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Synthesis and Physical Investigation of Donor—Donor and Acceptor-—
Acceptor End-Functionalized Monodisperse Poly(triacetylene) Oligomers
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Abstract: Two series of monodisperse,
terminally donor—donor [D-D, D =4-
(dimethylamino)phenyl] and acceptor-—
acceptor [A-A, A =4-nitrophenyl]
functionalized poly(triacetylene) (PTA)
oligomers ranging from monomer to
hexamer were synthesized by oxidative
Hay oligomerization under end-capping
conditions. The corresponding D-D
and A-A end-substituted polymers
with an average degree of polymeriza-
tion (DP) of n ~18 and n ~12, respec-
tively, were also prepared and served as
reference points for the corresponding
infinitely long polymers. These termi-
nally functionalized PTA oligomers and
polymers are yellow- to orange-colored
compounds, displaying excellent solubil-
ity in aprotic solvents with melting
points above 200°C for the hexamers.
For the 4-(dimethylamino)phenyl sub-
stituted compounds, a consistent first
oxidation potential around +0.42 V ver-

sus Fc/Fct (ferrocene/ferricinium) was
observed, whereas the 4-nitrophenyl
functionalized systems underwent a re-
versible reductive two-electron transfer
around —140V versus Fc/Fct. The
nature of the end-groups has a dramatic
influence on the electronic absorption
spectra. Saturation of the linear optical
properties in the D—D series occurs at
significantly shorter chain-length [effec-
tive conjugation length (ECL) of n ~4
monomer units] than in the A-A sub-
stituted or the previously reported
Me;Si- and Et;Si-end-capped PTA
oligomer series (ECL: n ~10 monomer
units). Similar observations with respect
to the ECL were made by measurement
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of the Raman-active #, stretches.
Third-harmonic generation (THG) and
degenerate four-wave mixing (DFWM)
experiments showed that shorter
oligomers of terminally D-D or A-A
functionalized PTAs display higher sec-
ond hyperpolarizabilities y than the
corresponding R;Si-end-capped series
(R =alkyl). Moreover, they disclose a
distinct peak of the nonlinearity per
monomer unit at intermediate backbone
lengths. In THG experiments, the sec-
ond hyperpolarizabilities for long D/A-
functionalized PTA oligomers attained
the same saturation values as observed
for the corresponding R;Si-end-capped
rods. The nonlinearities measured by
DFWM of the D-D and A - A substi-
tuted PTAs were found to be larger than
for the silylated ones, which can be
explained by the closeness of the two-
photon resonance.
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Monodisperse, soluble oligomers with precisely defined
length and constitution continue to raise large interest as
model compounds for linearly st-conjugated polymers.['-*1 We
reported in the past the synthesis and study of two series of
monodisperse trialkylsilyl-end-capped poly(triacetylene)
(PTA) oligomers. The first series, with terminal Me;Si groups,
extended from the 0.96 nm long monomer 1a to the 4.61 nm
long hexameric oligomer 1f and displayed high solubility in
common organic solvents, allowing a first investigation of
structure — property relationships in PTAs.l By extrapolative
evaluation of linear and third-order nonlinear optical proper-
ties, utilizing the two polydisperse polymer samples 2a and 2b
that already displayed saturation in their linear and nonlinear
optical properties and therefore served as data points for an
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infinitely long polymer, the effective conjugation length
(ECL) in PTAs was estimated to comprise 7 to 10 monomer
units or 42 to 60 C atoms.[" The ECL defines the number of
repeat or monomer units needed in a given linearly -
conjugated polymer to furnish size-independent optical,
redox, or other physical properties.®°l To obtain a more
direct experimental determination of the ECL,' we
prepared the monodisperse PTA oligomer series 3a-—g

3a-g R=SiEt;

n=124628,12,16

extending up to a 11.9 nm long hexadecameric (3g) PTA
rod.l'> 1l This dramatically expanded series with Et;Si end-
groups bridged the gap between the oligomer and polymer
domains and allowed a detailed investigation of the physical
properties in PTAs up to the interesting regime where
physical properties start to show behavior of saturation.

In order to study the influence of electron-releasing
[4-(dimethylamino)phenyl] and -withdrawing (4-nitrophenyl)
substituents on the physical properties of PTAs, we have now
prepared two series of terminally donor—donor (D-D; 4a—
f) and acceptor—acceptor (A-A; 5a-f) functionalized
oligomers ranging from monomer to hexamer by oxidative
Hay polymerization under end-capping conditions. The
corresponding polydisperse D—D and A-A PTA polymers
4g and 5g with average degrees of polymerization (DP) of
n ~18 and n ~12, respectively, allow further useful struc-
ture —property correlations. Here, we report the synthesis,
characterization, and comprehensive physical study (electro-

4a-g R= NMe, n=1-6=~18

5a-g R=NO, n=16=12

chemistry, linear and nonlinear optical properties, Raman
scattering) of these new compounds. The comparison with
their previously reported silyl-end-capped counterparts dem-
onstrates that the nature of the end-groups can have a large
influence on physical properties and induce dramatic changes
in the ECL as revealed by electronic absorption spectroscopy.

Results and Discussion

Synthesis and characterization: The donor or acceptor
substituted trans-diethynylethenes [DEEs, (E)-hex-3-ene-
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1,5-diynes] 6 and 7 were prepared as end-capping reagents
starting from mono-silyl-protected DEE 81”18l (Scheme 1).
Sonogashira-type cross-coupling!'! of 8 with 4-iodo-N,N-
dimethylaniline or 4-iodonitrobenzene afforded 9 and 10,

H
& )
Me,BuSiO a
2 OSiBuMe, —™
Me,Si
b) 6 R =NMe,
7 R=NO,

Scheme 1. Synthesis of end-capping units 6 and 7. a) 4-Iodo-N,N-dimethyl-
aniline or 4-iodonitrobenzene, [PdCl,(PPh;),], Cul, NEt;, 20°C, 24 h, 9:
85%, 10: 95%. b) NaOH, THF/MeOH 1:1, 20°C, 2 h, 6: 90%, 7: 93%.

respectively, and removal of the Me;Si-protecting group gave
the end-capping reagents which could be stored at —20°C for
extended periods of time without decomposition.

The preparation of the two monomers 4al'” 'l and 5al?% has
been previously described. The synthesis of the new oligomers
4b—f and 5b-f was accomplished by oxidative Hay polymer-
ization of frans-enediyne 11?2 in the presence of end-
capping units 6 and 7, respectively (Scheme 2).% To a first

H
4
Me,BuSiO )
+ OSiBuMe,

AN

[
n  vyield [%) n  yield [%]

4b 2 62% 5b 2 62%

4c 3 18% 5¢ 3 20%

4d 4 79 o

R = NMe, " R=NO, ¢ ¢ %

4e 5 4% 5e 5 3%

4f 6 2% 5f 6 2%

4g =18 3% 59 =12 4%

Scheme 2. Synthesis of D/A-end-capped oligomers 4b—f and 5b—f and
polymers 4g and 5g, respectively. a) CuCl, N,N,N',N'-tetramethylethyl-
enediamine (TMEDA), CH,Cl,, 4 A molecular sieves, air, 20°, 2 h.

approximation, the rate of polymerization was found to be
hardly influenced by the terminal D/A functionalities com-
pared with the corresponding Me;Si- (as in 8) or Et;Si-end-
capping units, and stirring in a open vessel for 2 h at 20°C was
found to be sufficient for completion of the reaction in both
cases. Oligomers 4b—f and Sb—f were isolated by preparative
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size-exclusion chromatography (SEC, 5 x 180 cm glass col-
umn filled with Bio-Rad Bio-Beads SX-1, CH,Cl,) (Figure 1).
Final purification of the oligomers was achieved by precip-
itation of concentrated solutions of the compounds from
CH,CIl, with MeOH and subsequent isolation of the solid
material by centrifugation.

