This article was downloaded by: [University of California, San Diego]
On: 20 August 2012, At: 22:16

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Molecular Crystals and Liquid Crystals
Science and Technology. Section A.
Molecular Crystals and Liquid Crystals

Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/gmcl19

Oligo(ethynylene-p-phenylen)ic and
Benzilic Spacers for the Modular
Construction of Organometallic NLO-
Phores

Johann Polin @ , Michael Buchmeiser ® , Heinrich Nock ¢ & Herwig
Schottenberger °

# Dipartimento di Chimica “G. Ciamician”, Universita degli Studi
di Bologna, Via Selmi 2, 1-40126, Bologna, Italy

® Institut fir Analytische Chemie und Radiochemie, Universitat
Innsbruck Innrain 52a, A-6020, Innsbruck, Austria

¢ Institut fir Allgemeine, Anorganische und Theoretische
Chemie, Universitat Innsbruck, Innrain 52a, A-6020, Innsbruck,
Austria

Version of record first published: 04 Oct 2006

To cite this article: Johann Polin, Michael Buchmeiser, Heinrich Nock & Herwig Schottenberger
(1997): Oligo(ethynylene-p-phenylen)ic and Benzilic Spacers for the Modular Construction of
Organometallic NLO-Phores, Molecular Crystals and Liquid Crystals Science and Technology.
Section A. Molecular Crystals and Liquid Crystals, 293:1, 287-307

To link to this article: http://dx.doi.org/10.1080/10587259708042778

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-

conditions

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden.



http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587259708042778
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [University of California, San Diego] at 22:16 20 August 2012

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to date. The
accuracy of any instructions, formulae, and drug doses should be independently
verified with primary sources. The publisher shall not be liable for any loss, actions,
claims, proceedings, demand, or costs or damages whatsoever or howsoever caused
arising directly or indirectly in connection with or arising out of the use of this material.




Downloaded by [University of California, San Diego] at 22:16 20 August 2012

Mol. Cryst. Lig. Cryst., 1997, Vol. 293, pp. 287-307 © 1997 OPA (Overseas Publishers Association)
Reprints available directly from the publisher Amsterdam B.V. Published in The Netherlands under
Photocopying permitted by license only license by Gordon and Breach Science Publishers

Printed in Malaysia

Oligo(ethynylene-p-phenylen)ic

and Benzilic Spacers for the Modular
Construction of Organometallic
NLO-Phores

JOHANN POLIN?, MICHAEL BUCHMEISER?®,
HEINRICH NOCK*® and HERWIG SCHOTTENBERGER“*

“Dipartimento di Chimica “G. Ciamician”, Universita degli Studi di Bologna,
Via Selmi 2, 1-40126 Bologna, Italy;

binstitut fiir Analytische Chemie und Radiochemis,

Universitét Innsbruck Innrain 52a, A-6020 Innsbruck, Austria;

°Institut fir Allgemeine, Anorganische und Theoretische Chemie,
Universitét Innsbruck, Innrain 52a, A-6020 Innsbruck, Austria

(Received 21 June 1996)

The preparation and characterization of oligo(ethynylene-p-phenylene)s, R —(C=C—p—
CeH, —),R'(Cg,H4,RR" 1 = 2-4) 1-13, and 4,4"-diethynylbenzils, R - C=C —(p — C¢H,)-CO
—CO—(p—C¢H,—)C=C—-R'14-18 is reported. An economic strategy from easily accessi-
ble precursors towards extended 1,4-phenyleneacetylenes is presented with the synthetic se-
quence essentially based on repeated Pd/Cu-catalyzed Hagihara coupling of haloarenes with
terminal ethynes. The linear and rigid hydrocarbon modules 2,4,6,7 and 4,4'-diethynylbenzil
have been chosen as spacers with inherent synthetic potential and satisfy equal structural con-
finements in principle. Functionalization with metallocenes, particularly ferrocene 14-18 and
ruthenocene 11,12,18 and with ethynyltriphenyl borate 13 yields molecular structures with
distinctive advantages for the field of nonlinear optics. Monosubstituted derivatives have been
prepared as well as homo-and heteronuclear bimetallic species. Anionic rigid rod representatives
supplement preceding cationic cobaltocenium derivatives. The salt character of the latter mate-
rials appears strikingly favorable to molecular solids with controllable aggregation.

Numerical assessment corresponds to the following compounds: bis(2-hydroxy-2-methyl-
ethyl)-C,gHg-ethynylene-p-phenylene (1); C,3H, ,-ethynylene-p-phenylene (2); bis(2-hydroxy-
2-methylethyl) C,cH,,-ethynylene-p-phenylene (3); C,4H,,-ethynylene-p-phenylene (4); bis
(2-hydroxy-2-methylethyl) C,,H, ¢ -ethynylene-p-phenylene(S); C,,H, -ethynylene-p-phenylene
(6); 1,4-bis (C,sH4-ethynylene-p-phenylene) butadiyne(7); (C,gHgy-ethynylene-p-pheny-lene)
trimethylsilane (8); (C,gHg-ethynylene-p-phenylene)carboxaldehyde (9); (C,gHg-ethynylene-p-

*To whom correspondence should be sent.
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phenylene) dicarboxaldehyde (10); (C,qH,-ethynylene-p-phenylene) ruthenocene (11); (C,zHg-
ethynylene-p-phenylene)biruthenocene (12); potassium (C, 3 Ho-ethynylene-p-phenylene) triphenyl
borate (13) 4-(ferrocenylethynyl)-4'-bromobenzil (14); 4-(ferrocenylethynyl}-4'<(3-hydroxy-3-methyl-
but-1-ynyl)benzil (15 4<ferrocenylethynyl)}-4'{trimethylsilylethynyl)benzil (16); 4, 4'-bis(ferrocenylethy-
nylybenzil (17); 4«{ferrocenylethynyl)}-4'(ruthenocenylethynyl)benzil (18).

Keywords: Tolan; metallocene; nonlinear optics

INTRODUCTION

Current investigations on extended n-conjugated systems are particularly
stimulated by the outstanding mechanical properties of polymers and compo-
sites, as well as by the potential of electro—and photoactive matrices and by
the innovative impulses of molecular electronics and photonics. Among the
huge number of appropriate systems, oligo(ethynylene-p-phenylene)s [1], R—
(C=C-p-C4H,—), R/, attract exceptional attention. Polymers and copolymers
result in networks with long-term orientational stability and rigid-rod rein-
forced thermosets with favorable high performance /high temperature charac-
teristics. Tolan-based mesogens [2], functional diphenylacetylenes [3] and
diphenylacetylene end-capped polyimides [4] result from application-oriented
materials design. Oligomers enable well-defined molecular structures with pro-
nounced linearity and rigidity, thus stimulating the construction of molecular
wires [5], which results in one of the most exciting challenges in synthesis. The
conformational invariability of elongated (ethynylene-p-phenylene)s will be ad-
vantageous to overcome the restrictions and limitations of nanolithographic
methods in forthcoming applications. Proper functionalization results in self-
assembled monolayers with potential in the manufacture of molecular elec-
tronic devices [6] and in exceptionally stable ¥® nonlinear optical materials
with expected high hyperpolarizabilities [7]. Organized superlattices of organic
ionomers offer a promising alternative to poled polymers and LB films in the
construction of NLO materials [8].

In this article we report the stepwise elongation of (ethynylene-p-phenylene)s
as well as the functionalization of 4,4’ -diethynyltolan and 4, 4-diethynylbenzil.
The mono— and o, w-disubstituted materials were selected on the basis of
their potential as low-cost building blocks for the field of nonlinear optics.

