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Polymerization of 1,6-diynes — Scope, structure and optical properties
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This minireview describes the recent advances in the field of 1,6-diyne polymerizations by olefin metathesis catalysts
as well as the synthesis and characterization of related short-length oligoenes with respect to their structure and optical

properties.
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Polymers with a fully conjugated backbone are of
particular importance due to their semi-conductivity
and their interesting optical properties'. Such
materials are of high interest due to their potential as
organic conductors, in photonic switches, light-
emitting devices, as well as in electronic devices. The
structurally simplest polymer which a fully conju-
gated C=C double bond system is poly(acetylene)”. It
is prepared in a straight-forward fashion and shows
high electrical conductivity upon doping. It exhibits a
high third-order susceptibility, which renders it an
interesting  candidate  for  photonic  devices.
Nevertheless, this material has found only very
limited application due to its poor solubility in
common organic solvents and lack of stability under
atmospheric conditions. Stability and solubility, in
particular, are greatly improved in polyacetylenes
bearing suitable substituents.

The extend of m-electron delocalization in one-
dimensional polyacetylenes is directly reflected in the
corresponding colour ranging from yellow over red
and purple to a black, metallic appearance.
Theoretical models correlating colour, fluorescence,
and excited state description with the size of the
conjugated system have been developed in the past
and refined in recent years®. In order to validate such
theoretical models a series of analogously substituted,
homologous oligoenes must be available and their
corresponding optical properties investigated in detail.
A significant number of oligoenes with different
length are found in nature playing a pivotal role for
photosynthesis. Herein, carotenoids harvest light

energy and direct it towards the chlorophyll pigments
in the reaction centres. Additionally, these compounds
protect the reaction centres from oxidative damage by
triplet quenching. Likewise, oligoenes are also
essential for the process of vision and biological
signalling colours. Despite this abundance of
oligoenes in nature the compounds are not completely
analogously substituted impeding proper theory
validation. In order to prepare such a homologous
series, new synthetic methodologies for the synthesis
of soluble, defined short oligoenes and highly
controlled polymerization with minimal regioerrors
have been developed.

Polymerization of 1,6-diynes

In contrast to the low stability and solubility of
poly(1-alkynes), polymers prepared from 1,6-diynes
offer several advantages as they are readily soluble in
common organic solvents and only slowly degrade
upon exposure to oxygen'. The cyclopolymerization
of 1,6-heptadiynes by olefin metathesis generates a
polyacetylene backbone with annulated five- or six-
membered rings (Scheme 1). A polymer with
exclusive incorporation of cyclopentene-rings is most
desired since such materials show a higher degree of
planarity and effective conjugation. In contrast,
polymers with two adjacent cyclohexene moieties
suffer from significant A'”-strain resulting in a twist
of the polymer backbone.

In 1992, Schrock and Fox first prepared regular
polymers from diethyl dipropargyl malonates
(DEDPM)  using  catalysts like = Mo(NAr)
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Scheme | — Polymerization of 1,6-heptadiynes by olefin metathesis catalysts

Figure 1 — Examples of diynes for polyacetylene formation

(CHCR'R’R*)(ORY), (Ref. 5). In particular, the use of
catalysts like = Mo(N-2-t-BuC¢H;)  (CHCMes)
(O,CCPh;3), bearing very bulky carboxylate ligands
resulted in DEDPM polymers with exclusive
formation of six-membered rings’. Buchmeiser and
co-workers later showed that molybdenum complexes
like Mo(NAr)(CHCMe,Ph)(OCMe;), effectively
polymerize DEDPM to give polymers incorporating >
95% cyclopentene units’. Such materials typically
show a Ag,-value which is 20-30 nm higher
compared to polymers consisting of cyclohexene
substructure. Instead of using molybdenum neo-
pentylidene or neophylidene complexes the employ-
ment of sterically less encumbered molybdenum
alkylidene complexes allows for the preparation of
materials with narrower polydispersities®. It was also
demonstrated that suitably tuned ruthenium-based
catalysts effectively promote the formation of
polymers with predominant incorporation of cyclo-
pentene units. In this respect, Grubbs-Hoveyda
catalysts with trifluoroacetate ligands proved to be
superior’®. Recently, Buchmeiser and coworkers
significantly extended the scope of diyne cyclopoly-
merization including N,N-dipropargylammonium salts
and dipropargyl ethers using ruthenium-based meta-
thesis catalysts giving polymeric materials with sole
incorporation of five-membered rings (Figure 1)
(Ref. 9). Noteworthy, polymerization of N,N-dipro-
pargylamines turned out to be problematic under the
reported reaction conditions as intramolecular
stabilization of the intermediates and back-biting was
observed. However, cyclopolymerization of dipro-

pargyl amines was reported to occur in moderate
yields using catalysts like WCI¢/EtAICl, or MoCls
(Ref. 10).