1.2
1.0
0.8

5 06

0.4

0.0 — T
6 7 8 9 10 11 12 13 14 15 16

t/min
Figure 1. Analytical SEC traces (Bio-Rad Bio-Beads SX-1, CH,Cl,) of the
crude reaction mixture taken directly after work-up of the oxidative
oligomerization of 11 in the presence of end-cap 6. From right to left (g =
retention time): dimer 4b (fr =14.19 min), trimer 4¢ (tzx =13.55 min),

tetramer 4d (g =13.08 min), pentamer 4e (fr =12.74 min), and hexamer
4f (tg =12.46 min), detected at A =400 nm; a.i. = arbitrary units.

Isolated yields of single oligomers were found to be strongly
dependent on the ratio of monomer 11 to end-capping
reagents 6 and 7. For instance, using 7 and 11 in a ratio of
4:1 allowed isolation of the A — A oligomers Sb—fin the yields
depicted in Scheme 2, whereas a 2:3 ratio of 7 to 11 resulted in
a considerable shift of the product distribution towards higher
oligomers (5b: 32%, 5¢: 20%, 5d: 14%, 5e: 8%, 5f: 6%).
Using a ratio of 2:3 of end-caps 6 or 7 to repeating monomer
11 guaranteed end-capping of both free terminal acetylenes of
the m-conjugated chain to a high degree of certainty. This is of
crucial importance as subsequent separations of mixtures of
incompletely functionalized polymers are not feasible.

Of both D-D and A-A polymerization mixtures, the
fastest eluting fractions from the preparative SEC columns
were collected and provided samples for end-functionalized
polydisperse D-D and A - A PTA polymers (4g: n ~18, M,/
M,=2.04 and 5g: n =12, M, /M,=1.65). They are deep
yellow-orange and red solids, respectively, with good solubil-
ity in aprotic solvents such as CHCl;, CH,Cl,, toluene, or
THF. The average degree of polymerization (DP) for both
polymers 4g and 5g was estimated using a combination of
analytical SEC, 'H NMR end-group analysis (assuming
functionalization of both ends), and elemental analysis
(EA). For D-D polymer 4g, SEC, 'H NMR end-group
analysis, and EA afforded values for DP of ~18, ~15, and
~ 12, respectively, whereas with ~12, ~12, and ~ 10, slightly
lower values were obtained for A—A polymer Sg. Both 4¢g
and Sg displayed a broad, asymmetric Gaussian-type molec-
ular weight distribution in their MALDI-TOF-MS spectra
(Figure 2). The most intense peak allowed a further estimate
of the DP by means of mass spectrometry yielding for 4g and
5g values of ~12 and ~ 10, respectively. However, it has been
reported that DP analysis by MALDI-TOF mass spectrom-
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Figure 2. MALDI-TOF mass spectra of a) 4g [matrix: 2',4',6'-trihydroxy-
acetophenone (THA)/ammonium hydrogencitrate (AHC)] and b) 5g
[matrix: 3-(3-indolyl)acrylic acid (IAA)]. For both polymers, the [M+Na]*
peak was the most intense, followed by [M]* and [M — C(CH,);]"). In the
case of the D—D polymer 4¢g, an additional fragmentation peak [M —
OSi(CHj;),C(CHj;);]* was observed.

etry might produce for some polymers misleading or even
wrong results.?4

The thermal stability of both polymers 4g and 5g was
examined by conventional melting point (m.p.) determination
and differential scanning calorimetry (DSC). They exhibited
high thermal stability showing no sharp melting points, but
started to decompose, accompanied by decoloration, at
temperatures above 190°C (5g) and 200°C (4g), with
continuing slow decomposition over a range of 50°C and
35°C, respectively.

As already observed for the terminally silyl substituted
PTA oligomers 11 a—f71 and 3a-g[>! D-D and A-A
oligomers 4a—f and Sa—f proved to be remarkably stable
under standard laboratory conditions. Their high solubility in
a wide range of aprotic solvents such as CHCl;, CH,Cl,, and
THF enabled full analytical characterization by means of
m.p., '"H and BC NMR, FT-IR, Raman, UV/Vis spectroscopy,
MALDI-TOF spectrometry, and EA. Whereas D —D substi-
tuted oligomers 4a—f exhibited bright fluorescence in
n-hexane and CHCl; solutions, which showed upon length-
ening of the m-conjugated backbone a decrease in intensity, no
fluorescence was observed for A-A functionalized com-
pounds Sa-f.

The molecular formula of each oligomer in series 4a—f and
5a—f was readily revealed by the MALDI-TOF mass spectra
which depicted the molecular ions as parent ions. In addition,
the number of monomeric units in each individual oligomer
was also obtained by comparison of the 'H NMR integrals of
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the Me,BuSiOCH, resonances with those of the aromatic
end-capping groups.

A pronounced difference was observed between the
13C NMR spectra (125.8 MHz, CDCl,) of the silyl-end-capped
oligomeric PTA series 3a—g and those of the functionalized
derivatives 4a—f and Sa—f. In the silyl-end-capped series, the
C(sp?) and inner alkyne C(sp) resonances displayed signal
overlap only at the stage of dodecamer 3 f and hexadecamer
3g.51] In contrast, signal overlap in the D—D and A-A
substituted oligomeric series already occurred at the stage of
the pentamers. In the D —D series 4a—f, the backbone C(sp?)
atom resonances for pentamer 4e and hexamer 4f showed
peak overlap at 0=132.8, although C(sp) atom signals
remained clearly separated even for the hexamer. For
comparison, the polydisperse polymer 4g displayed peak
overlap for the backbone C(sp?) resonances at 6 =132.3. Peak
overlapping was even more pronounced for the A—A series
5a-f, with the inner C(sp) resonances already overlapping in
pentamer Se at 0 =87.37. Hexamer 5f displays overlapping
C(sp) resonances at d =87.38 and 83.30 and backbone C(sp?)
resonances at 0 =132.43. For comparison, the C NMR
resonances in the polydisperse A — A functionalized polymer
5g merged at 6 =132.1 [backbone C(sp?)] and at 6 =87.1 and
82.9 [C(sp)]. This analysis reveals a clear influence of the end-
groups on the electronic properties of backbone C(sp) and
C(sp?) atoms in PTA oligomers. The data indicate that
terminal substitution of PTA oligomers by either electron-
releasing or -withdrawing groups results in a significant
reduction of the oligomeric length at which individual carbon
atoms start to resemble each other electronically. This
observation is in agreement with similar findings from linear
optical and Raman spectroscopical measurements (vide
infra).