HOMOLOGOUS (ETHYNYLENPHENYLENE)S
AND BENZILIC SPACERS

Several synthetic strategies towards poly(ethynylenephenylene)s are known.The
parent compound tolan [9] and corresponding oligomers [10] have initially
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been prepared from stilbene derivatives in an addition-elimination reaction,
ie. by bromination and subsequent alkaline dehydrobromination. Recently,
the Pd-mediated coupling of halobenzenes with terminal ethynes according
to Sonogashira and Hagihara [11] has prevailingly been adopted as a
selective step-by-step approach and method of choice. The application of
alternative methods [12] is conspicuously scarce.

Oligo(ethynylene-o-phenylene)s [13] have been prepared as pure hydrocar-
bon precursors to one-dimensional conducting graphite-like strands, as n-elec-
tron donors that can be used in D/A complexes and as hyperpolarizable
donar-acceptor a, w-disubstituted chromophores with application in nonlinear
optics. The mild reaction conditions have even been proved to be compatible
with prefunctionalized modules towards paramagnetic oligo(ethylene-m-pheny-
lene)s [14] with antiferromagnetic coupling. The rational construction of
phenylacetylene based dendrimers and molecular crystals [15] almost exclus-
ively made of oligo(ethynylene-m-phenylene) skeletons utilizes S-substituted
(3, 3-diethyltriazene-1-yl}-3-trimethylsilylethynylbenzenes and similar precursors.
t-Butyl substituents at the 5-position serve as solubility mediators. Ethyne de-
protection and again the Pd-catalyzed cross-coupling with halobenzenes turned
out to be the most effective strategy towards these types of phenylacetylene
based macromolecules.

The major problem in the elongation of rod-like poly(phenyleneacetylenes)
arises from their very poor solubility with an increase of chain length which
becomes particularly pronounced with oligo (ethynylene-p-phenylene)s [Sb, 7a,
16]. Since conjugated oligomers for individual nonlinear optics applications
require the processability into films or fibers, properties like insolubility and
infusibility of unyielding macromolecules require solutions. To make sheer
hydrocarbons more soluble, 2,5-dialkyl-p-phenylenes [5b], 2,5-dialkoxy-p-
phenylenes [16] or N,N,N’, N'-tetraalkyl-2, 5S-phenylenediamines [17] with
different types of side chains have been used and resulted very recently in
remarkable polymers with 24 and 40 repeating units [16b] on average and in
well-defined oligomers with 15 alternating ethynylene-p-phenylene units [Sb].
The preparation of appropriate starting materials in these syntheses, however,
demands additional effort. An approach to oligo(ethynylene-p-phenylene)s that
succeeds without imposed substituents has previously been reported [7a].
However, a more convenient and inexpensive procedure from readily available
precursors was called for. The aim was to develop a strategy which is distin-
guished by the ease of accessibility of educts and products, comprising suitable
procedures, and high over-all efficiency. The compilation of plain building
blocks relentlessly abuts on solubility limitations and certainly allows medium-
mass oligo (ethynylene-p-phenylene)s only. This may be reputed as a drawback.
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It seems that the maximum length of corresponding calamitic chromo-
phores that can be further funcionalized by the methods issued has already
been reached with C34Hs-ethynylene-p-phenylene 6.

44’ -Diethynylbenzil has been chosen as an alternative spacer complemen-
tary to 4,4'-diethynyltolan which basically satisfies the same confinements re-
quired by ¥® NLO-phores. Credit is done to this bridging ligand by the
conceivable convertability of this type of spacer into nondegenerate conducting
stilbene derivatives [18] by reduction into the corresponding diphenylglycol
and subsequent Corey-Winter olefin synthesis or via the corresponding dianion
which reacts as nucleophile with dimethyl sulfate and acetyl chloride as well as
into tolan derivatives via dihydrazones and subsequent nitrogen elimination or
by conversion of the diketone in the presence of Ti(O)diaryls [19]. None the
less, the most striking structural attribute that distinguishes benzils from tolans
is their internal fiexibility which increases solubility. While the «, w-coupling of
4,4'-dibromobenzil with monosubstituted 4,4'-diethynyltolans or even 4,4'-
diethynylbenzils and conversion towards accurately configured molecular
structures is very inviting, it has not yet been tried by keenly underlines the
synthetic potential of the modular construction principle.

o, @-FUNCTIONALIZATION OF 4,4 -DIETHYNYLTOLAN
AND 4,4 -DIETHYNYLBENZIL

Although the progress in the synthesis of poly(ethynylenephenylene)s and
corresponding copolymers [16] is quite satsifactory, the attempts to func-
tionalize adequate oligomers made-to-measure are remarkably scarce.
Apart from lateral substituents [Sa, b, 15-17] which counteract insolubility
and in exceptional cases induce mesophases [15b, 16b], terminal functionali-
zation is restricted to o,w-substituted ortho-phenyleneacetylenic NLO-
phores [13c] which apply dimethylaniline donor and nitrobenzene acceptor
groups, and meta-phenyleneethynylenes [14], with pendent nitronyl nitrox-
ide radicals to gain high spin concentrations, targeted on the realization of
organic ferromagnets. The usefulness of (ferrocenyl C;sHg4-ethynylene-p-
phenylenejthiophenol, phenylenemethylsulfide, —methyl sulfoxide and —
methylsulfone derivatives in the construction of self-assembled monolayers
that can be chemisorbed on metal surfaces has recently been proposed [6].

Basic requirments for NLO-phores with potential for the fabrication of
x® nonlinear optical devices are high nonlinear optical susceptibilities, high
laser damage threshold, improved optical transparency and improved pro-
cessability if seen in the context of polymers, as well as noncentrosymmetric
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molecules and matrices for ¥* NLO systems. Application of organic salts
affords the opportunity of constitutional tailoring of second-order nonlinear
optical materials by ion metathesis [8b,20]. The functionalization of 4,4'-
diethynyltolan with donor substituents like ferrocene, inductive acceptor
substituents like perfluoroarenes [7a] or cyclobut-3-en-1, 2-diones [7b], and
cobaltocenium species [7a] aims at extended conjugated systems to accom-
plish large and ultrafast optical nonlinearities. Monosubstituted derivatives
have been prepared as well as homo- and heteronuclear bimetallic species.
In this paper, ruthenocene is presented as an additional donor metallocene
and ethynyltriphenyl borate as the anionic counterpart to cobaltocenium
derivatives. Trimethylsilyl and 3-hydroxy-3-methylbutyn-1-yl groups have
prevailingly been used as protecting groups for terminal acetylenes [21].
The salt character of ethynyltriphenyl borate and cobaltocenium based
NLO-phores appears strikingly favorable for molecular solids with control-
lable architecture. The synthesis of this novel series of compounds is dis-
cussed in the following.

RESULTS AND DISCUSSION

Csn+2Han 1 2-Ethynylene-p-phenylenes. Ethynylene-2, 5-thiophenylene and ethyny-
lene-p-phenylene oligomers are among the most promising systems for molecular
wires [Sb,22]. Laterally branched derivatives of remarkable length have already
been presented. With regard to stability, the latter family of chromophores
appears favorable and encouraged the development of an easy step-by-step
approach to genuine rigid-rod oligomers. The progenitor of the Cgn+2Han+2-
ethynylene-p-phenylene series CioH ¢-ethynylene-p-phenylene (4,4’-diethynylben-
zene; n=1) has been reported quite early; however, corresponding preparation
methods in general suffer from severe insufficiencies [23]. Up to now the most
effective and quite reasonable method towards 1,4-diethynylbenzene is based on
the Hagihara coupling and applies 1,4-diiodobenzene and trimethylsilylacetylene
[24]. Subsequent alkaline hydrolysis of the stable TMS-protected intermediate
under quite mild conditions affords 1,4-diethynylbenzene, which is prone to
polymerization.

