PPP 1,
by transition metal-catalyzed polymerization, of the cyclohexa-1,3-diene deri-
vative 14 to a stereoregular precursor polymer 16. The final step of the reaction
sequence is the thermal, acid-catalyzed elimination of acetic acid, to convert 16
into PPP 1. They obtained unsupported PPP films of a definite structure, which
were, however, badly contaminated with large amounts of polyphosphoric acid,

n
ci tcocu-l3

14 1

(allyl)le(OOCCF3)z

H3CCO COCH; H;,CCO
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the acidic reagent employed. Nevertheless, in this work, a reliable value for the
long wavelength absorption maximum A_,,, of PPP 1 could be obtained (about
336 nm). This value is of utmost importance in the interpretation of the optical
properties of substituted PPPs.

Beside the polymerization routes of 1,3-cyclohexadiene derivatives repetitive
Diels-Alder polyadditions were widely used to prepare arylated PPPs. Stille et al.
developed a set of suitable monomers (1,4-diethynylbenzene and 1,4-phenyl-
ene-bis(triphenylcyclopentadienone) derivatives) to generate phenylated PPPs
(e.g. 17) with molecular weights of 20,000- 100,000 [31]. Unfortunately, the repe-
titive polyadditon does not proceed regioselectively: polymers containing para-
as well as meta-phenylene units within the main chain skeleton are formed.

P Ph _Ph(H)

Ph Ph o (HPh—=

Recently, Tour et al. [32] described attempts to prepare PPP derivatives via a
Bergman cyclization, starting from substituted enediynes, e.g. poly(2-phenyl-
1,4-phenylene) (18) from 1-phenyl-hex-3-en-1,5-diyne or the structurally related
poly(2-phenyl-1,4-naphthalene) (19) from 1-phenylethynyl-2-ethynylbenzene.

Vi h h h
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Oligomers

In parallel with polymer synthesis, many activities have been directed towards
soluble, well-defined oligomers. Aside from purely synthetic considerations,
access to oligomers is, important for the optimization of polymer generation
and for the understanding of structure/property relations in the class of PPP
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and other polyarylene materials, e.g. physical properties as a function of chain
length. As mentioned above, the problem with oligophenylenes is their low
solubilty. The absolute solubility of PPP oligomers in conventional organic
solvents decreases dramatically with increasing chain length. For example, in
the case of octaphenylene in toluene at 25°C, it reaches the negligibly small value
of less than 10 ng/l. In view of this limitation, all attempts to synthesize and
characterize longer-chain unsubstituted PPP oligomers by direct coupling are
not advisable.

The first series of soluble oligo(para-phenylene)s OPVs (20) were generated
by Kern and Wirth [33] and shortly thereafter by Heitz and Ulrich [34]. They
introduced alkyl substituents (methyls) in each repeat unit and synthesized
oligomers (20) up to the hexamer. Various synthetic methods, like copper-cata-
lyzed Ullmann coupling, copper-catalyzed condensation of lithium aryls, and
twofold additon of organometallic species to cyclohexan-1,4-dione, have been
investigated.

The authors developed two general methodologies for the synthesis of these
monodisperse, defined oligomers. They can be built up stepwise, e.g. via additon
of organometallic species to cyclohexan-1,4-dione, followed by aromatization to
the oligoarylene (e.g. for 21).

L OO O
—

O-O0-0-0-0 =

The other strategy involves the generation of oligodisperse mixtures of several

oligomers of different chain length, e. g. copper-catalyzed coupling of mono- and
dilithioaryls, followed by a chromatographic resolution of the oligodisperse
mixtures into monodisperse components of defined chain length. In this way,
oligomers 20 up to a dodecaphenylene derivative have been isolated by prepara-
tive thin-layer chromatography.
Rehahn et al. [35] recently presented the synthesis of constitutionally homoge-
neous oligophenylenes, 22a/b, with 2,5-alkyl substituents located on the central
aromatic ring, generated via the cross-coupling reaction of Suzuki. They are
exclusively linked in the para-positions and composed of 3 -15 benzene rings.

All of the oligomers described above are characterized by the presence of
solubilizing alkyl groups, resulting in increased solubility. However, the elec-
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tronic properties of the m-system are disturbed by the mutual distortion of
the phenylene units induced by the substituents. Compared to the parent
PPP system with its 23° twist between adjacent building blocks, the substituted
derivatives display torsion angles of 60-80°, minimizing the conjugative inter-
action within the conjugated backbone. One means of overcome this is substi-
tution exclusively at the terminal rings, as was done by Liittke et al. [36]. They
generated oligophenylenes 23 with tert-butyl substituents at the terminal 3-
and 5-positions, using Grignard coupling as the key step. However, longer oligo-
phenylenes 23 are not attainable with this approach, since the compounds
become insoluble when they reach chain lengths of more then 7 aromatic
building blocks.

As described for the correspondmg polymers,a powerful strategy for arriving
at soluble oligomers with maximum conjugative interaction is incorporation of
the PPP backbone into a stepladder - or ladder (see Sect. 2.2.) - framework, in
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combination with attachment of solubilizing side groups to the bridging func-
tionalities. Following this design, it was possible to generate short-chain
tetrahydropyrene oligomers via separation of polydisperse mixtures into their
(monodisperse) individual components (24) with the aid of preparative gel-
permeation chromatography [37].

24 R = alkyl

With such a series of oligomers 24, the convergence of optical properties with
increasing chain length can be followed, and the conjugation length in the
corresponding polymer PTHP 11 determined to be about 10 monomer building
blocks (i.e. 20 aromatic rings) [38].

Beside the classical approaches to the generation of oligomers (e.g. the chro-
matographic resolution of oligodisperse mixtures), repetitive, modular strate-
gies for generating extended oligomeric structures have become important in
recent years. Such a strategy involves the repetition of directed protection/
coupling/deprotection steps in a convergent process, in order to minimize the
number of reaction steps necessary to generate the extended oligomers. In such
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a process, half-protected monomers are sequentially converted to dimers, tetra-
mers, octamers, etc. Tour et al. [39] employed such a strategy for the preparation
of linear poly(para-phenyleneethynylene)s PPEs.Using a related strategy,
Schliiter et al. [40] described the synthesis of monodisperse oligophenylene rods
(25) with up to 16 phenylene rings and with well-defined functional end groups.
The synthesis is based on a convergent (exponential) growth using the Suzuki
reaction as the coupling step. The basic principle is defined by the significantly
faster coupling of iodoraryl functions compared with the corresponding
bromoaryls in the aryl-aryl cross-coupling reaction by the method of Suzuki.
Therefore, derivatives containing both iodo and bromo functions undergo
coupling with an arylboronic acid preferentially at the iodo site, leaving the
unreacted bromo site for further derivatization (conversion into a boronic acid
function).

2.2
Ladder-Type Oligo- and Poly(para-phenylene)s

Polymers

The logical continuation of the “stepladder” strategy outlined above for minimi-
zing the mutual distorsion of adjacent main chain phenylene units was the
incorporation of the complete PPP-parent chromophore into the network of a
completely planar ladder polymer. The complete flattening of the conjugated
m-system by bridging of all the subunits should then lead to maximum conjuga-
tive interaction. As with the PTHP 11 systems, alkyl or alkoxy side chains should
lead to solubilization of the polymers.

Rl

(HO);B B(OH), + Br Br

= _Q_alkyl

R’ = alkyl
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This idea was realized impressively in 1991 with the first synthesis of a
soluble, conjugated ladder polymer of the PPP-type [41]. This PPP ladder
polymer, LPPP 26, was prepared according to a so-called classical route, in
which an open-chain, single-stranded precursor polymer was closed to give a
double-stranded ladder polymer. The synthetic potential of the so-called
classical multi-step sequence has been in doubt for a long time; in the 1980s
synchronous routes were strongly favoured as preparative method for ladder
polymers.

In a classical multi-step route the main point is to be able to conduct the ring
closure quantitatively and regioselectively. In the synthesis of LPPP, the pre-
cursor polymer 27 is initially prepared by aryl-aryl coupling of an aromatic
diboronic acid and an aromatic dibromoketone.

The cyclization to structurally defined, soluble LPPP takes place in a two-step
sequence, consisting of a reduction of the keto group followed by ring closure of
the secondary alcohol groups of 28 in a Friedel-Crafts-type alkylation.