Synthesis of oligoenes

Despite the success in the field of diyne cyclopoly-
merization and the preparation of materials with long
extended m-systems a direct correlation of the length
of the conjugated system with the electron absorbance
is hampered by the fact that even in well-controlled
polymerization processes always a mixture of
compounds with different chain length is obtained.
Therefore, a new methodology for the direct synthesis
of such compounds in pure form was developed'"'*.
Although small oligoenes up to nine double bonds can
be isolated in pure form from mixtures obtained by
early-quenched polymerization reactions, longer
oligoenes have to be prepared by a different, general
protocol. Starting from the acetonide of di-2-propyl-
dipropargyl malonate the corresponding dienal 3 was
prepared using [CpRu(CH;CN);]PF4 as described by
Trost and coworkers (Scheme 11, Ref. 13).

By subsequent addition of di-2-propyl-dipropargyl
malonate and Ru-catalyzed ring closure the corres-
ponding homologous enals are accessible (referred to
as dimeric 5, and trimeric aldehyde 6, respectively).
By dimerization of these aldehydes under McMurry-
conditions the corresponding dimeric, tetrameric, and
hexameric oligoenes are prepared in a straight-
forward manner (Scheme I11).

It was found that di-2-propyl malonates work very
well since the corresponding products are more stable
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Scheme IV — Synthesis of bimetallic monomer complex

than the ethyl esters and highly crystalline facilitating
purification. In principle, by repetition of this
sequence even longer oligoenes are accessible.
Nevertheless, for the synthesis of oligoenes with an
odd number of monomeric units a different approach
had to be developed. For this hydroxymethylene di-2-
propyl diproparyl malonate 7 was cyclized using
[CpRu(CH3CN);]PFs to give dienal 8 with was

transformed to triene 9 in a Wittig reaction. From
triene 9, a bimetallic complex 11 was prepared by
reaction with two equivalents of molybdenum alkyli-
dene complex 10 (Rgs = C(CF;),Me, Scheme 1V).
Complex 11 incorporating one monomeric moiety
was then reacted with two equivalents of monomeric
3, dimeric 5, and trimeric aldehyde 6, respectively, to
permit the isolation of trimeric, pentameric, and
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Figure 2 — Bimetallic molybdenum alkylidene complexes

heptameric oligoene, respectively (Scheme V). Thus,
a homologously substituted sequence from dimeric to
heptameric oligoene with a number of double bonds
up to 15 was synthesized in pure form.

Since it was of interest whether the incorporation
of a single cyclohexen ring into the conjugated system
would result in a change in the electron absorption
properties, a bimetallic complex 12 incorporating this
ring size was prepared and transformed into the mixed
trimeric oligoene by reaction with the monomer
aldehyde 3 (Figure 2).

By a similar synthetic approach bimetallic
complexes 13) incorporating dimeric and trimeric
moieties were prepared (Figure 2, ref. 14). Herein,
bimetallic complexes were treated with monomeric
aldehyde 8 lacking methyl group protection at the
terminal double bond. Repetition of this sequence of
reactions with a molybdenum alkylidene and the
aldehyde allowed the preparation of the corres-
ponding pentamer. In order to suppress deleterious
metathesis side reactions and to obtain materials with
higher purity bimetallic molybdenum complex
adducts with trimethylphosphine and quinuclidine
were investigated. Although product formation was
significantly slower the products were indeed formed
in higher purity’”. The crystal structures of the
bimetallic complexes provided some insight into the
planarity of conjugated systems along with the crystal
structures of the dimeric and trimeric oligoenes
lacking the two methyl groups on each terminal
olefinic bond. In all cases, it was demonstrated that
the olefinic double bonds have alternating cis-trans

geometry and that the conjugated system shows a
high degree of planarity.

Optical properties

The synthesis of a completely homologously
substituted series of oligoenes allowed the validation
of quantum-mechanical models for the prediction of
the electron absorption behaviour”. A simple
approximation for the dependency of the strongly
allowed Sy->S, transitions to the number N of double
bonds of the conjugated system is given by the
equation (refs. 16,17):

E(N)=A +B/N

Plots of the E(0-0), E(0-1), and E(0-2) transition
energies for the Sy->S; transition over 1/N are highly
linear and allow extrapolation of N to infinity to give

a limit of Anm = 650 nm in dichloromethane
(Figure 3).

Conclusion

Using suitable transition metal catalysts 1,6-diynes
can efficiently be polymerized to give well-defined
polyacetylene polymers with high degree of planarity
of the polymer backbone concomitant with high
conductivity. By synthesizing pure homologously
substituted oligoenes with increasing number of
olefinic double bonds quantum-mechanical models
for the explanation of electron absorption behaviour
could be validated and applied to polyacetylenes. The
deepened understanding of conjugated w-systems
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Figure 3 — Electron absorption spectra of oligoenes [dimer
(purple), trimer (red), tetramer (orange), pentamer (blue),
heptamer (green)]

should also provide more insight into the complex
biologically important processes like vision and
photosynthesis.
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