Theoretical studies on optimized NLO-phores indicted two important
results in principle: The hyperpolarizability density p (p = Bve./molecular
volume) of polyenes and polyphenylenes passes a maximum value with
increased chain length at n =4 and n = 20 respectively [25]. In addition, Bu..
for a, w-diphenylpolyene derivatives increases for n =2, 3,4, whereas Pl in
a, w-diphenylpolyynes remains almost unbiased by an increased number of
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internal ethyne units. From these results, C;sHio-ethynylene-p-phenylene 2
(4,4'-diethynyltolan; n = 2) may be considered as an exquisite spacer of accu-
rate length in materials for nonlinear optics. Apart from these considerations
and in contrast to 1,4-diethynylbenzene, the compound represents a remark-
able stable chromophore. The accessibility by different strategies [7a] proves
to be an additional bonus. However, a new strategy had to be developed to
make this starting material a quasi-bulk chemical. Pd(II)/Cu(l) catalyzed
cross-coupling of 4,4’-dibromotolan [26], which is easily accessible in large
quantities from 1,2-diphenylethane without particular experimental means,
with the partially protected acetylene 2-methyl-3-butyn-2-ol, which is much
cheaper than trimethylsilylacetylene, and subsequent double-sided deprotec-
tion with NaOH/toluene or potassium tert.-butanolate/THF turned out to be
the method of choice. The smooth isolation of both the intermediate glycol 1
and 4,4'-diethynyltolan 2 after deprotection by filtration and recrystallization
from acetonitrile makes this synthetic approach decidedly more preferable.

The conceptual lengthening of C;sH,o-ethynylene-p-phenylene is based
on the a, w-elongation of CioHg-ethynylene-p-phenylene. This approach
necessitates a 4-halophenylacetylene synthon with a protected ethyne function.
Accordingly, 4-iodoaniline has been converted into 4-(4-iodophenyl)-2-methyl-
3-butyn-2-ol [27] which actually represents a valuable CgH,-synthon.
Reaction of 2 meq with C;oH¢-ethynylene-p-phenylene under Hagihara
conditions and subsequent hydrolysis of intermediate 3 yields Ca6Hi4-
ethynylene-p-phenylene 4(4-[4-ethynylphenylethynyl]-4'-ethynyltolan; n=3)
[28] . The product crystallizes from the filtered hot solution.

Essentially the same procedure via glycol § yields C34Hs-ethynylene-p-
phenylene 6 (4,4'-bis(ethynylphenylethynyl)tolan; n = 4) from 4-(4-iodophe-
nyl)-2-methyl-3-butyn-2-ol and C;sH;o-ethynylene-p-phenylene 2. Utilization
of 2.4 meq of the 4-iodophenylacetylene synthon guarantees double-sided
ethynylation. The pure product was isolated from THF extracts by Soxhlet
extraction.

Owing to solubility problems Cgn+2Hasn+2-ethynylene-p-phenylenes with
n>4 are hardly tangible from continued sequenzing. However, prospective
alternatives are the elongation of [4-halo(CssHasn)]-2-hydroxy-2-methylethyl
synthons (n> 1), which have yet not reached their solubility limitations, and
Pd-mediated coupling with Cgn+2Ha4n+2-ethynylene-p-phenylenes (n =2(2),
3(4), 4(6)) as well as oxidative dimerization of terminal acetylenes [29].
Dimerization of CisH;jo-ethynylene-p-phenylene 2 to 1,4-bis(C;6 Ho-ethy-
nylene-p-phenylene)butadiyne 7 under Glaser conditions proceeded smoothly
without formation of undesired oligomers owing to the very low solubility of
the coupling product. The corresponding preparation of 1,4-bis(Csz2Hi7-
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FIGURE 1 Synthesis of C H _ _-ethynylene-p-phenylenes.
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ethynylene-p-phenylene)butadiyne by dimerization of CisHjs-ethynylene
p-phenylene 4 would have resulted in a 64 A spacer. However, despite of
promising analytical data it was not possible to obtain the complete set for
this chromophore which therefore must be regarded as a postulate.

Substituted Cs,.2Han.1-Ethynylene-p-phenylenes. Basic considerations in the
design of ¥® NLO-phores and the convenience of accessibility prompted to the
functionalization of 1,4-diethynyltolan 2. Monosubstituted products serve
almost exclusively as precursors in the manufacture of heterofunctionalized
CsnHan-ethynylene-p-phenylenes. Occasionally these materials resulted as by-
products from incomplete conversion towards symmetrically disubstituted
Csn+2Has-ethynylene-p-phenylenes but are accessible from a stoichiometric
1:1 cross-coupling in principle. Since the proposed step-by-step approach via

FIGURE 2 Dimerization of ethynylene-p-phenylenes.
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modules is of broad applicability, ethynylbenzil intermediates have been used
exactly in the same way as the corresponding diethynyltolans. This displays
the flexibility of the underlying concept towards molecular finalities.
Trimethylsilyl monoprotection of 4,4'-diethynyitolan 2 with trimethyl-
chlorosilane yields (CisHo-ethynylene-p-phenylene)trimethylsilane 8 (4-(2-tri-
methylsilylethnyl)}-4"-ethynyltolan) in very good yields. However, the product
which has not been used in subsequent reactions has hardly been characterized.
Formylation using N, N-dimethylformamide lead to (CisHe-ethynylene-p-
phenylene carboxaldehyde 9 (4-«(2-formylethynyl)}-4'-ethynyltolan) as a bypro-
duct in the synthesis of the corresponding dialdehyde 10. The syntheses of
(C1sHg-ethynylene-p-phenylene)ferrocene [6a, 7a}, (ferrocenyl-C,sHg-ethyny-
lene-p-phenylene)cobaltocenium hexafluorophosphate [7a), (ferrocenyl-CisH s~
ethynylene-p-phenylene)pentafluorobenzene [7a] and 4-(ferrocenyl-C,sHs-
ethynylene-p-phenylenejthiophenol [6a] and its methylsulfide, methyl sulfoxide
and methyl sulfone derivatives have already been discussed. (CisHo-
Ethynylene-p-phenylene)ruthenocene 11 has been prepared from 2 by
coupling with the cuproruthenocene dimethylsulfide complex [30] in an
inversely conducted Stephens-Castro reaction by analogy with the initially
reported synthesis of (CsHgq-ethynylene-p-phenylene)ferrocene [7a]. Direct
ethynylation of triphenylboran [31] via the monolithium acetylide of 2
yielded the anionic detergens potassium (C,sHo-ethynylene-p-phenylene)-
triphenyl borate 13 which is the only covalently bonded organic anion
in rigid NLO-oligomers so far [32]. Comparable systems that contribute
to the promising class of ionic NLO-phores are cognate cobaltocenium
derivatives [7a], 4-(2-ferrocenylvinylene)-N-alkylpyridinium [33], 4-[-2-(p-
pheny-lenevinylene)]-N-alkylpyridinium as well as 4-(p-phenyleneethyny-
lene)-N-alkylpyridinium salts [34]. Solid state studies of organic ionomers of
that kind obviously emerge as challenging frontiers.
Disubstituted Csy.:H4 . 1-Ethynylene-p-phenylenes. a, «»-Functionalization of
4,4 -diethynyltolan results in homo- and heterodisubstituted chromophores
depending on the underlying objective. Formylation as described above via
the dilithium acetylide of 2 leads to (CisHs-ethynylene-p-phenylene)dicar-
boxaldehyde 10 (4,4'-bis(2-formylethynyl)tolan. Compound 9 resulted as a
byproduct. Transmetallation of metallocene-1-yl intermediates and coupling
with in situ generated iodoacetylenes has been applied in the syntheses of
(C1sHg-ethynylene-p-phenylene) biferrocene [7a] and (C,sHg-ethynylene-p-
phenylene) biruthenocene 12 (4, 4'-bis(ruthenocenylethynyl)tolan). Even here
the formation of the corresponding monometallocenyl C;sH, derivative
{compound 11 in the case of ruthenocene) has been ascertained. Transmetal-
lation on the acetylide site in contrary proved favorable in the coupling with
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FIGURE 3 Synthesis of C,3H,-ethynylene-p-phenylenes by direct ethynylation and inverse
Stephens-Castro reactions.