For comparison, we also prepared the D—A substituted
dimer 12b in addition to the known monomer 12a.l'%18l
Oxidative coupling of 6 and 7 in a 1:1 ratio under Hay
conditions provided a mixture of 4b (22%):12b (12%):5b
(24 % ) which was separated—quite tediously—by column and
preparative thin-layer chromatography.

Electrochemistry: The redox characteristics of both series of
end-functionalized oligomers and polymers, 4a—g and Sa—g,
mono-functionalized monomers 9 and 10, and D-A com-
pounds 12a and 12b were investigated by a combination of
cyclic (CV) and steady-state voltammetry (SSV) in CH,Cl,
using 0.1m nBu,NPF, as supporting electrolyte (Table 1). For
the 4-(dimethylamino)phenyl substituted compounds 4b-g,
9, and 12a-b, the first observed oxidation potential occurred
consistently at about +0.42V versus Fc/Fc*, which can be
directly ascribed to the oxidation of the aniline group, as
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revealed by a direct comparison with N,N-dimethylaniline (cf.
Table 1). Only for D-D monomer 4a, a slightly lower
oxidation potential of +0.31 V versus Fc/Fc™ was observed.
The reductions occurring on the DEE core for trimer 4¢ and
higher D -D functionalized oligomers were well-defined and
behaved as quasi-reversible electron transfers as shown either
by the slope of the wave in the steady-state voltammetry
experiments or by the peak potential separation in the cyclic
voltammograms.

Several discrete reduction steps were obtained for the
A - A oligomers 5a—f, for which the first one was reversible
and involved a two-electron transfer. For compounds Sc—g,
one irreversible oxidation step was also observed between
+130V and +1.22V versus Fc/Fc*. This relatively high
oxidation potential helps to account for the high environ-
mental stability of these end-functionalized PTA oligomers.
Whereas for all A — A functionalized oligomers 5a—f the first
reversible reductive electron transfer process occurred at
—1.40 V versus Fc/Fc*, the magnitude of the second reduction
potential varied linearly with 1/n. This result suggests that the
first reduction occurred on both terminal 4-nitrophenyl
groups, which could easily be verified by measuring reference
compounds nitrobenzene and 4,4’-dinitrobiphenyl displaying
reductions at —1.61 Vand —1.44 V versus Fc/Fc*, respective-
ly. However, the peak potential difference observed by cyclic
voltammetry and also the slope of the wave in the steady-state
voltammetry experiments clearly indicated that the two one-
electron reductions are not occurring at exactly the same
potential. In fact, wave analysis revealed that the two one-
electron reductions, occurring on the two terminal 4-nitro-
phenyl groups, are separated by about 50 mV.[>] This indicates
that there is a certain degree of electronic communication
between the 4-nitrophenyl end-groups and that these redox
centers are not acting independently. It has been shown
previously by spectroelectrochemistry that the first reduction
step of 5a occurs on the nitro groups generating a stable
allenic dianion.’]

The question whether both 4-nitrophenyl groups in 5a
undergo independent electrochemical reduction is of sub-
stantial interest. In a series of donor and/or acceptor
functionalized tetraethynylethenes (TEEs, 3,4-diethynylhex-
3-ene-1,5-diynes), the electrochemical results initially sug-
gested that the m-conjugated carbon core is inefficient at
delocalizing charges between the terminal redox centers, since
the first redox potentials were essentially found to be
independent of the substitution pattern about the TEE core
and/or the presence of other functionalities.’®! However,
comprehensive ab initio calculations on DEEs and TEEs
revealed a much more complex mechanism of the redox
process.?]

With the exception of trimer 5S¢ and polydisperse A-A
PTA polymer 5g, for which a reversible second reduction was
observed, the second reductive electron transfer steps in Sa—f
measured by CV were found to be irreversible. However, the
observed slopes in the steady-state voltammetry for Sa—f are
in agreement with a quasi-reversible redox process, occurring
on the DEE core. As expected, both D-D and A - A series
4c—f and 5a—f showed an increasingly facile first or second
reduction potential upon lengthening of the m-conjugated
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Table 1. Electrochemical data for D—D and A — A functionalized PTA oligomers and polymers 4a—g and 5a—g, monofunctionalized TEEs 9 and 10, D- A
functionalized oligomers 12a and 12b, and reference compounds aniline, nitrobenzene, and 4,4'-dinitrobiphenyl.

cyclic voltammetry

steady-state voltammetry

Compound n E°l AE, [mV]®] E, [l E, [0 Efglel slope [mV]®" Egyel slope [mV]
PhNMe, - - - - +0.44 - - +0.44 120
9 1 +0.40 88lel - - - +0.41 73
4a 1 +0.31 85lel - - - - +0.32 82
4b 2 +0.41 741l - +0.99 - - +0.42 80
4c 3 —-1.93 85 —-2.19 +0.97 —1.96 86 +0.42 71
+0.42 75 —2.18 89 +0.98 73
4d 4 —1.80 110 —2.02 +1.02 —1.88 88 +0.43 72
+0.42 90 —-2.01 80
4e 5 -1.79 175 —2.37 - —-1.82 114 +0.43 69
+0.43 80 —2.38 69
4f 6 —-1.74 130 —2.18 +1.02 —1.75 80 +0.42 65
+0.42 75 -2.16 71
4g ~18 —1.70 125 - - —-1.72 135 +0.41 73
+0.41 95
PhNO, - —1.61 80 - - - - - -
(Ph-p-NO»), - 144 100 - - - fi - -
10 1 —1.41 90 —2.00 - —1.44 87 - -
—2.04 135
Sa 1 —1.42 120 —2.16 - —1.45 100 - -
—-2.12 180
Sb 2 -1.39 95 -1.90 - —1.41 80 - -
—2.30 —1.87 80
—2.10 68
Se 3 -1.39 95 - +1.30 —1.40 80 +1.24 73
—-1.74 95 -1.79 92
—1.95 105 —1.94 100
5d 4 —1.38 110 —-1.73 +1.24 —-1.39 85 +1.23 85
—1.88 —-1.78 110
—2.04 —-2.20 100
Se 5 -1.38 105 -1.79 +1.24 —1.40 90 +1.23 104
—2.05 —-1.74 65
—-2.11 94
5f 6 —1.38 100 —1.80 +1.22 —-1.39 92 +1.19 109
—1.93 —-1.70 76
—1.98 148
S5g ~12 —1.41 70 - - —-1.37 135 +1.13 106
-171 150 —-1.69 78
—-1.84 90
12a 1 —1.43 80 —-2.02 - —1.43 73 +0.42 70
+0.42 70k —-2.01 119
12b 2 —1.40 85 —1.90 - —1.43 66 +0.42 67
+0.43 661! -1.91 75

[a] V versus Fc/Fc', redox potentials observed in CH,CL+0.1m nBu,NPFg, scan rate »=100 mV's™!, formal redox potential E"° = (E,,+E,.)/2. [b] AE,=
E,, — E,.q, where subscripts ox and red refer to the conjugated oxidation and reduction steps, respectively. [c] Reversible electron transfer at scan rates v =
200 mVs~'. [d] Reversible electron transfer at scan rates v =1000 mVs~'. [e] Peak potential E, for irreversible reduction. [f] Peak potential E,, for
irreversible oxidation. [g] V versus Fc/Fc™, rotating disk electrode in CH,Cl,+0.1m nBu,NPF. [h] Logarithmic analysis of the wave obtained by plotting £

versus log [I/(I;,, — I)]. [i] Peak potential poorly resolved.