The resulting ladder polymer LPPP 26 has an average molecular weight of
25,000, which corresponds to the incorporation of 65 phenylene units. No
structural defects could be detected using NMR spectroscopy. LPPP 26 is
characterized by unusual electronic and optical properties as a consequence of
planarization of the chromophore, the absorption maximum undergoes a
marked bathochromic shift to a A,,, value of 440-450 nm. In addition, the
long-wavelength m-r* absorption band possesses an unusually sharp absorp-
tion edge.

The photoluminescence of LPPP 26 in solution is blue and very intense (A,
emission: 450-460 nm). The Stokes shift between absorption and emission is
extremely small (ca. 150 cm™), a consequence of the geometric fixation of the
chromophore in the ladder structure. The PL quantum yields are high, in com-
parison with those of many other conjugated polymers: values between 60 and
90% have been measured in solution, and up to 40% in the solid state [42]. In
comparison, PPP 1 synthesized by the ICI-precursor route shows a PL quantum
yield of only 4% [43]. Thus, it was obvious that the suitability of this new type of
material for application as an active component in blue organic materials-based
LEDs should be investigated. The initial result of this investigation was surpri-
zing: Although efficient LEDs can be assembled with LPPP, the emission in the
solid state (film) is yellow (PL and EL). In addition to the primary emission of
the LPPP 26 chromophore in the blue region, the PL and EL spectra show a
broad unstructured emission band in the yellow region (ca. 600 nm; Fig. 3) [44].
The relative intensity ratio of these two bands is strongly dependent on the pro-
cess used for the preparation of the films (solvent, film thickness, preparation of
the film). Thus, the blue emission band of the isolated chromophore disappears
almost completely on annealing the film at about 150°C. The yellow emission
band could then be characterized unequivocally in photophysical experiments
as an aggregate emission [45-47]. This result is consistent with:

(1) PL investigations of “site-selective” excitation, according to which the films
show additional absorptions at lower frequency than those seen in dilute
solution [45];



Oligo- and Polyarylenes, Oligo- and Polyarylenevinylenes 179

(2) time-resolved PL studies, demonstrating that the aggregate states are di-
rectly populated from initially formed singlet excitons [45, 46];
(3) photovoltaic experiments with LPPP 26 [47].

The experiments provided proof that weak aggregate absorption can be detec-
ted beyond the absorption edge even in the ground state. Time-resolved PL
spectroscopy established an unusually short lifetime of about 50 ps for the blue
primary emission. This observation can only be explained by a fast relaxation of
the initially formed excitons to lower energy aggregate states. The maximum
aggregate population is reached several picoseconds after excitation. The life-
time of the latter, ca. 450 ps, is roughly an order of magnitude longer. The
photovoltaic experiments furnished a highly efficient sensitivity for LPPP 26
films in the region of the aggregate absorption/emission bands at 600 nm.

EL experiments showed that the yellow-emitting LEDs prepared from
LPPP 26 exhibit quite remarkable characteristics (single layer construction
ITO/LPPP 26/Ca; quantum efficiency: ca. 1.0%, applied voltage: 4-6 V [48]).
These figures are in the range of the best values described hitherto for polymer-
ic emitters in a single layer arrangement, for example, poly(para-phenylene-
vinylene) PPV and PPV derivatives. The comparison of LPPP 26 and PPV is also
interesting for another reason. In addition to the spontaneous emissions (PL or
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Fig. 1. Absorption and photoluminescence (dashed line) spectra of a thin film of LPPP 26 and
electroluminescence (solid line) spectrum of an ITO / LPPP 26 (60 nm) / Al device (from [50])
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EL), conjugated polymers are also of interest as materials for optically or elec-
trically pumped stimulated emission. For effects of this type, the ratio of stimu-
lated emission to photoinduced absorption (PA) is of particular interest for con-
jugated polymers. In this context, the orign of the PA is controversial: the PA can
be a result of the formation of either charge-separated “polaron pair”-states or
excimers. Initial experiments support the conjecture that LPPP 26 is significant-
ly superior[49], as the stimulated emission of LPPP 26 is markedly more intense
than that of PPV under comparable conditions.

Nevertheless, from the perspective of the strategies aimed at the fabrication
of efficient blue-emitting LEDs, the results outlined above regarding yellow
LPPP light emitting diodes are unsatisfactory. In order to prepare blue LEDs
from LPPP materials, it is necessary to efficiently mask out or suppress the
dominant yellow aggregate emission. Specifically, the preparation of blue-
emitting LEDs would make use of the inherent advantage of LPPP 26 (band gap
energy ca. 2.75 eV). With other conjugated polymers, such as PPV, that have a
smaller band gap energy, blue-emitting LEDs cannot normally be prepared. In
that case, only the transition to very short chain, oligomeric chromophores
would shift the color of emission to blue. However, the change to oligomers
would introduce disadvantages in handling, processing, and stability (re-
crystallization tendency of amorphous films, poor film forming properties,
low mechanical stability).

Suppression of the aggregate emission can be accomplished by two quite
different means. First, the aggregate emission can be almost completely shut off
by simply diluting the LPPP 26 with a matrix polymer. LEDs with 1% LPPP 26
in poly(9-vinylcarbazole) PVK as emitter material are characterized by a pure
blue light emission with a quantum efficiency of ca.0.15% in a single-layer con-
figuration (ITO/1% LPPP 26 in PVK/Ca) [48].

If suppression of the aggregate emission in this first example was based on
a purely physical principle, the same aim can be achieved by chemical
modification of the LPPP 26 structure. One such option is the introduction of
additional substituents into the LPPP skeleton. Thus, introduction of an addi-
tional methyl group into the methylene bridge of LPPP 26 (reaction with
LiCH; in place of reduction of the keto groups) leads to ladder polymers Me-
LPPP 29. The solid state PL spectra of Me-LPPP 29 show only very weak aggre-
gate emissions and their solution- and solid state PL spectra are almost iden-
tical (Fig. 2 [51]). The suppression of aggregate formation is accompanied by
a dramatic increase of the PL quantum efficiency to >90% (solution) and up
to 60% (solid state). This enormous solid state PL quantum efficiency favors
Me-LPPP 29 as an emitter for organic materials-based solid state lasers.
Leising et al. and Lemmer et al. have demonstrated very recently the high
potential of Me-LPPP as emitter in solid state lasers both in waveguide and
“distributed feedback” configuration [52]. The high molecular weights of 29
(M,, up to 50,000) allow for the fabrication of high quality thick films and
stripes (up to 10 pm). Pumping of such devices with blue light results in a
laser-like emission even for low energies of the pumping pulses (<2 nJ). The
devices are characterized by an enormous stability: lasing was observed over
a period of more than 107 pulses [52].
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Fig. 2. Photoluminescence spectra of the methyl-substituted Me-LPPP (29) (solid line: solid
state; dashed line: solution, methylene chloride)

Oligomers

Besides the polymeric structures described above, there is a considerable inte-
rest to generate the corresponding LPPP oligomers (30) [53]. They were syn-
thesized following a so-called “oligodisperse approach® The two bifunctional
(chain forming) monomers for the synthesis of polymer 26 were mixed with a
suitable amount of a monofunctional (end capping) monomer, to generate an
oligodisperse mixture of molecules of different chain length. These mixtures
were resolved into their monodisperse components by means of liquid chroma-
tography, preferably by size exclusion chromatography. Following this strategy,
LPPP oligomers 30a, 30b and 30c were synthesized containing three, five and
seven 1,4-phenylene units within the planar ladder-type main chain.

From UV/Vis investigations of this series of monodisperse, oligomeric model
compounds (30) the effective conjugation length of the corresponding polymer
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R’ = n-hexyl

LPPP 26 (convergence limit of absorption and PL properties) could be deter-
mined as ca. 11 phenyl rings [38]. Remarkably, the convergence of the optical
absorption energy with increasing chain length occurs much more rapidly in
the planar LPPP 26 molecule than in non-bridged PPP derivatives or in the
partially bridged PTHP 11 structure.

23
Phenylene-Type Dendrimers and Hyperbranched Polymers

Hexa(oligophenyl)benzenes

A main problem concerning the solid state electronic properties of PPPs is its
tendency to form aggregates. One synthetic strategy for overcoming this
problem is the transition from linear, one-dimensional systems to branched or
dendritic, two-dimensional ones.