squaric acide chloride and yielded 3-ferrocenyl-4-(ferrocenyl-C,sHg-¢thynylene-p-
phenylene)cyclobut-3-en-1, 2-dione [7b]. Two different strategies to cobaltocene
based structures, particularly (C;sHs-ethynylene-p-phenylene)cobaltocenium hexa-
fluorophosphate, (C;sHs-ethynylene-p-phenylene) bicobaltocenium dihexafluoro-
phosphate and (ferrocenyl-C,sHs-ethynylene-p-phenylene)cobaltocenium
hexafluorophosphate, have already been proposed [7a]. The Hagihara
coupling of (C;sHo-ethynylene-p-phenylene)ferrocene [6a,7a] with appro-
priate haloarene precursors lead to the pentafluorobenzene [7a] and
thiophenol, methyl sulfide, methyl sulfoxide and methyl sulfone derivatives
[6a] as described above. The same strategy but different types of precursors
yielded ferrocenyl(C,sHg-ethynylene-p-phenylene)trimethylsilane [6a]. The
target compound potassium ferrocenyl(C;sHs-ethynylene-p-phenylene)triphenyl
borate, which should be accessible from direct ethynylation according to com-
pound 13 and potassium(ferrocenylethynylene)triphenylborate [35], could not be
clearly characterized.

Functionalization of Benzil Derivatives. The preparation of benzil derivatives
follows essentially the same scheme as described for tolan based materials. The
incorporation of functionalities via ethynes has been applied to the syntheses of
ferrocene derivatives and it appears near at hand that akin derivatizations as
described above will be effective as well. The homodinuclear complexe 4,4'-
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FIGURE 5 Homo- and heteronuclear 4,4'-diethynylbenzil derivatives.

bis(ferrocenylethynyl)benzil 17 has been prepared by Pd/Cu catalyzed coupling of
4,4-dibromobenzl and ethynylferrocene [36]. The corresponding monosubsti-
tuted 4<ferrocenylethynyl}-4-bromobenzil 14, a byproduct in the synthesis of 17,
serves as precursor to 4«ferrocenylethynyl}4'{3-hydroxy-3-methylbut-1-ynyl)benzil
15 and 4«ferrocenylethynyl}4'{trimethylsilylethynyl)benzil 16. These systems may
be easily converted into bifunctional systems after deprotection or even be elon-
gated by dimerization as described for ethynylene-p-phenylenes. Ethynyl-
ruthenocene [30] and precursor 14 finally yielded the heterodinuclear
Fe/Ru system 4-(ferrocenylethnyl)-4’-(ruthenocenylethynyl)benzil 18. Both
flexibility and aptidude of the modular approach towards various function-
alized ethynylene-p-phenylenes are even guaranteed for benzil derivatives
without limitations.

EXPERIMENTAL SECTION

General Details. All experiments were carried out under an inert atmosphere
using standard Schlenk technique unless otherwise indicated. Reagent grade
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n-hexane, diethyl ether, THF, DME, toluene and benzene were distilled under
argon from sodium benzophenone ketyl and reagent grade dichloromethane
from calcium hydride. Starting materials were used as purchased without fur-
ther purification or prepared according to literature procedures and checked
for purity. Silica Gel for column chromatography was purchased from Fluka.
The analytical equipment for spectroscopic characterization comprises: Bruker
AM 300 and AM 200 ('H-NMR, !3C-NMR; é [ppm] vs. TMS; 25°C), several
quaternary *3C-NMR peaks are missing because of low solubilities; FTS-40
BIORAD and Nicolet 510M FT-IR (IR; v [em™']); CH-7 MAT (EI, 70 eV)
and Finnigan MAT 90 (MS). Mass spectroscopy of ionic derivatives was per-
formed at the Technische Universitdt Miinchen and elemental analysis by the
Mikroanalytisches Laboratorium, Physikalisches Institut der Universitdt Wien.

4, 4’-Dibromotolan [26]. Modifications resulted in the following synthesis:
Diphenylethane (5.0 g, 27 mmol) is dissolved in glacial acetic acid (55 mL).
After the addition of water (2.7 mL), bromine (6.83 mL) is added via syringe
and the reaction mixture is heated under reflux for 2 h. The hot solution is
filtered through a glass frit (G3) and the remaining crude product 4,4’-a, 8-
tetrabromo-a, f-diphenylethane (5.8g, 43%) subsequently washed with
small portions of glacial acetic acid and ether.

Potassium tert-butanolate (9.8g) is dissolved in THF (150 mL) in a sepa-
rate flask, the intermediate tetrabromodiphenylethane (3.5g) is added and
the mixture refluxed for 45 min. When cooled to ambient temperature the
reaction mixture is filtered and the solvent is removed. The remaining crude
product is taken up in dichloromethane, washed with water, dried and
4,4'-dibromotolan (3.75 g, 69%) recrystallized from dichloromethane.

o, ©-Bis(2-hydroxy-2-methylethyl)-C,s Hs-ethynylene-p-phenylene  (4,4'-
Bis(3-hydroxy-3-methylbutynyljtolan) (1). 4,4’-Dibromotolan (14.5g, 43
mmol) and 2-methyl-3-butyn-2-01(16.7 mL, 172 mmol) were dissolved in
dry disopropylamine (500 mL). Catalytic amounts of (Ph,P),PdCl, (0.60g,
0.86 mmol) and Cul(0.16g, 0.86 mmol) were added and the resulting sus-
pension was refluxed under inert atmosphere for at least 72 hours. The hot
mixture was then filtered by suction through a sintered glass frit (D3). After
evaporation of the amine under reduced pressure, the residue was taken up
in acetonitrile (50 mL), sonificated for a few minutes and again collected on
a sintered glass frit (D3). The remaining material was finally washed with
cold acetonitrile (3 x SO0mL) and dried in a rapid stream of air, yielding a
filthy white product (11.0g, 32.2 mmol, 75%), which was pure enough to be
used in the subsequent deprotection step. Further purification of (1) may be
achieved by recrystallization from acetonitrile (9.13 g, 26.6 mmol, 62%). mp
211°C; 'H-NMR (CDCl;) 1.60 (s,12H, CH,), 2.00 (s,2H,OH), 7.40
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(m,8 H, Hay); '*C-NMR (CDCl,) 31.38 (CH,), 65.70, 81.85, 90.80, 95.76,
122.85, 131.42, 131.58; IR (KBr)3471 m, 2984 m, 2938 w, 2359 w, 2226 w,
1514 s, 1452 w, 1404 m, 1371 s, 1354 m, 1273 m, 1209 w, 1186 s, 1161 vs,
1105 m, 1018 w, 962 s, 928 w, 903 s, 791 m, 630 m, 567 s, 538 s, 470 m, 451
m; MS calcd for CyH»O, 342.44, MS found m/z 342(M*;, 17%).