backbone. A plot of the reduction potentials versus 1/n for
4c—f and Sa-f, together with the corresponding higher
polymers 4g and Sg, and the Me;Si-end-capped oligomers
la-f, is provided in Figure 3. Upon extension of the central
n-conjugated DEE core, both D-D oligomers 4c¢—f and
Me;Si-end-capped series 1a—frevealed a very similar slope of
the first reduction potential as a function of the inverse
number of monomer units. In contrast, a significantly different
slope for the second reduction potential was obtained for the
A—-A series Sa—f. The first reduction event occurs at the
terminal 4-nitrophenyl groups at constant potential, whereas
the second reduction event is located directly on the DEE
core scaling linearly with 1/n. In contrast to 1a—f and 4¢—f,

4404
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this reduction step takes place on a dianion and not on a
neutral species. Surprisingly, this second reduction step for
A - A series Sa—f proved to be even more facile than the first
reductive electron transfer of the silylated, neutral oligomers
1a-fl1 However, with increasing chain-length this effect
vanishes and for both hexamers 4f and 5f, reduction was
observed at nearly identical potentials, indicating that at
longer chain-lengths the position of the electron transfer
potential associated with the conjugated backbone is no
longer influenced by the nature of the end-groups. This
striking observation strongly suggests that PTA oligomers
bearing terminal 4-nitrophenyl anions still display electron-
acceptor properties, although certainly not as strong as in their
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Figure 3. Evolution of the first reduction potentials of Me;Si-end-capped
oligomers 1b—f (CV, m), D—D compounds 4c—f (SSV, 0), the second
reduction potentials of A — A oligomers 5a—f (SSV, 2) recorded in CH,Cl,
(0.1m nBu,NPF, V vs. Fc/Fc*), and monomer 1a (CV, filled square) in
THF plotted as a function of 1/n. Included are also the reduction potentials
for D-D and A- A polymers 4g (SSV, +) and 5g (SSV, *), respectively.

neutral form. However, it should be noted that in the case of
the silylated oligomers 1a—f the first electron transfer event is
reversible, whereas for A— A oligomers Sa—f the reduction
located at the DEE backbone is not. Surprisingly, unfavorable
Coulombic interactions resulting from a third electron on the
m-conjugated core of the A — A oligomer dianions still seem to
be outweighed by the electron-stabilizing properties of the
4-nitrophenyl groups. This astonishing experimental observa-
tion might be explained by the presence of strongly localized
charge carriers on the nitro groups which, in addition, could
adopt a perpendicular orientation with respect to the prefer-
entially planar®! arylated PTA backbone, thus reducing
repulsive destabilizing interactions.

All three D-D-, A-A-, and Me;Si-end-capped oligomer
series merged at the same averaged reduction potential of
—1.70 V versus Fc/Fc*, including polymers 4g and 5g. Despite
the fact that for the two bis-functionalized polymers satura-
tion for the reduction potential was attained, the redox
activity of the end-groups still remained clearly detectable.
The reduction potential of E,.;= —1.70 V versus Fc/Fc* for an
infinitely long PTA chain is in full agreement with the
previously experimentally derived value utilizing the Et;Si-
end-capped oligomer series 3a—g.['¥l Linear optical spectros-
copy in CHCI; solutions revealed for the transition energy of
the deconvoluted longest-wavelength absorption band 4,,,, of
dodecamer 3f a value of E,,, =2.63 eV.[>1 For A—A PTA
polymer 5g, a very similar value of AE =2.50 eV was deduced
from steady-state voltammetry measurements. In addition,
analysis of the reduction potentials versus 1/n for both
functionalized series 4a—g and Sa—g allows also a rough
estimation of the ECL which yields n ~10 monomer units,
independent of the nature of the end-groups.

However, this estimate of the ECL relies very strongly on
the experimental accuracy of the reduction potentials. Even
the slightest deviations in the second decimal place of the
reduction potentials have considerable influence on the slope
of the line obtained by linear regression. For both substituted
PTA series 4a—f and 5a—f, the SSV data were found to follow
more closely a linear relationship between reduction potential

Chem. Eur. J. 2000, 6, No. 23
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and inverse number of monomer units than the data obtained
from CV measurements.

Linear evolution of redox potentials with the inverse number
of monomer units has also been reported for other conjugated
oligomer systems such as oligo(a-thiophene)s,?! oligo(a-
thiophene vinylene)s,?” or oligo(p-phenylene vinylene)s.[!

Linear optical properties: The UV/Vis spectra of end-
functionalized PTA oligomers 4a—f and Sa-f, and the
corresponding polydisperse polymers 4g and Sg were record-
ed in CHCIj; solutions at 20°C (Figure 4). As already reported
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Figure 4. Electronic absorption spectra of a) D -D substituted 4a—g and
b) A - A substituted 5a—g in CHCl; at 20°C.

for the silyl-end-capped oligomeric series 1a—f and 3a-g, a
bathochromic shift of the longest-wavelength absorption
maximum A, upon extension of the conjugated carbon
backbone was observed, and to a first approximation the
molar extinction coefficients ¢ increased proportionally to the
number of monomer units.” >l Owing to the inhomoge-
neously broadened longest-wavelength absorption bands in
both series 4a—g and Sa-g, accurate determination of the
Amax and E, ., values required deconvolution of the absorption
spectra;’l the obtained 4,, and E,,, values are listed in
Table 2. The most striking difference between the two
functionalized PTA series lies in the much earlier saturation
of A,... versus n of the D-D substituted oligomers 4a—f
compared with their A — A functionalized counterparts Sa—f.
Whereas in the D — D series, no additional increase for 4,,,, in
going from tetramer 4 e to pentamer 4 f was observed, no such
early saturation was obtained for the A-A series Sa—f
(Figure 5). Thus, the ECL derived from UV/Vis data for
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Table 2. UV/Vis data of D—D and A - A functionalized PTA oligomers 4a—f and 5a—f, polymers 4g and 5g,
monofunctionalized monomers 9 and 10, and D - A compounds 12a and 12b.

the chain-length is only mar-

ginally influenced, and the

Compound n Amax [nm] (eV) ! Compound n Amax [nm] (V) ECL is found to be in the
e [vem ™" & [v'em 'l range of n= 10 monomer units
9 1 379.140.1 (3.27) 10 1 376.6 + 1.6 (3.29) as previously estimated for the
30600 17100 parent series 1la—£0l In con-
4a 1 408.6+0.1 (3.03) Sa 1 402.9+0.5 (3.08) trast, the 4-(dimethylamino)-
41500 27600 h | d f DD
4 2 4548403 (2.72) 5b 2 4304+03 (2.88) ~ Phenyl end-groups ol L)—
42600 33100 series 4a—f are strong elec-
4c 3 469.340.7 (2.64) 5c 3 442.5+0.7 (2.80) tron-donors leading to an in-
53900 47900 tramolecular CT transition be-
4d 4 472.0+1.9 (2.62) 5d 4 4552+0.6 (2.72) tween the terminal electron-
64200 57300 ) ’
de 5 4724412 (2.62) Se 5 460.9+07 2.69) ~ donating and the internal elec-
73000 70000 tron-accepting DEE  back-
4f 6 4724 +1.1 (262) 5t 6 4642 +0.8 (267) bone’ ultlmately dominating
81000 83000 the linear optical properties.
4g ~18 472.44+0.8 (2.62) Sg ~12 470.2 +0.6 (2.63) Th . 1 CT .
146300 146800 ese interna | transitions
12a 1 450.4+0.9 (2.75) 12b 2 4564405 (271)  are strongly localized and are
20400 32100 hardly affected by an increase