Hexa(oligophenyl)benzenes (e.g. 31 or 33) present one possible approach to
the realization of this aim. Two efficient synthetic routes have been elaborated
for the preparation of hexa(terphenyl)- and hexa(quaterphenyl)benzene. The
first, involving palladium-catalyzed trimerization of diarylacetylenes [54] as
the key step, was demonstrated by the synthesis of a hexakis-alkylated
hexa(terphenyl)benzene derivative 31 from the corresponding bis(terphenyl)
acetylene (32). The peripheral tert-alkyl substituents serve to solubilize the
molecule.
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The second synthetic route consists of the coupling of hexa(4-iodophenyl)ben-
zene (34) with an alkylated oligophenylboronic acid to produce a hexa(oligo-
phenyl)benzene by extending the aromatic chain [52]. This route is illustrated by
the reaction of hexa(4-iodophenyl)benzene (34) with an alkylated terphenyl
boronic acid with formation of the hexa(quaterphenyl)benzene derivative 33.
Once again, the aliphatic substituents serve to guarantee sufficient solubility.

Higher hexaphenylbenzene homologues were also prepared following a repe-
titive Diels-Alder procedure. The synthesis of a bis(hexaphenyl)benzene was
first described by Ogliaruso et al. [55].

~-O-O0-O0=000~
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PdCL(PhCN),

R = C(CH3)2C14H27



184 U. Scherf

9,9-Spirobifluorene Derivatives

Structurally related star-shaped molecules with oligophenyl arms, derived from
9,9-spirobifluorene as the central unit, have been synthesized by Tour et al. [56]
and Salbeck et al. [57] and proposed as potential emitter materials for blue LEDs.
The authors employed the synthesis of 9,9-spirobifluorenes (35) which had been
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developed by Clarksen and Gomberg [58] (additon of biphenyl-2-yl-magnesium
iodide to fluorenone and subsequent cyclization with protic acids), and genera-
ted 2,2’,7,7’-tetraarylated 9,9-spirobifluorenes (37).
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For this purpose 9,9-spirobifluorene (35) was tetrabrominated (see Tour et al.
[56]) to 36, followed by a Suzuki-type aryl-aryl coupling with various oligoaryl-
and oligoheteroarylboronic acids to produce the 2,2’, 7,7’-arylated derivatives
(37). The star-shaped molecules (37) are characterized by a drastically increased
solubility compared to the corresponding unsubstituted PPP oligomers, and by
extraordinarily high glass-transition temperatures [57]. Therefore, the efficient-
ly luminescent PPP derivatives (37), consisiting of two orthogonally arranged
oligophenylene chains, are promising candidates as emitters in organic materi-
als-based light emitting diodes (LEDs).

Pd(0)
—_—
R-B(OH), .

Branched Polyarylenes and Phenylene-Type Dendrimers

More recently, Miillen et al., have worked out very efficient methods for genera-
ting highly arylated, branched oligophenylene- and related oligoarylene deriva-
tives, following different synthetic procedures based on polyaddition reactions
in the key step.

A first milestone was the development of a novel intramolecular Diels-Alder
cyclization of terphenyl monomers 38 and 41, containing both 4-phenylbuta-
dienyl and styryl functions. The formation of the [4+2] cyclization adducts 39
and 42 is followed by a simple aromatization of the cyclohexene moieties [59].
In this way, the phenylated, two-dimensional arylene structures, 40 and 43,
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based on a tetrabenzoanthracene core and possessing a hitherto unknown
topology, were generated.

The branched oligoarylenes, 40 and 43, can undergo further oxidative
cyclization with copper(II) chloride or triflate in the presence of aluminum tri-
chloride with formation of large, hitherto unknown polycyclic aromatic hydro-
carbons, PAHs, 44 and 45.

In line with a second novel synthetic principle, the authors further devel-
oped the repetitive Diels-Alder procedure, in which monomers containing
cyclopentadienone (dienophile) units were reacted with protected/deprotected
ethynylene functions (see [31]). In this way, they generated a novel class of
highly arylated phenylene dendrimers 46, starting from a 3,3’,5,5"-tetraethynyl-
substituted biphenyl core [60].
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This modular methology involves the repetition of directed protection/cyclo-
addition/deprotection steps, and allows for the synthesis of monodisperse
dendritic oligophenylenes of the first (46a, 22 benzene rings) and second (46b,
62 benzene rings) generation [60]. Within the synthetic sequence, the authors
made use of the different reactivities of protected and deprotected ethynylene
functions within the key cycloadditon step.

Hyperbranched Polyphenylene Derivatives

Kim and Webster of DuPont [61] were the first to show that trifunctional benz-
ene-based monomers can also be used to synthesize polyphenylenes, in their
case hyperbranched structures based on 1,3,5-trisubstituted benzene rings.
They self-condensed 1,3-dibromophenyl-5-boronic acid, to form soluble, hyper-
branched PPP-type macromolecules, 47.

Br,
B(OH), —_—

Br

‘@n) a7

The transformation of the terminal bromo substituents to carboxylic acid
functions with: (i) n-butyl lithium; (ii) carbon dioxide, provides water soluble
derivatives of 47 which are interesting as models for unimolecular micelles.

24
Other Oligo- and Polyarylenes

Based on the results of the synthesis of oligo- and poly(para-phenylene)s PPPs
(see Sects. 2.1-2.3) several investigators have studied the generation of other
oligo- and polyarylenes.
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Poly(meta-phenylene)

Unsubstituted Poly(meta-phenylene) is far more soluble than poly(para-phen-
ylene) PPP 1 of comparable molecular weight due to the angular structure of the
meta-derivative. Poly(meta-phenylene) 48 can be prepared using the Yamamoto
procedure [20]; ca. 35% of the material formed is soluble in toluene.

o s I
—_—
2. NiCl, / bpy

n

48 X=Cl,Br, |
Staab et al. showed that the intramolecular coupling of terminally halogena-
ted meta-linked oligophenylenes can afford cyclic structures, as shown here for
the cyclization of the dibromo-sexi(meta-phenylene) derivative, 49, to the cyclic
meta-phenylene hexamer, 50 [62].

1) Mg
Br — >
2) CuCl,

49

Poly(naphthylene)s

Insoluble, structurally undefined poly(naphthylene)s can be prepared electro-
chemically or by using AICI; or AlCl,/CuCl, according to the Kovacic oxidative
procedure, starting from naphthalene [8, 63]. A number of soluble copolyary-
lenes composed of alternating naphthalene and biphenyl building blocks, e.g.
51, have been prepared by Percec et al. by oxidative coupling with FeCl; [64].

age - 0
Qo
< o
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As mentioned above, Tour et al. described the synthesis of poly(2-phenyl-
1,4-naphthylene) (19) following a Bergman-type cyclization approach [32].
Miillen et al. [65] published the synthesis of fully soluble poly(3,7-di-tert-butyl-
1,5-naphthylene) (52) starting from 1-bromo-3,7-di-tert-butyl-naphthalene-5-
boronic acid according to Suzuki. This polynaphthylene derivative is charac-
terized by a regular chemical structure (1,5-coupling) and a surprisingly high
degree of polymerization: ca. 25-28.

Br

Q B(OH), Pd(0) Q
Y Y.

52
Poly(anthrylene)s

Poly(9,10-anthrylene)s are not available by direct aryl-aryl cross coupling
according to procedures of Yamamoto or Suzuki [13, 14]. Schopov et al. described
the synthesis of an insoluble poly(9,10-anthrylene) by self-condensation of
anthrone in polyphosphoric acid [66]. Miillen et al. prepared a homologous
series of soluble tert-butylated oligo(9,10-anthrylene)s 53 up to the heptamer by
reacting alkyl substituted lithio- and dilithioanthrylenes with anthracene- and
bianthryl-based quinones, followed by reduction of the polyalcohols formed
with hypophosphoric acid [67].

53

R1! Rz =H, C(CH3)39 CGH13

The soluble products are able to form charged high-spin states after chemical
and electrochemical oxidation. The high-spin character is the result of the lack
of conjugative interaction between the highly distorted, orthogonally arranged
aromatic subunits (decoupled m-systems) [68].
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Poly(phenanthrene)s

Horhold et al. have synthesized soluble poly(2,9-phenanthrylene) derivatives
(55) starting from bis(4-alkoxyphenyl)-substituted poly(1,3-phenylenevinyl-
ene)s (54) [69]. The polymer-analogous cyclization proceeds intramolecularly
under mild conditions (FeCl; x6H,0) and was shown to be approximately com-
plete. Starting from the corresponding para-phenylenevinylene precursors (56),
they could isolate alternating copolyarylenes (57) composed of 1,4-phenylene
and 9,10-phenanthrylene moieties. The latter example has a highly distorted
structure, the optical properties of the polymers are similar to those of isolated
phenanthrene chromophores.

