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The ability of a conjugated carbon or heteroatom framework
to participate inπ-electron delocalization is fundamental to the
electronic behavior of organic materials,1-7 which in turn, is
central to their applications as media for electroluminescence,8

ferromagnetism,9 and nonlinear optics2,10among others. The most
intensely studied conjugated molecules have extended, linearly-
conjugatedπ-systems, as found in semiconducting oligomers such
as, e.g., polythiophene or polydiacetylene (PDA). Alternative
modes ofπ-electron delocalization, in particular cross conjuga-
tion,11 are much less frequently encountered, and the nature of
cross-conjugatedπ-delocalization is thus far less understood.12

Surprisingly, even oligomers such as1, the cross-conjugated
constitutional isomers of the ardently studied polydiacetylenes
2,13 are an unrealized class of molecules.

We identified oligomers1 (iso-PDAs) as a class of molecules
ideally suited to probe the electronic characteristics of cross
conjugation in organic materials. Herein we report the first
iterative synthesis and characterization of these enyne oligomers,
which span up to 3.4 nm in length for the nonamer. UV-vis
spectroscopic analysis shows that electronic communication along
the conjugated framework indeed increases as a function of
oligomer length, clearly demonstrating a subtle contribution from
cross conjugation to the overallπ-electron delocalization iniso-
PDAs.

Palladium catalyzed coupling of terminal alkynes with vinyl
triflates14 provides an efficient route to the desired oligomers.15

Furthermore, these couplings facilitate an iterative chain elonga-
tion that significantly simplifies the synthesis. The assembly of
the iso-PDAs began with the palladium catalyzed cross-coupling
of trimethylsilylacetylene and vinyl triflate monomer314 (Scheme
1). The coupling proceeded rapidly at room temperature in DMF
utilizing ca. 5% Pd(PPh3)4 catalyst and CuI as a cocatalyst16 to
give diyne 5 in 63% yield.17 Protodesilylation of 5 gave
quantitatively the deprotected diyne that could be used without
further purification in the reaction with3 to afford trimer7.18

Using7, iteration of the protodesilylation and coupling sequence
gave pentamer9 in 63% yield. Following protodesilylation of9,
cross-coupling with3 was brought about in THF to help solubilize
the heptamer product11, which ultimately proved to be only
sparingly soluble in common organic solvents.

As a result of the low solubility of the TMS end-capped
oligomers, theiso-PDAs were instead derivatized with triisopro-
pylsilyl (TIPS) groups, which were expected to significantly
enhance solubility. Thus, protodesilylation of5 followed by cross-
coupling with TIPS-protected4 afforded trimer8, and similarly,
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Scheme 1a

a Reagents and conditions: (a) trimethylsilylacetylene, Pd(PPh3)4, CuI,
Et2NH, DMF, rt, 2h. (b) Triisopropylsilylacetylene, Pd(PPh3)4, CuI,
Et2NH, DMF, rt, 2h. (c) K2CO3, wet MeOH/THF (1:1), rt, 2h. (d)3,
Pd(PPh3)4, CuI, Et2NH, DMF, rt, 2h. (e)4, Pd(PPh3)4, CuI, Et2NH, DMF,
rt. (f) TBAF, wet THF, rt. (g)3, Pd(PPh3)4, CuI, Et2NH, THF, rt.
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desilylation of7 followed by cross-coupling with4 gave pentamer
10. Pentamer9 was desilylated and coupled with4 to afford
heptamer12 as a stable white solid, gratifyingly soluble in most
organic solvents. To produce nonamer13, heptamer11 was
desilylated with tetrabutylammonium fluoride (TBAF) in a dilute
solution of THF. Extraction of this reaction mixture into a large
volume of Et2O, aqueous workup, and coupling of the deprotected
heptamer with4 gave nonamer13. The increased solubility of
13 allowed complete spectroscopic characterization of this na-
nometer-length oligomer that extends ca. 3.4 nm from Si atom
to Si atom.19 For spectroscopic comparison, dimer14 was also
prepared (Figure 1) from the differentially protected enediyne6
(Scheme 1). Thus, treatment of6 with K2CO3 in THF/MeOH (1:
1) gave selective removal of the TMS group, and subsequent
cross-coupling with4 gave dimer14.

X-ray analysis of 8 provided insight into the solid-state
character of theiso-PDA oligomers (Figure 2).20 The C2-
symmetrical molecule is essentially planar with a maximum
deviation from the least-squares plane of the carbon and silicon
framework (excluding theiPr groups) of 0.126(4) Å. Of the three
possible planar geometries,8 assumes an all-transoid orientation
of the olefins with respect to the acetylenic linkers.

The predominant feature of the electronic absorption spectra
of theiso-PDA oligomers is a steadily increasing molar absorption
as the number of enyne monomer units is increased (Figure 3).
In the spectrum of dimer14, two distinct low-energy absorptions
are discernible at 291 and 306 nm, corresponding to cisoid and
transoid orientations, respectively, of the two alkenes about the
central alkyne.21 These absorptions broaden significantly for
longer oligomers as a result of increasing rotational degrees of
freedom. Already at the stage of the trimer8, only the higher
energy cisoid absorption is clearly discernible, and for the longer
iso-PDAs, only one broad, featureless absorption is observed.

Dimer 14 provides a standard by which the electron contribu-
tions from cross conjugation can be examined. The ene-yne-
ene segment of14 (Figure 1, shown in bold) represents the longest
linearly-conjugated path present in any of theiso-PDA oligomers.
In the absence of an effective cross-conjugatedπ-delocalization
mechanism, this six-carbon sequence is expected to dictate the
lowest energy electronic absorption band of these oligomers.23

Clearly evident in Figure 3, however, is a steady red shift in the
lowest energy absorption as a function of oligomer length. Dimer
14 has an absorption cutoff at ca. 320 nm, whereas the cutoff
value of nonamer13 has been shifted to ca. 345 nm.24 Clearly,
as the number of cross-conjugated enyne segments increases,
π-electron delocalization is augmented.25 This effect diminishes
with increasing chain length and suggests that saturation of
electronic delocalization via cross conjugation has essentially been
reached at the stage of the nonamer, i.e., further extending the
length of the oligomers is not expected to significantly change
the optical gap of the materials.26 These spectra clearly provide
evidence ofπ-electron communication conveyed between cross-
conjugated enyne subunits ofiso-PDA oligomers. Additional
investigations to determine the effects of donor/acceptor func-
tionalization on this mode ofπ-electron delocalization, as well
as the formation of polymeric materials, are currently underway.
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Figure 1. Synthesis of dimer14. The longest linearly-conjugated
sequence present in any of theiso-PDA oligomers is outlined in bold.

Figure 2. ORTEP drawing (20% probability level) of8.

Figure 3. Electronic absorption spectra (ε [L mol-1 cm-1]) in CHCl3
comparing the effects of oligomer length between8, 10, 12, 13, and14.
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