Ci3Hyo-Ethynylene-p-phenylene (4,4'- Diethynyltolan) [37] (2). A vigorously
stirred mixture of 4,4'-bis(3-hydroxy-3-methylbutynyljtolan (1) (6.10 g, 17.8
mmol) and NaOH pellets (14.4g, 356 mmol) in toluene (400 mL) was refluxed
for 48 hours. When cooled down to room temperature, the suspension was
filtered through a Biichner funnel, and the filtrate was evaporated under
reduced pressure. Double recrystallization from acetonitrile yielded analytical
pure 4,4'-diethynyltolan (2) (3.62 g, 16.0 mmol, 90%).

o, 0-Bis(2-hydroxy-2 methylethyl) C»sH;;-ethynylene-p -phenylene (2-Hy-
droxy-2-[2’-hydroxypropyl-(C26H12-ethynylene- p-phenylenediyl)]pro-
pane) (3). (Ph,P),PdCl, (22 mg, 0.032 mmol) and Cul (6.1 mg, 0.032 mmol)
were added to a carefully degassed solution of 1,4-diethynyl benzene [24]
(0.20 g,1.6 mmol) and 4-(4-iodophenyl)-2-methyl-3-butyn-2-ol [27] (0.92
g, 3.2 mmol) in dry diisopropylamine. The mixture was stirred for 24 hours
at room temperature and then poured through a suction filter (D3). The
filthy white product was successively washed with further 50 mL diiso-
propylamine and diethyl ether (150 mL) and dried in a rapid stream of air.
The amorphous crude product was taken up in a saturated NH,Cl-solution
(200 mL) and the resulting suspension was warmed to about 65°C, stirred
for 30 minutes and finally cooled down to room temperature. The water-
insoluble product (3) was collected on a suction filter (D3), washed with
saturated NH,Cl-solution (50 mL), water (200mL) and EtOH (200 mL) and
finally dried in the air (0.65g, 1.5 mmol, 92%). mp > 250°C; IR (KBr)
3463 m, 3039m, 2984m, 2936 m, 2226w, 1921w, 1676w, 1516s, 1451w,
1408 m, 1371s, 13565, 1312w, 1273s, 1180m, 1161s, 1105s, 1016w, 9625,
928w, 903s, 839vs, 791 m, 723w, 661w, 573s, 563s, 549 m, 540s, 493 m,
439 m MS calcd for C32H260, 442.56, MS found m/z 442 (M*-, 100%).

C2Hy-Ethynylene-p-phenylene (4-[2-(4-Ethynlphenyl)ethynyl]-4'-
ethynyltolan) (4). 2-hydroxy-2-[2"-hydroxypropyl-(C26H12-ethynylene-p-phe-
nylene)]propane (3) (0.50 g, 1.1 mmol) and NaOH pellets (2.2 g, 55 mmol)
were suspended in toluene (200 mL) and refluxed for 24 hours under inert
atmosphere. The hot mixture was filtered through a Biichner funnel and
slowely cooled down to —20°C. After being stored at this temperature for 48
hours the resulting suspension of pure crystalline product was poured
through an appropriate suction filter (D3). The residue (4) was finally washed
with cold toluene and ether (25 mL of each) and dried on air (0.31 g, 0.95
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mmol, 87%). mp 95°C (decomp.); 'H-NMR (CDCl,) 3.16 (s, 2 H, C=CH),
747 (m, 12 H, H,y); IR (KBr) 3434 m (traces of hydroxy-impurities),
3301 m, 3278s, 1927m, 1682m, 1518s, 1485m, 1406 m, 1360w, 1310w,
1267s, 1178 w, 1105 m, 1016 w, 837 s, 727 w, 692m, 675w, 667 m, 6465, 625s,
553w, 542vs, 507w, 476w, 438 m; CH-Anal. calcd for C,6 Hia C9546s5,
625s, 553w, 542vs, 507w, 476w, 438 m; CH-Anal. calcd for C;¢H;as
C95.68, H4.32, found C95.22, H4.53; MS calcd for Ca6H14 32640, MS
found m/z 326 (M *, 100%).

o, w-Bis(2-hydroxy-2methylethyl)- Css Hi¢-ethynylene-p-phenylene (2-Hy-
droxy-2-[2'-hydroxypropyl-(Cs4 H, ¢ -ethynylene- p-phenylene)]propane)
(5). A solution of 4, 4'-diethynyltolan (2) (1.0 g, 44 mmol) and 4-(4-iod-
ophenyl)- 2-methyl-3-butyn-2-o0l [27] (3.0g, 11mmol) in dry diisopropyl-
amine (200 mL) was degassed carefully, combined with (Ph,P),PdCl, (62
mg, 0.088 mmol) and Cul (16 mg, 0.088 mmol) and refluxed for 24 hours.
After evaporation of the base under reduced pressure, the amorphous resi-
due was taken up in a saturated NH,Cl-solution (200 mL). The resulting
suspension was warmed up to 65°C, stirred for 30 minutes at this tempera-
ture and then poured through a suction filter (D4). The crude product was
washed successively with a saturated NH,Cl-solution (50 mL), water (200
mL) and ice-cold ethanol (200 mL) and dried on air. Purification was
achieved by extracting a homogeneous mixture of the filter sludge with an
equivalent quantity of silica (silica G-60, 220-440 mesh) in an appropriate
soxhlet apparatus, first with diethyl ether for 48 hours, then with THF for
120 hours. While the ether fraction may be discarded, the THF fraction was
concentrated by evaporation of the solvent. The brownish residue was taken
up in acetone (30 mL), suspended by sonification for 5 min, collected on a
suction filter (D4), washed with further acetone until the filtrate was nearly
colorless and (5) finally dried on air. mp > 250°C; IR (KBr) 3415m, 3039w,
2983 m, 2934 w, 2286w, 1921 w, 1674 w, 15205, 1454 w, 1406 m, 13755, 1310w,
1273 m, 1161s, 1105s, 1016 m, 9625, 903 s, 839 vs, 793 m, 723 w, 584 m, 5615,
5365, 505m, 480m, 436 m; MS caled for CsoH300, 542.68, MS found (FD,
THF) m/z 542 (M *", 14%).

CxHis-Ethynylene-p-phenylene (4,4'-Bis[ 2-(4-ethynlphenyl)ethynyl]tol-
an) (6). A suspension of 2-2-hydroxypropyl-CisH;e-ethynylene-p-pheny-
lene)]propane (5) (0.89 g, 1.4 mmol) and NaOH pellets (2.8 g, 70 mmol) in
toluene (800 mL) was refluxed for 48 hours. The hot mixture was then
filtered through a Biichner funnel, and the filtrate concentrated under re-
duced pressure. The red residue was taken up in ether (50 mL), sonificated
for 3 minutes, collected on a suction filter (D4), washed with hexane (200
mL) and (6) dried on air (0.33 g, 0.77 mmol, 55%) mp > 230°C; IR (KBr)
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3278 m, 1927 w, 1680 w, 1518 s, 1493 m, 1406 m, 1310 m, 1267 m, 1105 s,
1016 m, 839 vs, 727 w, 694 w, 665 w, 646 m, 625 s, 551 w, 540 s, 517 w, 478
w, 434 w; CH-Anal. calcd for C34H1s 95.75 C, 4.75 H, found 95.22 C, 4.60
H; MS calcd for C34H1s 426.52, MS found m/z 426 (M **, 100%).