FeCI3 *6H,0

R= C6H5, CH3

FeCIs : 6H20
—

R= CGHS! CH3

57

Poly(perylene)s

Soluble poly(1-butylperylene) (58) was prepared in very high yields by Anton
and Miillen [70] who used the procedure of Taylor [71], which involves the oxi-
dative coupling of bis-Grignard reagents with cis-1,4-dichloro-2-butene as an
oxidant. The products contain 4,9- and 4,10-perylenylene moieties, are fully
soluble and possess average degrees of polymerization of ca. 22.
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Oligo(pyrene)s

Two pyrene-based oligomers (dimer 59a, trimer 59b) were generated by Miillen
et al. [72] via Yamamoto coupling of mixtures of 2- (mono)- and 2,7-dibromo-
pyrene.

R= C3H17

The optical absorption spectra and the first reduction potentials are virtual-
ly independent of the number of pyrene units present in the molecule, as a
result of the specific stereoelectronic situation. Since the orbital coefficients of
the bridgehead centers are almost zero, the rings are electronically decoup-
led. Thus, oligopyrenes differ significantly from oligo(para-phenylene)s
(OPVs).
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3
Oligo- and Polyarylenevinylenes

Beside oligo- and polyarylenes, oligo- and polyarylenevinylenes represent one
of the most intensively investigated classes of m-conjugated hydrocarbon mole-
cules. From a structural point of view, oligo- and polyarylenevinylenes can be
regarded as alternating copolymers composed of unsubstituted/substituted
arylene and vinylene moieties, and, therefore, as a hybrid between polyarylenes
on one hand, and polyacetylene(s), on the other hand.

Oligo- and polyarylenevinylenes are available via a variety of different, often
very powerful, synthetic approaches; the next section will give a brief overview
of the most common strategies to generate this type of structures. In this
context, emphasis will be placed on the synthesis of structurally defined and
well-characterized materials.

3.1
Poly(para-phenylenevinylene)s via Polymerization Methods

The Wessling Procedure

Among the various means by which poly(para-phenylenevinylene)s, especially
unsubstituted poly(para-phenylenevinylene) (PPV 60) may be synthesized, the
so-called Wessling method [73] has been very intensively employed. The
method was developed at Dow Chemical Corp. in 1968 by Wessling and Zim-
merman, and represents a polymerization route via a water-soluble, processible
polyelectrolyte precursor. At present, the Wessling procedure is one of the most
convenient methods of obtaining high quality films and fibers of high molecular
weight PPV 60, a conjugated polymer which is itself an insoluble and intractable

material.
n

60

The general process involves polymerization of 1,4-bis(dialkylsulfoniome-
thyl)benzene dihalides (61) by addition of base. The immediately formed poly-
electrolyte (62) is then converted thermally to the final PPV derivative (63). The
process was first developed for the synthesis of unsubstituted PPV 60. The
mechanism of the Wessling process is still not fully clear. First, Horhold et al.
[74] showed by means of UV/Vis spectroscopy that a transient para-xylylene
intermediate (64) is formed after the initial elimination of HX and dialkyl sul-
fide, and then polymerizes to yield the polyelectrolyte 62 as a suitable precursor
for thermal conversion to PPV. There is some evidence for a radical chain
propagation mechanism for the polymerization of 64, as shown by Karasz et al.
[75] in experiments with radical trapping agents.
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62

The Wessling method is applicable to a variety of substituted derivatives,
however, the delicately balanced series of equilibria producing 64, the species
that actually polymerizes, is greatly affected by the substituents attached to the
monomer species, 61. Alkoxy, alkyl, aryl and halogen ring substituents R (2-, 5-
and 2,5-position) do not greatly influence the ability to generate and polymerize
the para-xylylene intermediates (64) [76, 77]. Strong acceptors, such as nitro or
cyano substituents, reduce the concentration of 64 in the reaction mixture, pos-
sibly due to the formation of resonance-stabilized ylide species, which do not
undergo fast elimination to 64 [77]. In contrast to the high molecular weight
precursors formed, for example, in the case of alkoxy- and alkyl-substituted
derivatives (DP up to 5.000), the 2,5-biscyano-substituted monomer produces
only low molecular weight polyelectrolytes (DP of ca. 8). The “push-pull”-sub-
stituted 2-methoxy-5-cyano derivative gives a somewhat higher molecular
weight material with a DP of ca. 150 [78].

However, not all types of para-xylylene analogues are able to polymerize
under the Wessling conditions to give polyelectrolyte precursors, as shown by
failure to polymerize the anthracene homologue, 65 [77].

SR;" CI-

65

The final elimination step in which the conjugated PPV derivative (63) is
generated from the sulfonium polyelectrolyte precursor polymer (62) was
reported by Wessling and Zimmerman to be heating in vacuo to 200-300°C. The
target PPV derivative is formed with elimination of dialkyl sulfide and hydrogen
halide; the process can be easily monitored by UV/Vis spectroscopy. PPVs
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display the typical absorption spectrum of an one-dimensional 7-conjugated
polymer, with an intense, long-wavelength 71— *-transition; in unsubstituted
PPV this transition has an absorption energy of ca.2.39 eV (ca. 520 nm). In con-
trast to poly(para-phenylene)s, the absorption properties of PPVs are only
slightly affected by substituents in the 2- and 5-positions of the aromatic ring.
The additional vinylene group in the PPVs elongates the distance between two
aromatic rings and, therefore, drastically reduces steric hindrance, resulting in
a minimum mutual twisting of the aromatic subunits. As a consequence, sub-
stituents on the 2- and 5-positions of the aromatic rings influence the optical
properties of most PPVs only via their electronic effects. Unsubstituted PPV 60
itself is characterized by a yellow photoluminescence, centered at ca. 2.2 eV,both
in solution and the solid state, with a solid state PL quantum yield of about 8 %.
Friend et al. were the first to show the possibility of using PPV 60, prepared via
the Wessling procedure as a yellow-green emitting material, in light emitting
diodes (LEDs) based on organic materials [79].

Several approaches have been tried in order to facilitate the conversion pro-
cess and lower the conversion temperatures, e. g. by using appropriate sulfonium
groups (tetrahydrothiophene derivatives) and/or different counter ions. With
chloride as a counter ion [80], the synthesis of 2,5-dimethoxy-PPV can be perfor-
med at room temperature starting from the corresponding dimethylsulfon-
ium polyelectrolyte precursor.

The Dihalide Approach

The polymerization of 1,4-bis(halomethyl)benzenes to PPVs in the presence of
a large excess of potassium t-butoxide is referred as the Gilch route [81]. The
method was first described for the synthesis of unsubstituted PPV 60, but —
unfortunately - this route produces the PPV as an intractable, insoluble powder.
However, the adaptation of the Gilch route to the polymerization of 1,4-bis(halo-
methyl)benzenes possessing solubilizing side groups gives access to soluble PPV
materials.

Since the products often precipitate during the polymerization, a modifica-
tion was reported by Swatos et al. [82] involving the use of only about one equi-
valent of +-BuOK. This method, the so-called “chlorine precursor route”, first
gives a soluble non-conjugated precursor (66) which is then converted thermal-
ly in the film or in a high boiling solvent, e.g. cyclohexanone. In the latter case,
homogeneous solutions of (soluble) PPV derivatives 63 can be obtained.

In the polymerization reaction, a 1,6-elimination of HCI (or HX) takes place,
leading, as described above for the Wessling procedure, to the formation of a
reactive 1,4-xylylene intermediate (67), which polymerizes to give the corres-
ponding precursor polymer (66). The method was applied to the synthesis of
2,5-dialkyl- [83], 2,5-dialkoxy- [84, 85], 2,3-diphenyl-substituted [86] PPVs, as
well as a broad variety of other soluble PPV derivatives. For potential applica-
tion in organic materials-based light emitting diodes (LEDs), MEH-PPV, a
2-methoxy-5-(2-ethylhexyloxy)-PPV derivative has been broadly investigated
[85]. MEH-PPV exhibits a red-orange photoluminecence with a PL quantum
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t-BuOK Cl
CIH,C CHCl ———> -
R R
67
i} /
Cl
R n R n
66 63

yield of about 15 % in the solid state. Heeger et al. reported the fabrication of effi-
cient LEDs using MEH-PPV as the light emitting layer [87].