[a] Longest-wavelength absorption maximum in CHCI; at 20°C, obtained by deconvolution of the absorption
spectra.l’l [b] Molar extinction coefficient. [c] Molar extinction coefficient based on the average polymerization

degree derived from analytical SEC.
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Figure 5. Graphical representation of the longest-wavelength transition
energies E,,, obtained by deconvolution for D-D and A - A substituted
oligomers 4a—f (0) and 5a—f (2), Me;Si-end-capped oligomer series 1a—f
(m), as well as the corresponding polydisperse polymers 4g (+), 5g (*), and
2b (), respectively.

the D-D series 4a—f can be estimated to n=4 monomer
units. In a similar procedure, assuming that saturation of the
linear optical properties is already attained for the A-A
functionalized polymer Sg, the ECL can be estimated to
about n =10 monomer units. This value is considerably larger
than the one for D - D series 4a—f, but in agreement with the
previous ECL data for the silyl-end-capped series 1a—f") and
3a—g.['> 19 Interestingly, the UV/Vis derived ECL for D-D
oligomers 4a—f contrasts with the electrochemical results,
which did not indicate saturation at such a short chain-length.

Previous electrochemical measurements revealed that di-
ethynylethenes such as 1a and 3a possess substantial electron-
accepting properties,P!] which helps to explain the linear
optical trends observed for the two end-functionalized series
4a—f and 5a—f in this study. In the case of A-A oligomers
5a—f, the terminal 4-nitrobenzene groups do not seem to be
capable of creating a noticeable internal charge-transfer (CT).
Thus, the evolution of the optical properties as a function of

4406 —
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of the conjugated m-system,
which explains the experimen-
tally observed early saturation
of A, at the stage of tetramer
4d.

Of all three series 1a—f, 4a—f, and Sa—f investigated, the
Me;Si-end-capped oligomers la-f displayed the largest
relative total bathochromic shift Al in going from mono-
mer to polymer, whereas D-D and A-A functionalized
oligomers revealed a much smaller disparity in their A,,,,
values (Figure 5). Interestingly, the type of end-substitution,
may it be either electron-releasing or -withdrawing, showed a
minimal effect on 4,,,, for monomers 4a and 5a as reflected by
the very similar values of 409 and 403 nm, respectively
(Table 2). Conversely, aryl-end-substitution in 4a and 5a
resulted in a significant bathochromic shift for 4,,,, of 110 nm
compared with the bis-silylated monomer 1la. However,
Figure 5 clearly shows that all three series converge at higher
oligomer lengths and the three differently substituted poly-
disperse polymers 2b, 4g, and S5g ultimately converge at the
same longest-wavelength absorption maxima of 4,,,, =470 nm
(Emax 2.6 €V), providing evidence that with increasing chain-
length the influence of the terminal substituents decreases
and, above the ECL, entirely vanishes.

The UV/Vis spectrum of D— A substituted monomer 12a
exhibited a broad absorption band, which is bathochromically
shifted compared with the A, of symmetrically D-D and
A - A substituted monomers 4a and 5a (Table 2). The end-
absorption of this band extends beyond 500 nm, which is
indicative of an intramolecular CT transition. Whereas the
D-D and D-A compounds 4b and 12b exhibited with 455
and 456 nm nearly identical 4., values, the longest-wave-
length absorption for A—A dimer 5b was hypsochromically
shifted to 430 nm (Table 2). As expected, the effect of the
intramolecular CT on the shape and position of the absorption
bands of D—A dimer 12b was not as pronounced as in the
case of monomeric 12a. In addition, increase of the linear
conjugation pathway resulted in a rather modest bathochro-
mic shift of the CT band in going from monomer 12a (1,,,, =
450 nm) to dimer 12b (4,,,, =456 nm) (Table 2).
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Raman scattering studies: Raman spectroscopy of D-D and
A — A substituted oligomers 4a—f and Sa—f was performed in
CHCI; solutions at 20°C. As observed for the silylated series
1la-f and 3a—f['> ' the frequencies of the Raman-active
stretches of both double and triple bonds, #c_c) and ¥,
decreased upon lengthening of the m-conjugated chain
(Table 3). Whereas for the C—C triple bond stretches )

Table 3. Raman scattering data of oligomers 1a—f, 4a—f, and Sa—f and polymers 2a, 4g, and 5g.

To a first approximation, a linear correlation between the
#c=c) Raman shifts and the inverse number of monomer units
is observed, although for the D — D series this holds only true
for monomer 4a to trimer 4c¢. All three series converge at
Fic=c)=2156 cm™!, showing only for polymer 4g a slightly
higher value of 2158 cm~!. Crossing of the linear regression
line through the data points obtained for Me;Si-end-capped
oligomers la-f and A-A
oligomers Sa—f with the hori-
zontal saturation line of poly-

Compound n V= [em™]  Compound n Ve [em™] Compound n Ve [em™]B mers 2a and 5g (intercepting
1a 1 213 4a 1 2162 5a 1 2179 the y axis at an averaged value
1b 2 2187 4b 2 2158 5b 2 2170 of 2157 cm™!) yields an ECL of
1c 3 2175 4c 32156 5¢ 3 2166 about n=10 monomer units,
1d 4 2169 4d 4 2156 5d 4 2164 which is in good agreement
1le 5 2165 4e 5 2156 5e 5 2163 . .

1f 6 2163 4f 6 2156 5f 6 2162 with the results obtained from
2a ~22 2156 4g ~18 2156 5g ~12 2158 UV/Vis spectroscopy.

[a] Raman frequencies measured in CHCI; solutions at 20°C.

sharp absorption bands were obtained, the olefinic bonds for
the D-D and A- A substituted PTA oligomers 4a—f and
5a—f gave raise to numerous weak and ill-defined absorption
bands, possibly owing to the additional aryl end-groups.
Therefore, the following discussion will only focus on the
Raman-active #, stretches. In general, the Raman reso-
nance frequencies for the C—C triple bonds varied in going
from monomer to polymer for both functionalized series 4a—
f and 5a—f (e.g. 5a: 2179 cm™!, 5g: 2158 cm™!) over a much
smaller range than for the parent Me;Si-end-capped PTA
oligomers 1a—f (1a: 2213 cm™!, 2a: 2156 cm™!). In addition,
D-D series 4a—f showed the smallest changes of Av,
between successive oligomers and saturation of the resonance
frequency 7= was already obtained for trimer 4¢
(2156 cm™'), which parallels the findings from linear optical
spectroscopy (see above). A plot of the experimentally
obtained ¥, Raman frequencies as a function of the
number of monomer units for the two series 4a—f and Sa—f
is given in Figure 6. For comparison, the Raman frequencies
of Me;Si-end-capped oligomers 1a—f, polymers 2a, 4g, and
5g are also included.