1,4-Bis(CisH,-ethynylene-p-phenylenyl)butadiyne (7). A solution of 4,4'-
diethynyltolan (2) (0.50 g, 2.2 mmol) in 20 mL of DME was added rapidly
to a suspension of Cu(I)Cl (44 mg, 0.44 mmol) and TMEDA (87 mg, 0.75
mmol) in 20 mL DME. Air was passed through the mixture for 2 hours.
After the solution was stirred at room temperature for 48 hours, it was
filtered and the residue was washed with DME (200 mL) and diethyl ether
(200 mL). The crude product was suspended in sat. aqueous NH,Cl-so-
lution (100 mL), warmed to 60—70°C and stirred for 30 minutes. The aque-
ous layer was filtered again, washed with an NH,Cl-solution (50 mL), water
(200 mL) and cold ethanol (100 mL) and (7) dried on air (0.29 g, 0.64 mmol,
58%) mp > 250°C; IR (KBr) 3278 m, 1925w, 1601 m, 1499s, 1404s, 1267,
1105s, 1016 m, 837s, 690w, 663w, 644m, 623s, 5425, 520w, 451 w; CH-
Anal. caled for C3¢H 15 C95.98, H4.02, found C95.98, H4.03; MS caled for
CicHis 450.54, MS found m/z 450 (M-, 28%).

(C1sH,- Ethynylene-p-phenylene)trimethylsilane (4-(2-Trimethylsilylethynyl)-
4'-ethynyltolan) (8). A solution of 4,4'-diethynyltolan (2) (0.18 g, 0.8 mmol) in
THF (50 mL) was cooled to —78°C and n-butyllithium (1.6 M in n-hexane,
0.50 mL, 0.8 mmol) was added with stirring under a stream of argon. The
reaction mixture initially turned blue with subsequent formation of a volumi-
nous precipitate. The system was brought to room temperature within 90
min, cooled again to —78°C and treated with trimethylchlorosilane (10 pL,
0.8 mmol) which resulted in the formation of a clear yellow solution. The
reaction mixture was concentrated at a HV pump and the remaining residue
purified by column chromatography under argon (Celit/Silica G-60741 5:1,
2 x 15 cm, n-pentane). The eluent was removed again and the residual white
product (8) dried at the HV pump (0.25 g, 0.8 mmol), 100%) IR (KBr) 2160
(C=C)

(CisH,-Ethynylene-p-phenylene)carboxaldehyde (4-(2-Formylethynyl)-4'-
ethynyltolan) (9) and (CisH,-Ethynylene-p-phenylene)dicarboxaldehyde (4,4'-
Bis(2-formylethynyljtolan) (10). n-Butyllithium (2.5 M in hexane, 3.9 mL. 9.7
mmol) was added dropwise to a carefully degassed solution of 4,4’-diethynyl-
tolan (2) (1.0 g, 4.4. mmol) in dry THF (120 mL) at —20°C. After 1.5 hours of
stirring under inert atmosphere, the resulting suspension was cooled to
—70°C and combined with dry DMF (0.81 g, 11 mmol). The cooling bath
was removed and the temperature allowed to rise to room temperature.
Stirring was continued for additional 45 min and occasional sonification
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(Sonorex Bandulin) proved to raise the overall yields markedly. Subsequently,
the mixture was poured into a vigorously stirred solution of 36% aqueous
HCI (2.0 g) in ice-water (120 mL), neutralized by the addition of NaHCOQ,,
and extracted with Et,O (3 x 100 mL). The combined organic layers were
dried over Na,SO,, concentrated under reduced pressure and finally
chromatographed (Silica G-60, 220-440 mesh, 4 x 40 cm, hexane:diethyl
ether 50:50) to give 4-(2-formylethynyl)-4'-ethynyltolan (9) (0.24 g, 0.94 mmol,
21%) as the first and 4,4'-bis(2-formylethynyl)tolan (10). (0.68 g, 2.4 mmol,
54%) as the second fraction. Both compounds were purified by recrystalliz-
ation from CH,CN. 42-Formylethynyl-4'-ethynyltolan (9): mp 166°C; 'H-
NMR (CDCl,) 3.17 (s, 1H), 7.51(m, 8H), 9.40 (s, 1H); *C-NMR (CDCl,) 79.3,
83.1, 89.6, 90.3, 92.3, 94.2, 119.1, 122.5, 1229, 126.0, 131.5, 131.7, 132.1, 133.1,
176.5; IR (KBr) 32465, 29625, 2242 m, 21855, 1660 vs, 1596 m, 1512 m, 1404 w,
1388 m, 1262 m, 1103 m, 1015m, 982 m,828 m, 724 w, 701 w, 540 w, 451 w; MS
caled for Ci1oH100 254.07, MS found m/z 254 (M*", 100%). 4,4'-Bis(2-for-
mylethynyl)tolan (10): mp 183°C (decomp.); 'H-NMR (CDCl,) 7.53 (m, 8H),
9.41 (s, 2H); '*C-NMR (CDCl,) 89.7, 91.9, 94.0, 119.6, 125.7, 131.9, 1352,
176.5; IR (KBr) 3041 m, 2893 m, 2241 m, 2189s, 1705w, 1650s, 1601 s, 1513 m,
1404w, 1385m, 1262m, 1175w, 1105w, 1013w, 981s, 835s, 8215,728 m,
514m, 449w; MS calcd for C0H100, 282.07, MS found m/z 282 (M*,
100%).

(CisHy-Ethynylene-p-phenylene)ruthenocene (4-(Ruthenocenylethynyl)-4'-
ethynyltolan) (11) and (CisH,-Ethynylene-p-phenylene)biruthenocene (4,4'-
Bis(ruthenocenylethynyl)tolan) (12). a) Cuproruthenocene [30]: Ruthenocene
(590 mg, 2.55 mmol) was dissolved in 20 mL of THF, the solution was cooled
to —20°C and t-butyllithium (1.7 M in hexane, 1.5 mL, 2.55 mmol) was
added. After 20 min of stirring at — 10°C, copper(I) bromide - dimethylsulfide
(550 mg, 2.68 mmol) and 50 mL of n-hexane were added. Finally the reaction
mixture was sonificated for 45 minutes.

b) (4-(Ruthenocenylethynyl)-4'-ethynyltolan) (11):. 4,4'-Diethynyltolan (2)
(573 mg, 2.54 mmol) was dissolved in 50 mL of THF, the solution was cooled

‘to —50°C, and n-butyllithium (2.0 M in hexane, 1.30 mL, 2.6 mmol) was

added. Iodine (0.645 g, 2.54 mmol) was dissolved in 30 mL of THF and
added. A suspension of cuproruthenocene, prepared from ruthenocene (590
mg, 2.55 mmol; see above) was added, the mixture was sonificated for 30
minutes and stirred for 40 hours at room temperature. The reaction mixture
was poured on a sat. aqueous solution of ammonium chloride, the resulting
slurry was extracted with diethyl ether and the crude product purified by
means of middle pressure chromatography (silica G-60, 220—440 mesh, n-
hexane: diethyl ether 50:50). Two compounds were obtained: 4-(Ruthe-
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nocenylethynyl)-4'-ethynylruthenocene (11) (450 mg, 0.99 mmol, 39%) 'H-
NMR (CDCl;) 3.09 (s, 1 H, C=CH), 4.51 (t, 2H, ] = 1.5, H3 s), 454 (s, 5 H,
Hi-s), 4.82 (t,2 H, J = 1.5, H3.4), 7.20-7.38 (m, 8 H, Hary); }*C-NMR (CDCl,)
70.7, 71.8, 73.5, 83.2, 131.2, 1314, 1320, 132.2; IR (KBr) 3280 b,m, 3097 w,
2923w, 2849 w, 2205 m, 1667w, 1596w, 15195, 1449w, 1407m, 1297w, 1262 m,
1164w, 1102s, 1054m, 1025s, 1000s, 918 m, 837s, 810vs, 652m, 623 m, 5425,
483m, 4485, 428 m; MS caled for CzsHisRu 455.520, found m/z 456 M ™,
100%), and 4, 4-Bis(ruthenecenylethynyljtolan (12) (100 mg, 0.15 mmol, 6%).
"H-NMR(CDCl,) 4.59 (t, 4H, J = 1.8, Hy 5257, 4.62 (s, 10 H, Hy_s1_s+), 4.89(t,4H,
J=18, Hisxs) 7.36-7.55 (m, 8H, H.y), '3C-NMR (CDCl,) 708, 71.8, 73.6,
131.2. 1314, 132.1; IR(KBr) 3101 b, m, 2925w, 2204s, 1519vs, 1407w, 1262w,
1181w, 1164w, 1102s, 1025w, 1000w, 837vs, 8125, 756w, 542m, 448m; MS calcd
for C3sHz6Ru, 684.76, MS found m/z 684 (M *,10%), 455.5 (M *+, —230, 100%).