The generation of PPV and corresponding derivatives via the dihalide
approach is possible not only in solution reaction, but also - via the gas phase -
in a so-called chemical vapor deposition (CVD) process. In this process, the
vapor of a dichlorinated para-xylene (a,a” or a,a) is pyrolyzed at moderately
low pressures (0,1-0,2 torr) to form a chlorinated para-xylylene intermediate,
which then condenses and polymerizes on a suitable, cooled substrate. The
coating of the chlorinated precursor polymer can be heated to eliminate HCI, to
form PPV 60 (or a PPV derivative) [88]

The Vanderzande Procedure
In 1995 Vanderzande et al. [89] published a novel, modified Gilch procedure to
unsubstituted PPV 60 starting from 1-chloromethyl-4-(alkylsulfinyl)methyl-

benzenes (68). The initial step, elimination of HCl with NaH as a strong base in
NMP or DME, leads to the formation of the sulfinyl-substituted 1,4-xylylene

NaH SOC,Hs
Clec cstOC4H9 —_— G/ —_—

68 69

, < > \/‘j‘ A I O /j‘
——
SOC,Hs
n n
70 60
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intermediate (69) which polymerizes to a soluble precursor polymer (70).
Fortunately, in contrast to the Wessling polyelectrolyte- and the dichloride
approaches to the generation of unsubstituted PPV 60, the precursor polymers
(70) are soluble in organic solvents like chloroform. The non-ionic nature and
high stability of the precursor polymers (70) allow for their detailed character-
ization (e.g. with GPC), and define an importent advantage of the Vanderzande
method over the Wessling polyelectrolyte precursor route.

The conversion of 70 to the final PPV 60 is then carried out thermally at rela-
tively low processing temperatures (about 100-150°C) with elimination of
(unstable) alkylsulfinic acid. TGA-mass spectroscopy, FT-IR, UV/Vis and *C
CP/MAS NMR spectroscopy are all consistent with quantitative elimination and
formation of PPV 60.

Dehydrochlorination of Unsymmetrically Substituted para-Xylylene Dichorides

In contrast to the dichloride approach of Gilch et al., involving the dehydroha-
logenation of 1,4-bis(halomethyl)benzenes, Hérhold, Raabe and Scherf devel-
oped a novel method to synthesize phenylsubstituted PPVs 71, based on the
thermally induced or base catalyzed dehydrochlorination of 1-(phenyldich-
loro)methyl-4-methyl- [90, 91] or 1-(phenyldichloromethyl)-4-benzylbenzene
[92]. The process is very efficient if the polymerization is carried out with or-
ganic bases (pyridine, quinoline) in high boiling organic solvents like 1,2-di-
chlorobenzene. Again, the mechanism involves the formation of a 1,4-xylylene
intermediate, 72. Polymerization of 72 to the non-conjugated precursor polymer
(73) and subsequent dehydrochlorination result in the generation of the phenyl-
substituted PPVs 71 (elimination-polymerization-elimination mechanism).

Pyridine
CCl, CH R _—

73 71a R=H(P-PPV)
71b R =Ph (DP-PPV)
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The yellow colored, soluble products display high molecular weights (M,
>10.000), the long-wavelength optical absorption energies of the phenylated
derivatives (71) are blue shifted relative to the parent PPV 60 system: PPV 60:
2.39 eV (520 nm), P-PPV 71a (R=H): 2.80 eV (443 nm), DP-PPV 71b (R=Ph):
2.88 eV (430 nm). This finding can be interpreted as the result of mutual distor-
tion of the main chain aromatic rings, caused by the introduction of the steri-
cally demanding phenyl substituents at the vinylene moieties. The results of
Horhold, Raabe and Scherf have been confirmed more recently by Hsieh et al.
[93] in the synthesis of 71b.

3.2
Oligo- and Polyphenylenevinylenes via Polycondensation Methods

The polymerization methods to PPV and PPV derivatives described in the
previous section involve 1,6-polymerization of an immediately formed 1,4-xylyl-
ene derivative. Aside frome this polymerization approach, a broad spectrum of
polycondensation procedures (step-growth methods) to PPV and PPV deriva-
tives has been developed. The methods can be classified as follows:

(i) The carbon skeleton of PPV is generated in an olefination reaction (e.g. the
Knoevenagel, Wittig-Horner and McMurry reactions) with formation of the
olefinic double bond.

(ii) The PPV backbone is synthesized via a transition metal-catalyzed aryl-ole-
fin-coupling (e.g. the Heck reaction) with formation of the aryl-vinyl single-
bond.

Knoevenagel-Type Polycondensation
Knoevenagel-type condensation of 1,4-xylylene dinitriles and aromatic dialde-

hydes gives access to cyano-containing poly(para-phenylene-cyanovinylene)s
(74). The insoluble parent systems (74a: R!, R2:=H) have been reported by

1 R2
NC
+ HC
CN
R

74a (R',R?=H)

74b (R, R?=
alkyl, alkoxy)
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Horhold et al. and Lenz et al. [94, 95]. The polycondensation provides the cyano-
PPVs as insoluble, intractable powders. Holmes et al. [96], and later on Rikken
etal. [97], described a new family of soluble, well-characterized 2,5-dialkyl- and
2,5-dialkoxy-substituted poly(para-phenylene-cyanovinylene)s (74b) synthesiz-
ed by Knoevenagel condensation-polymerization of the corresponding alkyl-
or alkoxy-substituted aromatic monomers. Careful control of the reaction con-
ditions (tetra-n-butyl ammonium hydroxide as base) is required to avoid
Michael-type addition.

The soluble polymers display average molecular weights M, of 4000-7000,
and can be processed to thin films by spin coating. By judicious choice of the
solubilizing substituents, the HOMO-LUMO gap of the resulting polymers (74b)
and - consequently - the electro-optical properties, i.e. the wavelength of the
photo- and electroluminescence emissions, can be controlled; it ranges from the
red to the blue. Dialkyl substitution on the aromatic ring was found to increase
the emission energy, resulting in a blue shift of the emitted light, whereas alkoxy
substitution results in a red shift of the UV/Vis absorption and emission maxi-
ma [98]. As the lowest unoccupied orbitals of the per-alkoxy-substituted deriva-
tive (R', R?: -alkoxy) of 74b lie at lower energies than those of PPV 60, highly ef-
ficient light emitting diodes LEDs have been fabricated on the basis of these two
PPV-type materials, with electron injecting electrodes made from stable metals
such as aluminium. In a bilayer device,: indium tin oxide ITO/PPV 60/cyano-
PPV 74b/Al LEDs were fabricated that possess high (internal) quantum effi-
ciencies of up to 4%. The bilayer setup helps to localize charges at the interface
between PPV and cyano-PPV, increasing the efficiency of recombination.

Wittig-Type and Wittig-Horner-Type Polycondensations

Polymers

A second example of step-growth polycondensations with formation of the ole-
finic double-bond are Wittig- and Wittig-Horner-type condensations. The
Wittig-type polycondensations involve AA/BB-type reactions of aromatic bisal-
dehydes with bisphosphonium ylides [99, 100] with formation of PPV deriva-
tives (75) and lead to products of only moderate molecular weight (DP: 10-20).

(Ph);P} base
+ HC! CHO —_—

75 (R, R?=
H, alkyl, alkoxy)
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The Wittig-Horner procedure, starting from bisphosphonate or aromatic
bisphosphine oxide monomers, allows for AA/BB-coupling of the PO-activated
bismethylene monomers, not only with aromatic dialdehydes but also with
aromatic diketones to the corresponding PPV derivatives (76), and for the self-
condensation of AB-type aromatic starting compounds containing both alde-
hyde/keto and PO-activated methylene functions [101].

(Ph)R t-C4H90K
+ Ph—C CO—Ph —_—

B(Ph);
O

76

(R = H, alkyl, alkoxy)

Oligomers

In general, polycondensation-type step-growth polymerizations do not only
allow for the generation of polymers, they are also favor formation of the cor-
responding oligomers. The PPV oligomers (OPVs) (i) can be generated in a
step-by-step approach of repetitive condensations, or (ii) can be isolated from
oligodisperse mixtures of oligomers of different chain length. Polymeriza-
tion methods (e.g. the Wessling procedure) are not suited for the generation of
OPVs, they are difficult to stop at a specific degree of polymerization.

The first series of unsubstituted OPVs was synthesized by Drefahl and
Horhold [102]. They started from 4-bromomethylbenzaldehyde and benzyltri-
phenylphosphonium chlorides and successively produced the OPVs 77 with up
to 8 phenylenevinylene units via repetitive in situ generation of the methylene-
triphenylphosphonium functions.