2220-
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Figure 6. Comparative plot of the Raman-active stretches %, for Me;Si-
end-capped oligomers 1a—f (m), D-D compounds 4a—f (0), and A-A
oligomers Sa—f (A) recorded in CHCl; solutions. Included are also the
values for polymer 2a (&), and D-D and A - A polymers 4¢g (+) and 5g
(*), respectively.

2140

Chem. Eur. J. 2000, 6, No. 23

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Nonlinear optical properties:
The second hyperpolarizability
y of the D-D and A-A ary-
lated PTA oligomers 4a—f and Sa-f, the corresponding
polymers 4g and Sg, the mono-functionalized monomers 9
and 10, as well as the D—A systems 12a and 12b were
measured by a combination of third-harmonic generation
(THG) and degenerate four-wave mixing (DFWM) in CHCl,
solutions (Table 4). With the exception of tetramer 4d,
pentamers 4e, Se, hexamers 4f, 5f and polymers 4g and
5g, which showed slight absorption at the third-harmonic
frequency 3w (636 nm), none of the other compounds
investigated absorbed at this wavelength and thus their y
values are not resonantly enhanced. The microscopic hyper-
polarizability y values were then transformed to the macro-
scopic hyperpolarizability x5}, by assuming an isotropic
arrangement of the molecules, using the density and refractive
indices (for local field corrections) of the solvent CHCl;, to
give a lower limit of what can be expected in the bulk sample.
The experimental results listed in Table 4 lead to a number
of very interesting and also astonishing conclusions. Firstly,
bis-substitution with electron-releasing or electron-accepting
groups significantly increased the nonlinearity (by up to 14
times) compared with the corresponding bis-end-silylated
DEEs. Similar observations had also been made for TEEs!3
and other classes of NLO chromophores.3] Interestingly, the
4-(dimethylamino)phenyl donor group in mono-arylated
DEE 9 was not found to enhance the second hyperpolariz-
ability y or 3}, in contrast to mono-nitro functionalized 10,
and both compounds gave identical values. In addition, the
donor groups in monomer 4a enhanced y by a factor of only
1.4 compared with the corresponding acceptor DEE 5a
(Figure 7). In contrast, the effect of the 4-(dimethylamino)-
phenyl donor groups in similar TEE derivatives led to a two-
fold increase of the nonlinear optical response, probably
owing to the stronger acceptor properties of TEEs.*
Secondly, an up to 28-fold increase in the value of y was
obtained by changing from centrosymmetric unsubstituted
DEEs to acentric D—A functionalization (la: y=92x
10730 esu;P¥ 12a: y =250 x 107 esu). Changing from sym-
metrical D—D or A — A substitution to acentric D — A systems
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Table 4. Second hyperpolarizability data of D—D and A-A functionalized PTA oligomers 4a—f and 5a—f,
polymers 4g and 5g, monofunctionalized oligomers 9 and 10, and D—-A compounds 12a and 12b. For
comparison, the values of polymers 2a and 2b are also included. The THG experiments were performed at a
fundamental wavelength of 2 =1907 nm and the DFWM measurements at a wavelength of 2 =1047 nm.l"l

still resulted in a two-fold in-
crease in y (4a: y =123 x 1073¢
esu; 12a: y=250 x 1073 esu).

These experiments are in agree-

’E/lD(;:Y\;];ACSu] )[/f(;xymsvfz] ment with previous results ob-
tained for TEEsP? and Et;Si-

7500 105 end-capped DEE oligomers

30 ad 3a—f163] a5 well as theoretical
predictions by Garito et al.?

2000 28 and the widely used three-level
2700 38 model for y derived from static
3288 Zf perturbation theory.”7  The
10500 146 beneficial effect of asymmetri-
230 32 cal electron distribution on y
420 59 vanished almost completely in
740 104 D-A dimer 12b, which only
1370 19 .
1600 » showed a minor enhanced value
1440 20 compared with the correspond-
5000 70 ing symmetrically substituted
- - D-D oligomer 4b.
~ - Thirdly, an increase in con-
1010 141 jugation length resulted in larg-

Compound n &30 YTHG YTHG
[M~tem™] [10-3%6 esu] [10-¥ m>V-2]
2a +22 410 6500 91
2b +31 0 9200 129
4a 1 0 123 1.72
4b 2 16 430 6.0
4c 3 36 740 10.4
4d 4 96 1320 18.4
4e 5 100 1480 20.6
4f 6 198 1200 16.8
4g ~18 550 6000 84
5a 1 0 88 1.23
5b 2 0 220 3.1
5c 3 19 460 6.4
5d 4 31 720 10
Se 5 65 880 12
5f 6 104 920 13
5g ~12 380 3700 52
9 1 0 51 0.71
10 1 0 51 0.71
12a 1 0 250 35
12b 2 4 465 6.5
[a] Reference ) =1.6 x 102 m? V-2, &) =3.0 x 102 m> V-2, experimental error 10% for THG and 15% for
DFWM.
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Figure 7. Double logarithmic plot of the second hyperpolarizability y per
monomer unit of Et;Si-end-capped oligomers 3a—g (m), D-D oligomers
4a-f (0), A-A oligomers Sa—f (), D—A compounds 12a,b (), silyl-
end-capped polymers 2a,b (), and D-D and A — A polymers 4¢g (+) and
5g (*), respectively, versus the number of monomer units n measured a) by
THG and b) by DFWM.
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er values of y. This is illustrated
by both functionalized series
4a—f and Sa-f and is in full
agreement with the data col-
lected for the two doubly end-silylated oligomer series 1a—f{’]
and 3a—fl'% 3] (Figure 7).

As expected, both symmetrically functionalized monomers
4a and Sa displayed significantly higher y values than the
parent DEE monomers 1a and 3a. Interestingly, the higher
oligomers of all three series approach the saturation values
measured for the polydisperse PTA polymers 2a and 2b,
which can be viewed as samples of an infinitely long PTA
backbone. Although the two D-D and A-A substituted
polymers 4g and 5g match the saturation values of PTAs 2a
and 2b, the influence of D—D and A - A end-functionaliza-
tion in enhancing the third-order nonlinear optical response
was clearly detectable up to hexamers 4 f and 5f, which still
displayed significantly larger y values compared with the
parent Et;Si-end-capped hexamer 3d. A double logarithmic
plot of y/n versus n revealed that the bis-end-silylated oligomer
series 3a—d featured a much steeper increase of y/n than
observed for both arylated oligomer series 4a—f and Sa—f
(Figure 7). Interestingly, both 4a—f and Sa-f displayed a
sigmoidal relationship between y/n and the number of mono-
mer units similar to that observed for the end-silylated oligomer
series. The fact that our DFWM experiments of the D -D and
A — A functionalized PTA oligomers yielded larger nonlinear-
ities than for the corresponding silyl-end-capped ones can be
explained by the closeness of the two-photon resonance.