Potassium (CysH,-ethynylene-p-phenylene)triphenyl borate (13). 4,4'-Di-
ethynyltolan (2) (1.58 g, 7.0 mmol) was dissolved in THF (15 mL) and the
system was cooled to —60°C. In a stream of argon n-butyllithium (2.0 M in
n-hexane, 3.5 mL, 7.0 mmol) was added and the system stirred for 30 min.
Triphenylborane [38] (1.70 g, 7.0 mmol) was dissolved in THF (15 mL)in a
separate vessel and the contents were combined at — 30°C. The cooling
bath was removed and the reaction mixture stirred at room temperature for
18 h. The solvent was removed at a HV pump, the yellow residue was taken
up in argon-saturated water and carefully extracted with pentane:ether
80:20. Insoluble residues were separated by filtration. The aqueous phase
was concentrated to the half of its volume and the product was precipitated
with potassium chloride (4.7 g, 63.0 mmol). The system was further concen-
trated and sufficient time was given to the entire precipitation. The flaky
detergens was collected with a suction filter (G3) and dried at the HV pump.
Pale yellow crystals of potassium(C,sH,-ethynylene-p-phenylene)triphenyl-
borate (13) (0.57g, 1.1mmol, 16%) were isolated. 'H-NMR (CD,CN) 7.38
(m, 12H, Hpheny), 7.03 (m,8H,H - phenyiene), 6.90 (m, 3H, Hppeny), 3.47 (s, 1H,
C=CH); '*C-NMR(CD,CN) 135.1, 131.7, 1315, 126.5, 123.1; IR(KBr)
3278s (C=C—H), 3058w (Ar—H), 3010w, 2964w, 2532w, 2213w
(C=C(), 2148 w (BPh,), 2105w (Ar), 1926 w, 1596 m, 1582w, 1513 s, 1480w,
1430w, 1405w, 1264m, 1233w, 1179w, 1135w, 1104m, 1030w, 1017w,
949w, 904 w, 839s, 758w, 745m, 708 m, 646 m, 623 m, 5465, 494w, 452 w;
MS caled for C3;¢H24BK 506.49 (467.40, -K), MS found m/z 467 (M*,
100%).

4-(Ferrocenylethynyl)-4'-bromobenzil (14) and 4,4'-Bis(ferrocenylethynyl)
benzil (17). 4,4'-Dibromobenzil (1.28 g, 3.48 mmol) was dissolved in diethyl-
amine (15 mL, dried over KOH). Ethynylferrocene [36] (878 mg, 4.58
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mmol), bis(triphenylphosphine) palladium(II)chloride (59 mg, 0.084 mmol)
and copper(I)iodide(8 mg, 0.042 mmol) were added. For reasons of homo-
genization, 20 mL THF were added. The reaction mixture was stirred for
18 hours, then all the volatiles were removed in vacuo. The residue was
purified by means of middle pressure chromatography (Silica G-60,
220-440 mesh, 5 x 100 cm, petroleum ether: diethyl ether 50: 50, flowrate:
35 mL/min). Yields: 4-(Ferrocenyl-ethynyl)-4’-bromobenzil (14) (1.3 g, 2.62
mmol, 75%) and 4, 4’-bis(ferrocenylethynyl)benzil (17) (0.45 g, 0.723 mmol,
21%). Both products were recrystlized from cyclohexane. 4-(Ferro-
cenylethynyl)-4’-bromobenzil (14) : *H-NMR (CDCl,) 4.12 (“t*,2 H,J = 1.8
Hz), 4.14 (s, 5 H), 4.39 (“t”, 2 H, J = 1.8 Hz), 7.0 — 7.73 (m, 8 H); !3C-NMR
(CDCly) 69.19, 70.11, 72.07, 128.20, 128.65, 129.86, 130.47, 131.18, 131.92,
132.75; IR(KBr) 3090w, 2925m, 2845m, 2200s, 1680s, 1670s, 1600 vs,
1410b,m, 1215s, 1160s, 1110m, 1005 b, m, 900m, 880 m, 820 b,m, 500 b, m;
MS caled for C26H17BrFeQ, 497.17, MS found m/z 497 (M *-, 100%). 4,4'-
Bis(ferrocenylethynyl)benzil (17): 'H-NMR (CDCl,) 4.13 (s, 5 H, Hi-5), 4.17
(t, 4 H, J=18 Hz, H,s), 441 (t, 4 H, J=1.8 Hz, H;4), 747-7.65 (m, 4 H,
H.ry ),7.79-7.82 (m, 4H, H,y); 1*C-NMR (CDCl,) 69.41, 70.07, 71.71, 129.82,
131.60; IR (KBr) 3100w, 2930 m, 2850m, 2205s, 1680vs, 1670 vs, 1600 vs,
1410vs, 12205, 1160s, 1110m, 1010m, 900s, 820b,s, 780m, 740m, 620 m,
500 b,m; MS calcd for C3sH,6Fe, 0, 626.06, found m/z 626 (M **, 80%), 285
(100%, phenylethynylferrocenium cation).