The poor solubility of these materials motivated efforts to increase the solu-
bility of the OPVs. The synthetic approach of Miillen et al. was to attach 3,5-di-
t-butylphenyl substituents at the terminal positions of OPVs. The oligomers, 78,
were generated, starting from 3,5-di-¢-butylbenzyltriphenylphosphonium bro-
mide, in a repeated reaction sequence of 1) Wittig-type coupling with 4-methyl-
benzaldehyde, 2) NBS bromination of the terminal methyl group and 3) regen-
eration of the triphenylphosphonium salt functions with triphenylphosphine
[103], yielding the phosphonium salt precursor components 79 (n=0,1).

The resulting phosphonium salts, 79 (n=0,1), containing up to 2 phenylene-
vinylene moieties, were then coupled with terephthalic dialdeyde, 80 (m=0), or
4,4’-stilbene dicarbaldehyde, 80 (m=1), to produce the target structures, ter-
minally t-butylated OPVs (78) up to the heptamer (x=6). With results based on
these model oligomers, the effective conjugation length of unsubstituted PPV 60
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was extrapolated by means of UV/Vis or Raman spectroscopy, and cyclovoltam-
metry to be on the order of 8-10 repeat units.

Recently, Meier et al. synthesized the most extended OPVs (81) known to
date [104]. Four different synthetic pathways were used for the generation of
these OPVs; the final step involves the formation of one or two olefinic double
bonds via a Wittig-Horner-type, a Siegrist-type or a McMurry-type conden-
sation.

The extensive synthetic effort resulted in the generation of soluble OPVs (81)
composed of up to 11 phenylenevinylene units. The homologous series now
allows for a determination of the effective conjugation length without any extra-
polation. Meier et al. obtained a value of about 11 repeat units for the effective
conjugation length of the corresponding (polymeric) PPV derivative, poly(2,5-
dipropyloxy-phenylenevinylene). The findings of Meier et al. concerning the
effective conjugation lengths are - in the first approximation - comparable to
those derived by an extrapolation procedure from shorter oligomers on to the
corresponding polymers, e. g. for the unsubstituted prototype PPV 60 (Miillen et
al. [103]).

McMurry-Type Polycondensation

The synthesis of soluble PPV derivatives (82), via McMurry-type coupling of
solubilized aromatic dialdehydes in the presence of low-valent titanium
reagents, was described by Schliiter et al. [105]. The products are characterized
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by a cis/trans ratio of the olefinic moieties of about 0.4 and an average degree of
polymerization of about 30.

HC CHO

Coupling of Bis(diazo) Derivatives

A PPV derivative which is twofold phenylsubstituted at the vinylene unit,
poly(1,4-phenylene-1,2-diphenylvinylene DP-PPV), (71b) (see also the discussi-
on of dehydrochlorination of unsymmetrically substituted para-xylylene
dichlorides in Section 3.1) was first synthesized by Smets et al., using acid-cata-
lyzed elimination of nitrogen from 1,4-bis(diazobenzyl)benzene 83 [106]. The
yellow products obtained are fully soluble in common organic solvents (toluene,
chloroform, ethylene chloride, DMF, THF).

83

Reductive Dehalogenation Polycondensation

The class of phenylsubstituted PPVs (71a/b) has been under very intensive in-
vestigation since the 70s, by Horhold et al. Phenyl substituents at the vinylene
positions both solubilize the polymers and stabilize them against the attack of

cr(ll)
R—< >—CI2C—< >—CC|,—< >—R —_—

84
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air and/or light. A very effective method for the synthesis of diphenylated
DP-PPV 71b is the reductive dechlorination-polycondensation of 1,4-bis(phenyl-
dichloromethyl)benzene derivatives (84) with chromium(II) acetate as reducing
agent [107], published by Horhold et al. in 1977.

The tetrachloride monomers used for the synthesis of 71b can be readily pre-
pared by twofold Friedel-Crafts acylation to yield the corresponding diketones
and their subsequent chlorination with phosphorus pentachloride. This synthe-
sis is the method of choice for the generation of DP-PPV 71b (R=H), the resul-
ting polymer is quite soluble and can be processed to transparent, thin films;
and has number-average molecular weights of up to 20,000. DP-PPV 71b (R=H)
exhibits high photoconductivity and displays a strong yellow photoluminescence
[108]. The dehalogenation method of Hérhold et al. allows the introduction of
various substituents R (e.g. alkoxy, phenoxy and ester side groups) in the
4- (and 3-) positions of the phenyl moieties. In the solid state, the photolumi-
nescence quantum yield of 71b (R=0Ph) exceeds the highest solution values
(about 60%) [109]. Bissler et al. have published detailed electroluminescence
studies performed on the DP-PPV 71b derivative in which R=0Ph. In single
layer devices the onset of light emission reflects the transit time of injected
holes, whereas in bilayer devices it is determined by the time needed for minori-
ty carriers (electrons) to reach the internal interface [110].

The Cation/Anion Approach

Stimulated by extensive research activities on donor/acceptor substituted
stilbenes, Miillen and Kldrner have reported a donor/acceptor substituted
poly(4,4’-biphenyl-diylvinylene) derivative (85) in which the NR, donor and CN
acceptor substituents are located on the vinylene unit [111]. The synthesis is
based on a C-C-coupling reaction of in situ generated carbanion functions with
a (pseudo)cation function, followed by a subsequent elimination of MeSH with
formation of the olefinic double bond.

SCH;3 NaH
o OO

N(C4Hg)
X-

The method was also used for the generation of the corresponding oligomers
86 and 87 up to the tri- (86, n=2) and tetramers (87, n=3), respectively. In 86
and 87, the dipole moments increase with increasing length of the oligomers.
The high dipole density in 85, 86 and 87 is a promising starting point for the
construction of highly hyperpolarizable materials for potential applications in
non-linear optics.
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86

R = alkyl

Metathesis Polycondensation

The olefin metathesis reaction opens an elegant way to the synthesis of PPV
derivatives or PPV 60 precursors in a simple single-step process. A first meta-
thesis route to PPV 60, starting from bicyclic monomers possessing a bicy-
clo[2.2.2]octadiene skeleton, was published by Grubbs et al. in 1992 [112]. The
bicyclic monomers were polymerized by ring-opening metathesis polymeriza-
tion (ROMP) with Schrock-type molybdenum carbene catalysts, to yield well-
defined, soluble precursor polymers containing carboxylic ester functions. The
non-conjugated precursors were then thermally converted to the conjugated
PPV 60 structure, in analogy to the synthesis of PPP 1 via the ICI-route [3, 28, 29].

ﬁ@OgOCHa ROMP )
OSfOCH3 — e "WQW“" \
° n

~CO,, -CH;0H
H,COGO OEOCH:,,
0

\ PPV 60

Bazan et al. [113] described the synthesis of a silyloxy-substituted PPV pre-
cursor (88) by ring-opening metathesis polymerization (ROMP) of 9-(¢-butyldi-
methylsilyloxy)-[2.2] paracyclophan-1-ene (89) with a Schrock-type molybde-
num carbene initiator. The reaction proceeds as a living polymerization: films of
the cis-olefinic PPV precursor (88: M,,: 47000, M,,/M,,: 1, 2) can be converted to
the conjugated PPV 60 by heating to 120-140°C in the presence of HCl gas. The
infrared spectra of these films display only signals of trans-olefinic bonds.
Therefore, although native 88 is mostly in the cis-configuration, the elimination
step generates PPV 60 in which the double bonds are exclusively in the trans-
configuration.
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OSi(t-C4Hy)(CHy), Kat.

G =0,

89
120 - 140°C OSi(t-C4Hg)(CH;),
> \ L n
HCl PPV 88
2n
60 Kat.

Adapting this method, block copolymers composed of PPV and norbornene
blocks can also be made available. These copolymers are promising, highly effi-
cient emitters for potential application in organic materials-based LEDs.

The silyloxy-substituted precursor polymers (88) can be photocyclized in a
polymer-analogous fashion to yield polymeric intermediates (90) containing
the 3,6-phenanthrylene unit. These intermediates can be converted thermally to
yield conjugated polyarylenevinylenes, in this case poly(3,6-phenanthrylene-
vinylene) (91),a polymer that displays a long-wavelength absorption maximum
at about 360 nm [114].