The chain-length dependence of y/n displayed a rather
unusual picture for both functionalized series. The y/n values
for the higher oligomers not only leveled off but reached for
tetramers 4d and 5d a maximum value and decreased again
for the corresponding pentamers and hexamers. Surprisingly,
the y/n values of hexamers 4f and 5f even dropped below
those obtained for trimers 4c¢ and Sec, respectively. The
possibility that the observed deviations arised from decom-
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positions occurring during the THG measurements was
discounted by analytical controls (UV/Vis and analytical
SEC) immediately after laser irradiation, which showed no
indication of photochemical instability. The values for poly-
disperse polymers 4g and 5g converged at a similar value
obtained for PTAs 2a and 2b. The fact that exactly the same
trend, although not in such a pronounced form, was observed
for the parent PTA series 3a—f strongly indicates, that this
behavior is certainly not coincidental but has a physical
meaning, yet to be theoretically analyzed. It appears, that the
influence of the terminally functionalized aryl groups on y/n
lasts only a few monomer units and nearly vanishes at the
stage of the pentamers/hexamers to be then dominated by the
nonlinear response of the PTA backbone itself. For the bis-
end-silylated oligomers 3a—f this feature is much less
pronounced, possibly owing to the weak electron-donating
effect of trialkylsilyl groups. It is becoming clear from the
comprehensive set of data (Table4, Figure7) that the
relationship between second hyperpolarizability and chain-
length in a given class of m-conjugated oligomers may be
substantially more complex than initially anticipated and may
not necessarily follow the widely accepted three-level model
for y. Only a combination of theoretical and experimental
investigations will be able to provide the information needed
for developing a clearer picture of the underlying physics.

Conclusion

The study of the influence of terminal electron-releasing
[4-(dimethylamino)phenyl] and -withdrawing (4-nitrophenyl)
substituents on the PTA backbone as a function of chain-
length has provided further insight into the electronic
characteristics of this class of m-conjugated polymers. The
donor substituted oligomers showed for the oxidation of the
aniline groups a constant first reversible oxidation potential
around +0.42V versus Fc/Fct, and with the exception of
monomer and pentamer, a second irreversible oxidation event
was observed around +1.00 V versus Fc/Fc*. In contrast, the
4-nitrophenyl functionalized systems starting with the trimer
gave only one irreversible oxidation (of the DEE core) at
about +1.24V versus Fc/Fc'. In addition, all oligomers
bearing two acceptor groups displayed a reversible two-
electron reduction event at —140V versus Fc/Fc'. In
accordance with Me;Si- and Et;Si-end-capped PTA oligom-
ers, both D-D and A - A functionalized series revealed an
increasingly facile first or second reduction step upon
elongation of the m-conjugated backbone. A plot of the
reduction potential versus the inverse number of monomer
units for both D—D and A — A functionalized series displayed
independently of the nature of terminal functionalization
saturation for the electron transfer around n ~10 monomer
units. Interestingly, the second reduction step of the A-A
oligomers, which takes place on a dianion, was found to be
even more facile than the first reductive electron transfer on
the neutral Me;Si-end-capped oligomers. This observation
suggests that 4-nitrophenyl radical anions still exhibit signifi-
cant electron-accepting properties.

The effective conjugation length estimated from the
deconvoluted longest-wavelength absorption maxima for the
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A - A oligomer series was found to be on the order of n =10
monomer units and thus in accord with results obtained for
the silyl-end-capped PTA oligomers. In contrast, a signifi-
cantly reduced ECL with n=4 was obtained for the D-D
series, probably owing to the formation of strong CT bands
dominating the absorption properties. Raman scattering
measurements revealed with n=3 for the latter series an
even more reduced value for the ECL.

Significant increases for the second hyperpolarizability y
upon terminal substitution with donor and acceptor groups
were found by THG as well as DFWM. However, the chain-
length dependence of y/n revealed for both substituted series
arather unusual result. The y/n values of the higher oligomers
in both functionalized series did not only level off but reached
with their tetramers a maximum value and then dropped
drastically for the corresponding pentamers and hexamers.
This effect was found to be independent on the nature of the
end-groups and was considerably more pronounced than in
the case of the terminally silylated higher oligomers. Interest-
ingly, THG experiments showed that the hyperpolarizabilities
for long PTA oligomers reach the same saturation values as
their unsubstituted counterparts.

This comprehensive investigation of end-functionalized
PTA oligomers clearly shows that the influence of the
terminal groups on physical effects involving the entire m-
conjugated framework vanishes upon passing from oligomers
to longer-chain polymers. On the contrary, physical events
such as electron transfers specifically located at the terminal
arylated end-groups remain constant or are minimally influ-
enced upon lengthening of the m-conjugated backbone.

Experimental Section

Materials and general methods: See ref. [16] for full details. Compounds
4a, 6, 8, 9, 12al'" 1] 52 and 11222 were prepared as previously
described. The 3C NMR spectra of polymers 4g and 5g were recorded
using Cr(acac); (=20 mM) as a relaxation agent. Resonances of the
Me,tBuSiOCH),-side-chain in 4b—f and 5b—f frequently give rise to signal
overlap whereas, apart from compounds 4e—g and Se-g, the *C NMR
resonances of the conjugated backbone were always clearly distinguishable.
MALDI-TOF-MS spectra were obtained using a Bruker Reflex instrument
with a N, laser system (337 nm) to desorb and ionize analyte molecules,
which were previously dissolved in CH,Cl, and deposited onto the center of
the probe tip and dried under vacuum. 3-(3-Indolyl)acrylic acid (IAA) or
2' 4 6'-trihydroxyacetophenone (THA)/ammonium hydrogen citrate
(AHC) were used as matrices. All reported data were acquired using the
linear positive-ion mode at + 15 and 20 kV, respectively. For EI, FAB, and
MALDI-TOF mass spectra of all monomers and oligomers, the exper-
imental highest peak in the molecular ion cluster is reported followed in
parenthesis by the isotopic molecular formula corresponding to the
calculated most intense peak in the cluster.

Analytical size-exclusion chromatography (SEC): sce ref. [16] for full
details. Molecular weight determinations of polymers 4g and 5g: Columns:
Polymer Laboratories PL-Gel mixed-C5 (5um), 7.5 mm IDx 60 cm.
Instrumentation: Knauer gel permeation chromatograph equipped with a
KMX-6-LAALS-detector (low angle laser light scattering) from Chromatix
and a Viscotek-differential-viscosimeter H502. Data aquisition and eval-
uation: software program TriSEC GPC-Software (Version 2.7); solvent
THF (HPLC grade) thermostatted at 45°C; flow rate fixed at 1 mLmin~".
Calibration with polystyrene standards from Polymer Laboratories.
Preparative size-exclusion chromatography (SEC), electrochemistry meas-
urements, third-harmonic generation measurements, and degenerate four-
wave mixing experiments: see refs. [16, 35] for full details.