4-(Ferrocenylethynyl)-4'-(3-hydroxy-methylbut-1-ynyl)benzil (15). 4,4'-
Dibromobenzil (268 mg, 0.76 mmol), ethynylferrocene [36] (160 mg, 0.76
mmol), Pd(PPh,),Cl, (130 mg, 0.185 mmol) as well as Cu(I}I (5 mg, 26.2
umol) were dissolved in 10 mL of diethylamine. 30 mL of THF were added
and the solution was stirred for 4 hours at room temperature. 3-Hydroxy-
3-methylbut-1-yn-3-o0l (100 mg, 1.19 mmol) was added to the intermediary
formed solution of 4-(ferrocenylethynyl)-4'-bromobenzil and the solution
was stirred for another 12 hours. The solvent was removed in vacuo and the
residue purified by means of flash chromatography (silica G 60, 220-440
mesh, 4 x 30 cm, diethyl ether:hexane 25:75). Recrystallization from cyc-
lohexane yields 4-(ferrocenylethynyl)-4'-(3-hydroxy-3-methylbut-1-ynyl)
benzil (15) (200 mg, 0.4 mmol, 53%). mp 125°C; 'H-NMR (CDCl,) 2.08
(s,6H,CH,), 4.16 (s,5H,H,_s), 421 (t,2 H,J=15,H,5), 445 (t,2H,J=
1.5,Hs4), 7.74-7.90 (m,8 H, H.y); *3*C-NMR (CDCl,) 31.2 (CH,), 65.5, 69.5,
70.1, 129.8, 132.1; IR(KBr) 3250 b, vs, 2980 vs, 2920 vs, 2850 s, 2200 w, 2140 w,
1675 b, s, 1600 s, 1460 s, 1450 s, 1410 s, 1215 vs, 1170 b, vs, 970 vs, 960 vs, 890 s,
845 s, 725 b, m, 555 m, 455 m; MS caled for Cs;HxFeO4 500.38, MS found
m/z 500 (M*,7%).
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4-(Ferrocenylethynyl)-4 - (trimethylsilylethynyl) benzil (16). 4, 4' - Dibromoben-
zil (268 mg, 0.76 mmol), ethynylferrocene [36] (160 mg, 0.76 mmol),
Pd(PPh,),C1,(130 mg, 0.185 mmol) and Cu(I)I (5 mg, 26.2 mmol) were dis-
solved in diethylamine (10 mL). THF (30 mL) was added and the solution
stirred for 4 hours at room temperature. Trimethylsilylacetylene (86 mg, 0.88
mmol) was added to the intermediary formed solution of 4-(ferrocenylethynyl)-
4'-bromobenzil and the solution was stirred for another 12 hours. The solvent
was evaporated and the residual was purified by means of chromatography
(silica G-60,220-440 mesh, 4 x 25 cm, hexane: diethyl ether 75:25). Recrys-
tallization from cyclohexane yields 4-(ferrocenylethynyl)-4’'-(trimethylsilyl-
ethynyl)benzil (16) (ca. 180 mg, 0.35 mmol, 46%). 'H-NMR (CDCl,) 0.2
(s,9H,TMS), 4.2 (s,5 H,Hy_5),4.3(t,2H,J =1.5,H,s), 4.5(t,2 H,J=1.5,
Hi4), 7.51-7.89 (m,8 H,H.y);, *3*C-NMR (CDCIl,) 0.4 (TMS), 69.4, 77.0,
71.8, 129.6, 129.8, 131.6, 132.3 IR (KBr) 3100 w, 2980 m, 2210 m, 2160 m,
1725 b,m, 1675 b,s, 1600 vs, 1410 m, 1255 m, 1215 m, 1180 m, 1160 m, 1105
w, 850 b,vs, 765 b,s, 700 b,m; MS calcd for C;;H;;FeO,Si 515.49, MS found
m/z 514 (M*,100%).

4, 4 -Bis(ferrocenylethynyl)benzil (17). see: 4-(Ferrocenyletynyl)-4'-bro-
mobenzil (14) and 4,4'-bis(ferrocenylethynyl)benzil (17).

Ethynylruthenocene. a) Improved lithiation of ruthenocene with n-butlithium
(favoring monosubstitution). Ruthenocene (1.42g, 6.15 mmol) was dissolved in
30 mL of THF, the solution was cooled to 0°C and n-butyllithium (1.6 M in
hexane, 3.85 mL, 6.15 mmol) was added. After 30 minutes copper(I)bro-
mide-dimethylsulfide 1.38 g,6.73 mmol) was added, stirred for 10 min and the
deep blue solution treated with 1-iodo-3-hydroxy-3-methylbut-1-yne (1.32g,
6.3mmol). The reaction mixture was poured on a sat. aqueous solution
of ammonium chloride and extracted with diethyl ether. Purification was
achieved by means of column chromatography (silica G-60,220-440 mesh,
4 x 50 cm, 1. n-hexane, 2. n-hexane: diethyl ether 70: 30, 3. n-hexane : diethyl ether
50:50). 1. Fraction: ruthenocene (0.78 g, 3.4 mmol, 55%}; 2. fraction: 1-(3-hy-
droxy-3-methylbut-1-ynyl) ruthenocene (0.85g, 2.7 mmol, 44%). Additional
traces of the 1,1’-disubstituted species (< 1%) were found.

b) Ethynylruthenocene: 1-(3-Hydroxy-3-methylbut-1-ynyl)ruthenocene
(0.674 g, 2.15 mmol) was dissolved in 25 mL of n-butanol. Sodium hydroxide
(350 mg) was added and the reaction mixture was refluxed for 2 h. Finally,
all the volatiles were removed in vacuo and the residue was purified by
means of column chromatography (Silica G-60, 220—440 mesh, 4 x 25 cm,
n-hexane) and recrystallized from hexane to yield pure ethynylruthenocene
(0.49 g, 1.9 mmol, 90%).
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4-(Ferrocenylethynyl)-4'-(ruthenocenylethynyl)benzil (18). Ethynylruthe-
nocene (240 mg, 0.94 mmol) was dissolved in diethylamine (10 mL, dried
over KOH) and 4-(ferrocenylethynyl)-4'-bromobenzil (14) (390mg, 0.78
mmol), bis(triphenylphosphine) palladium(II)chloride (11 mg, 15.7 umol) as
well as copper(I}iodide (5 mg, 0.026 mmol) were added. For reasons of
homogenization THF (10 mL) was added. The solution was stirred for 6
hours, then all the volatiles were removed in vacuo and the residue was
purified by means of chromatography (silica G-60, 220—-440 mesh, 5 x 25
cm, n-hexane:diethyl ether 75:25, flowrate: 10 mL/min). Recrystallization
from cyclohexane yields 4-(ferrocenylethynyl)-4’-(ruthenocenylethynyl)ben-
zil (18) (160 mg, 0.238 mmol), 39%). 'H-NMR (CDCl,) 4.13 (s, 5H,H; -s),
4,18 (t,2 H,J=24,H,5), 4.39 (1,2 H,J=2.4,H;,),4.44 (t,2 H,J = 1.7,H; 5,
4.50 (s,5H,H,~_s-), 4.74 (t,2H,J = 1.7,Hy &), 7.32-7.82 (m,8H, H,.y); !3C-
NMR (CDCl,) 69.41, 70.05, 70.96, 71.84, 71.99, 74.09, 129.80, 131.23, 131.58,
131.86, 132.41; IR(KBr) 3090w, 2210 s, 1685 b,s, 1600 vs, 1220 m, 1160 m,
900 m, 850 w, 820 m, 620 w; MS calcd for C;sHasFeORu, 671.54, MS found
m/z 672 (M*, 60%).

CONCLUSION

Elongation of tolan and benzil spacers with partially protected ethynes and
phenylacetylenes as well as functionalization with metallocene, metal-
locenium, borate and various organic acceptor substituents provided a series
of novel rigid-rod molecules. Their destination as patterns to molecular wires
or materials for molecular electronics has been surveyed. The majority of
structures, however, has been designed for nonlinear optical purposes. Or-
ganometallic functionalities have been incorporated in combination with dis-
tinct spacers that offer additional synthetic versatilities. The synthetic tools
have entirely been discussed in earlier contributions by several authors so
that only improvements in the preparation of different precursors are re-
ported besides an innovative compilation based on the selected building-
blocks. Addition-elimination reactions, direct ethynylation reactions, coup-
ling reactions according to Hagihara, Stephens-Castro and Glaser as well as
transmetallation reactions have been utilized in the synthesis of numerous ap-
plication-oriented target compounds. It should be emphasized that the di-
versity of applied constituents and the conceptual flexibility directly affords
functional macromolecules which, in general, can not be prepared from
divergent homologation concepts. The presented “low-cost bridging
ligands” may especially serve for mixed spacer elongation in combination
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with solubilizer-substituted systems which are more cumbersome to pre-
pare. To achieve made-to-measure macromolecular structures, the modular
construction as proposed turned out to be highly effective and can be
adapted according to the prerequisties of sharply defined scopes.
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