88 LA
90
120 - 140°C
D sm——

HCI 91
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The synthesis of PPVs via metathesis polycondensation is also possible fol-
lowing the ADMET (acyclic diene metathesis) procedure. Thorn-Csanyi et al.
have described the generation of a 2,5-dialkylated PPV 63 (R =n-heptyl) via the
ADMET process [115]. ADMET polycondensation involves an elimination of
ethylene from the divinylbenzene derivative (92) catalyzed by a Schrock-type
molydenum-carbene complex. The reaction affords low molecular weight
products (63: R=n-heptyl) with degrees of polymerization of about 10. Meta-
thesis polymerization provides polymers 63 with an all-trans configuration
of the olefinic bonds, as detected by "H-NMR spectroscopy. The low molecular
weight products can undergo a further metathesis reaction, since the vinyl end
groups are much more reactive than the inner vinylene double bonds; this paves
the way to the generation of novel block copolymers.

C7H15 C7H1 5
\ Kat.
—_
\ -CoH, \
H15C1 H15C7
n
92 63

ol

R
R7\_o\nlf‘;ll
R—?—O’ H

R=CF3

Kat.

Heck Coupling

Although all of the synthetic procedures described above for the production of
PPV involve the generation of the olefinic double bond in the polycondensation
step, it is also possible to form the aryl-vinyl single bond in the key step by tran-
sition metal-catalyzed aryl-olefin cross coupling, e.g. by Heck- or Suzuki-type
reactions. Heitz, Greiner et al. have extensively investigated the suitability of
Heck-type coupling for the generation of PPV 60 and PPV derivatives, e.g.
poly(2,5-dialkoxy-1,4-phenylenevinylene) (63) and poly(2-phenyl-1,4-phenyle-
nevinylene) (93) [116]. They coupled 1,4-dibromobenzene derivatives (e.g. 2-
phenyl-, 2,5-dialkoxy-) with ethylene (and other olefins, e.g. styrene) catalyzed
by palladium acetate, PdCl,, Pd(dba),, Pd/C or Pd(PPh),, to form conjugated
products with M,, up to 5000. The vinylene units of the PPVs are predominantly
in the trans-configuration. Some side reactions, such as reductive dehalogena-
tions and 1,1-diarylations at the olefin moiety, could be detected. The regio-
selectivity of Heck-type coupling can be controlled by the reaction conditions,
by the leaving group, by the substituents R! and R? on the arylene component,



208 U. Scherf

and by choice of the olefinic monomer. The soluble phenylsubstituted PPV deri-
vative, 93, represents a very suitable emissive material for organic materials-
based LEDs [117].

1
3 Pd(0
Br—dBr + ——f —()>
R

R®=H, Ph

63 (R', R? = alkoxy, R® = H)

93 (R'=Ph,R2=H,R®=H)

The synthesis of a PPV derivative, 94, with donor (di-n-hexylamino) and
acceptor (nitro) substituents attached regioselectively to the PPV backbone, was
published by Yu et al. following the Heck-type cross coupling approach [118]
starting from an AB-type monomer (95). The red-orange polymer (94), which is
soluble in THF, chloroform and 1,2-dichloroethane, displays a number-average
molecular weight M,, of about 12,000.

A drawback of the Heck-type reaction is that it is not strictly regioselective
[119]. Depending on the substituents >1% of 1,1-diarylation is observed.
Soluble 2,5-dialkoxy-PPVs 63 or 2-phenyl-PPV PPPV 93, without 1,1-diarylated
moieties, were synthesized by Heitz et al. in a Suzuki-type cross coupling
of substituted 1,4-phenylenediboronic acids and trans-1,2-dibromoethylene,
catalyzed by Pd(0) compounds [120]. However, about 3 % of biaryl defect struc-
tures are observed in the coupling products (M,, up to 12,000), resulting from
homocoupling of boronic acid functions.

In 1996, Wegner et al. published the synthesis of poly(oligophenylenevinyle-
ne)s (96), consisting of biphenylene-, terphenylene- and quinquephenylene
moieties as aromatic building blocks, via Suzuki-type aryl-aryl cross coupling of
AA/BB-type monomers [121]. By judicious choice of the arylene moieties, the
optical properties of the resulting polymers can be tailored within a wide range.
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Some of the derivatives 96 show high photoluminescence quantum yields of up
to 73%, and can be applied as blue and green polymeric emitters in organic
materials-based LEDs [122].

The Orthogonal Approach (Combined Heck- and Wittig-Horner-Type Condensations)
to PPV Oligomers

Yu et al. have recently published [123] a novel, modular strategy for the produc-
tion of a series of PPV oligomers of defined chain length. Their elegant, stepwise
synthesis represents a so-called “orthogonal” approach that involves the combi-
nation of two non-interacting reaction types, here the Wittig-Horner- and the
Heck-type couplings, for the generation of the PPV skeleton. The reaction
sequence allows for sequential, modular growth of the chain length, eliminates
the need of protecting groups, and provides a series of PPV oligomers in a sim-
ple fashion. Starting from a monofunctional iodostilbene derivative (97), the
two types of bifunctional stilbene monomers, 98 (possessing a vinyl and an
aldehyde function) and 99 (possessing an iodo and a phosphonate function) are
added alternately, beginning with 98. In this way, the iodoarene functions are
coupled with the vinyls, and the phosphonates with the aldehyde functionalities,
respectively. The oligomers (100) with n=1-5 (corresponding to trimer, penta-
mer, up to the undecamer) were characterized by their UV/Vis spectroscopic
properties and their ability to form thermotropic liquid crystalline mesophases.
The UV/Vis data display a covergence limit of the optical absorption energies at
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about 12 phenylenevinylene units; however, the different substitution patterns
render an accurate comparison with other series of PPV oligomers (77, 78, 81)
difficult. The melting points, clearing temperatures, and the range over which
the LC phases exist, have been found to increase roughly with the chain length
of 100.

NaH

98

100d
(n=4)

100c (n=3) l 98
100e (n = 5)
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33
Other Oligo- and Polyarylenevinylenes

Poly- and Oligo(meta-phenylenevinylene)s

meta-Substituted phenylenevinylenes are not accessible via the polymerization
approach. Several meta-substituted phenylenevinylenes were generated by poly-
condensation methods. For example, Hoérhold et al prepared diphenyl-substitu-
ted meta-phenylenevinylenes, using the reductive dehalogenation polyconden-
sation method [69, 101]. Alkoxy- and phenoxyphenyl-substituted poly(meta-
phenylenevinylene)s can be further cyclized to poly(2,9-phenanthrene)s [69].

A series of oligo(meta-phenylenevinylene)s (101) with terminal 3,5-di-¢-
butylphenyl end groups were prepared via a Wittig-type approach by Miillen et
al. [124]. The meta-oligomers (101) display increased solubility when compared
to their para-substituted counterparts (78), but - on the other hand - the 1,3-
phenylene units act as conjugation barriers. The UV/Vis absorption spectra are,
therefore, nearly independent of the chain length of the oligomers (101), and
correspond to stilbene as the longest conjugated segment.

101

Oligo(ortho-phenylenevinylene)s

Oligo(ortho-phenylenevinylene)s (102) constitute an intermediate case between
the para- and meta-analogues, 78 and 101. The ortho-topology of 102 allows, on
the one hand, an extended 7m-conjugation, but - on the other hand - the inter-
action is inhibited by the non-planar geometry due to steric hindrance between
adjacent vinylene units. Using various coupling methods (McMurry-type,
Wittig-type, Heck-type), Miillen et al. have generated a serious of ortho-phen-
ylenevinylene oligomers (102) up to the hexamer (n=5) [125, 126].

OIS,
O

n

102 (n=1-5)
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Higher oligomers and polymers (103) can be generated via Pd(0)-catalyzed
Stille-type coupling of 1,2-diiodobenzene or 1,2-bis(2-iodostyryl)benzene (104)
with bis(tri-n-butylstannyl)ethylene (105) [126].

X

(n-Bu)?‘sn\/\Sn(n-Bu)s

105

n

103

Poly- and 0Oligo(1,4-naphthylenevinylene)s

Poly(1,4-naphthylenevinylene) (106) is accessible via the Wessling polymeriza-
tion procedure. Lenz, Karasz, Wegner et al. have published the synthesis of
PNV 106, starting from 1,4-bis(chloromethyl)naphthalene [127, 128]. The
poly(1,4-naphthylenevinylene) (106) displays an optical absorption energy of
2.05 eV, slightly red-shifted by about 0,3 eV relative to the parent PPV 60-system,
due to the electronic effect of the annelated benzene ring.

\ ¢
/ 106
O n

Alkylated poly(1,4-naphthylenevinylene)s, poly(6-hexyl- or 6-undecyl-1,4-
naphthylenevinylene) (107) were generated by Grubbs et al. applying the ring-
opening metathesis procedure (ROMP), starting from a benzobarrelene mono-
mer (108) [129]. After oxidation of the non-conjugated intermediates (109) with
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), the soluble, conjugated
polymers (107) are formed with number-average molecular weights M,, of up to
10,000. The alkylated poly(1,4-naphthylenevinylene)s (107) were used as the
active, orange-red (A, 620 nm) emitting component in organic materials-
based LEDs [130].
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Oligo(3,7-di-t-butyl-1,5-naphthylenevinylene)s (110), up to the tetramer
(n=2), were generated by Miillen et al. by the combination of Wittig-type and
McMurry-type couplings [131].

L[~
Q Qg 110

0ligo(9,10-anthrylenevinylene)

As mentioned above, poly(9,10-anthrylenevinylene) is not accessible by means
of the Wessling polymerization procedure. Well defined oligo(9,10-anthrylene-
vinylene)s (111) were synthesized via Horner-type coupling [132]. Extrapola-
tion of the optical absorption energies in the 111 series against the corres-
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ponding, to date unknown poly(9,10-anthrylenevinylene) provides a value of
about 2.0 eV for poly(9,10-anthrylenevinylene), which is, therefore, red-shifted
by about 0.4 eV relative to the parent system PPV 60 [125].

Cyclic Oligomers

In addition to linear PPV oligomers, cyclic oligomers have been intensively in-
vestigated. Wennerstrom et al. described the synthesis of a cyclic cis,trans,
cis, cis,trans,cis (Z,E,Z,Z,E,Z)-OPV hexamer (112) by a fourfold Wittig-type ole-
fination, starting from two molecules of trans-stilbene-4,4’-dicarboxaldehyde
and two molecules of 1,4-xylylene-bis(triphenylphosphonium) dibromide [133].

This type of one-pot reaction represents a simple method for the synthesis of
a large variety of cyclic OPV oligomers of different sizes and composed of diffe-
rent arylene building blocks, such as phenylene, biphenyl-diyl and naphthylene.
The compounds are suitable subjects for the study of photoinduced Z/E-isome-
risation and photocyclization.

CHs; NCgHs

R'-R*=H or alkoxy
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Meier et al. have also contributed to the field of cyclic PAV oligomers with the
synthesis of cyclic all-trans (all-E) trimers (e.g. 113) containing alkoxy-sub-
stituted 1,7-naphthylene and 1,9-phenanthrylene building blocks, via a Siegrist-
type trimerizing olefination [134, 135]. Suitable substitution at the periphery of
the cyclic trimers allows for the formation of stable, thermotropic discotic
mesophases [134].

Polyindenofluorenes

In 1996, Scherf et al. described the synthesis of a novel low-band-gap hydro-
carbon polymer, poly(3,9-di-¢-butylindeno([1,2-b]fluorene) (PIF 114) [136]. The
polymer (114), a poly(para-phenylene-diphenylvinylene) derivative containing
additional aryl-aryl linkages, was generated via reductive coupling of alkylated
6,6,12,12-tetrachloro-6,12-dihydroindeno[1,2-b]fluorene 115 with low valent
transition metal agents [e.g. cobalt(0), chromium(0), and nickel(0) compounds].
The UV/Vis spectra of 114, with a degree of polymerization (DP) of ca. 20, indi-
cate the presence of a conjugated one-dimensional m-system with a long-wave-
length absorption maximum, A,, , of about 800 nm (Fig. 3). Particularly note-
worthy, however, is the position of the long-wavelength absorption band: it is red
shifted far into the NIR region. Compared to PPV 60, A, of PIF 114 is red
shifted by more than 350 nm!. This fact can be interpreted as resulting from the
contribution of quinoid states to the electronic ground state [136]. The com-
pletely soluble material (114) is characterized by high thermooxidative stability,
and can be processed to thin films by spin-coating. PIF 114 displays huge
third-order non-linear optical responses [137].

115
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Fig. 3. UV/Vis absorption spectrum of PIF 114 (solvent: methylene chloride)

34
Ladder-Type Poly(para-phenylene-cis-vinylene)s

In 1993, Scherf and Chmil described the first synthesis of a ladder-type
poly(para-phenylene-cis-vinylene) (116) [138]. On the one hand, ladder poly-
mer 116 represents, a planar poly(phenylene) containing additional vinylene
bridges; on the other hand, it is a poly(phenylenevinylene) with aryl-aryl link-
ages in the polymeric main chain. The target macromolecules, as fully aromatic
ladder polymers, are composed of all-carbon six-membered rings in the double-
stranded main chain (an example of angularly annelated poly(acene)s).

The synthetic route represents a “classical” ladder polymer synthesis: a suitab-
ly substituted, open-chain precursor polymer is cyclized to a band structure in a
polymer-analogous fashion. The first step here, formation of the polymeric, open-
chain precursor structure, is AA-type coupling of a 2,5-dibromo-1,4-dibenzoyl-
benzene derivative, by a Yamamoto-type aryl-aryl coupling. The reagent employ-
ed for dehalogenation, the nickel(0)/1,5-cyclooctadiene complex (Ni(COD),),
was used in stoichiometric amounts with co-reagents (2,2-bipyridine and 1,5-
cyclooctadiene), in dimethylacetamide or dimethylformamide as solvent.

For the synthesis of the target structures, it is absolutely necessary to intro-
duce solubilizing substituents in the positions peripheral to the benzoyl sub-
stituents. The primary coupling product, 117, a poly(2,5-dibenzoyl-1,4-phenyl-
ene) derivative — a poly(para-phenylene) with two benzoyl substituents in each
structural unit - is, as expected, very poorly soluble. Highly substituted mono-
mers (2,5-dibromo-1,4-bis(3,4-dihexyloxy-benzoyl)benzene), containing four
solubilizing alkoxy groups per monomer unit, allow the synthesis of polymeric
materials with M,, of about 12,000 and M,, of about 22,000 [139].
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The open-chain precursor polymers can be cyclized to the ladder-type struc-
ture (116) in a polymer-analogous ring closure. A carbonyl olefination reaction,
first described in 1992 by Steliou, Salama, and Yu [140], was used with boron
sulfide, generated in situ. In the course of the cyclization, the corresponding
thioketones are initially formed. In the next step, the C=S group undergoes
dimerization ([2 + 2] cycloaddition) with formation of cyclic disulfide bridges.
In turn, these intermediates stabilize themselves by elimination of sulfur, to give
the conjugated aromatic ladder polymer.

R
=0
Ni(COD),
Br r —_—
O=
R
B,S;
—_— 116
OCgH13
R= °C5H13
n~25

The polymer-analogous cyclization is accompanied by a remarkable change
in the absorption properties. The colorless intermediates (117) are converted to
a deep-yellow, planar ladder polymer (116); associated with this is a strong
bathochromic shift of the long-wavelength absorption maximum. The polymer
(116) possesses an absorption band with well defined vibrational fine structure
and a sharp absorption edge of the 0-0 transition (437 nm; 2.83 eV). The optical
spectrum of 116 is in very good accord with band gap calculations of Bredas et
al. [141], who predicted an optical transition energy of 2.86 eV for the conjuga-
ted ladder skeleton of 116. The photoluminescence behavior of 116 is character-
ized by the appearance of a sharp, structured emission band (short-wavelength
emission maximum: 484 nm). This new class of ladder-type poly(para-phenyl-
ene-cis-vinylene)s can be used as active material in light emitting diodes [142].
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4
Conclusion

The results discussed in this article on the syntheses of new, structurally defined
PPP and PPV derivatives demonstrate the qualitative leap from a purely struc-
turally motivated search for new conjugated molecules to the synthesis of struc-
turally defined, processable materials with properties that are tailor-made for
particular applications. Specifically, the combination of the solubilization re-
quired for processability and complete retention of the conjugated character
led to a new generation of PPP and PPV derivatives, in which a comprehensive
correlation of structure and properties is possible. These recent achievements
are in large measure the result of the availability of new, efficient synthetic
methods, which permit chemo- and regioselective syntheses. A series of these
new derivatives has proven its value in the very promising search for polymeric
emitters for organic light emitting diodes (LEDs), and thereby attained
a predominantposition. The performance figures attained encourage far-
reaching extension of the synthetic and photophysical work in a genuinely
interdisciplinary approach.
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