D-D oligomers 4b—f and polymer 4g: TMEDA (0.031g, 0.04 mL,
0.27 mmol) and CuCl (0.008 g, 0.081 mmol) were added at 20°C to a

0947-6539/00/0623-4409 $ 17.50+.50/0 4409



FULL PAPER

F. Diederich et al.

solution of 6 (0.138 g, 0.29 mmol) and 11 (0.035 g, 0.095 mmol) in dry
CH,Cl, (10 mL, containing 4 A molecular sieves). After the reaction
mixture was stirred in air for 2 h, an EDTA (ethylenediaminetetraacidic
acid) solution (pHS8, 100 mL) was added and the reaction mixture
extracted with CH,Cl, until the washings were colorless. The organic
phase was washed with saturated aqueous K,COj; solution (50 mL) and
dried (MgSO,). Concentration in vacuo (at water aspirator pressure),
purification by size-exclusion chromatography, and precipitation from
MeOH gave the D-D oligomers 4b—f and polymer 4g as solids.
(E,E)-3,4,9,10-Tetrakis{[ (zert-butyl)dimethylsilyloxy Jmethyl}-1,12-bis[4-
(dimethylamino)phenyl]dodeca-3,9-diene-1,5,7,11-tetrayne (4b): Orange
solid (0.086 g, 62%); m.p. 154-155°C (lit. 153-155°Cl%18l); 'TH NMR
(500 MHz, CDCl,): 0 =0.11 (s, 12H), 0.12 (s, 12H), 0.915 (s, 18 H), 0.920 (s,
18H), 2.98 (s, 12H), 4.51 (s, 4H), 4.55 (s, 4H), 6.62 (d, /= 8.9 Hz, 4H), 7.30
(d,J=8.9 Hz,4H); *C NMR (125.8 MHz, CDCl;): 6 = —5.06, 18.42, 18.44,
25.96, 40.13, 63.98, 64.33, 82.64, 85.07, 85.56, 105.26, 109.88, 111.75, 126.21,
132.73, 133.95, 150.36; Raman (CHCl;): #=2925 (w =weak), 2398 (w),
2158 (m = medium), 1606 (w), 1562 (w), 1519 (w), 1372 (w), 1214 (m), 1155
(w), 973 (w), 761 (m), 665 (s =strong), 364 (s), 259 (s) cm~'; MALDI-TOF-
MS (THA, AHC): m/z (%): 987.8 (45, [M+Na]*), 965.5 (100, [M]*; calcd
2C4sBCHgN,0,28i,*: 965.6), 907.5 (9, [M — C(CHs),]*), 833.8 (67, [M —
OSi(CH,),C(CH;)5]").

(E,E,FE)-3,4,9,10,15,16-Hexakis{[ (tert-butyl)dimethylsilyloxy Jmethyl}-1,18-
bis[4-(dimethylamino)phenyl]octadeca-3,9,15-triene-1,5,7,11,13,17-hexa-
yne (4¢): Orange solid (0.034 g, 18%); m.p. >170°C (decoloration from
orange to deep red), 203-206°C (melt.); 'H NMR (500 MHz, CDCl;): 6 =
0.102 (s, 12H), 0.105 (s, 12H), 0.117 (s, 12H), 0.910 (s, 18 H), 0.911 (s, 18H),
0.919 (s, 18H), 2.98 (s, 12H), 4.46 (s, 4H), 4.50 (s, 4H), 4.55 (s,4H), 6.62 (d,
J=9.0Hz, 4H), 731 (d, J=9.0 Hz, 4H); ¥C NMR (125.8 MHz, CDCl,):
0=-5.13,-5.08, —5.07,18.37,18.41, 18.43,25.90, 25.95, 40.12, 63.91, 63.95,
64.32, 81.75, 84.26, 84.58, 85.57, 87.73, 105.77, 109.74, 111.74, 125.89, 132.01,
132.78, 134.60, 150.42; FT-IR (CHCL,): #=3011 (m), 2956 (m), 2933 (m),
2856 (m), 2400 (m), 2167 (w), 1606 (s), 1522 (m), 1445 (m), 1361 (m), 1267
(s), 1111 (m), 1045 (w), 1006 (w), 933 (w), 839 (s) cm~!; Raman (CHCL;):
7=2925 (w), 2399 (w), 2156 (m), 1605 (w), 1558 (m), 1372 (w), 1214 (m),
1149 (w), 971 (w), 762 (m), 665 (s), 364 (s), 259 (s) cm~!; UV/Vis (CHCL;):
A =288 (35400), 320 (33900), 427 (77500); MALDI-TOF-MS (THA,
AHC): mlz (%): 13521 (28, [M+Na]*), 13285 (100, [M]*; calcd
12C;5"*CH,,N,O¢%Sis*: 1327.8), 1271.2 (41, [M — C(CH;);]*), 1197.0 (43,
[M — OSi(CHs;),C(CH;);]%); CyH 2,N,OSis (1328.34): caled C 68.72, H
9.26, N 2.11; found: C 68.68, H 9.26, N 2.09.
(E,E,E,E)-3,4,9,10,15,16,21,22-Octakis{[ (tert-butyl)dimethylsilyloxy Jmeth-
yl}-1,24-bis[4-(dimethylamino)phenyl]tetracosa-3,9,15,21-tetraene-
1,5,7,11,13,17,19,23-octayne (4d): Deep orange solid (0.017 g, 7%); m.p.
>190°C (decoloration from red to deep red), 220-224°C (decomp.);
'"H NMR (500 MHz, CDCl;): 6 =0.093 (s, 12H), 0.096 (s, 12H), 0.102 (s,
12H), 0.115 (s, 12H), 0.903 (s, 18 H), 0.906 (s, 18 H), 0.909 (s, 18 H), 0.916 (s,
18H), 2.98 (s, 12H), 4.445-4.446 (overlap, 4H), 4.451-4.453 (overlap,
4H), 4.49 (s, 4H), 4.55 (s, 4H), 6.62 (d, / =9.0 Hz, 4H), 7.30 (d, / =9.0 Hz,
4H); *C NMR (125.8 MHz, CDCl,): 6 = —5.14, —5.08, —5.07, 18.36, 18.37,
18.41,18.43,25.89, 25.95, 40.12, 63.88, 63.90, 63.95, 64.32, 81.59, 83.20, 84.49,
84.52, 85.57, 8711, 88.09, 105.88, 109.71, 111.74, 125.82, 131.69, 132.65,
132.79, 134.74, 150.44; FT-IR (CHCL,): #=3011 (m), 2956 (m), 2933 (m),
2856 (m), 2167 (w), 1606 (s), 1561 (m), 1522 (m), 1472 (m), 1462 (w), 1448
(w), 1361 (m), 1256 (s), 1106 (m), 1006 (w), 944 (w), 839 (s) cm~!; Raman
(CHCLy): v=2925 (w), 2400 (w), 2156 (m), 1605 (w), 1557 (m), 1370 (w),
1214 (m), 1144 (w), 970 (w), 762 (m), 665 (s), 364 (s), 259 (s) cm~'; UV/Vis
(CHCL;): 1 =287 (40800), 427 (86800); MALDI-TOF-MS (THA, AHC):
mlz  (%): 1712.8 (43, [M+Na]*), 1690.3 (100, [M]*; caled
12Cy5*CH,56N,O04%81,%Si: 1691.0), 1632.4 (53, [M — C(CH,)5]*), 1558.0 (47,
[M — OSi(CHs;),C(CHs);3]%); CogH,56N,OgSig (1691.01): caled C 68.19, H
9.30, N 1.66; found: C 68.01, H 9.14, N 1.61.
(E,E,E,E,F)-3,4,9,10,15,16,21,22,27,28-Decakis{[ (tert-butyl)dimethylsilyl-
oxy Jmethyl}-1,30-bis[4-(dimethylamino)phenyl]triaconta-3,9,15,21,27-pen-
taene-1,5,7,11,13,17,19,23,25,29-decayne (4 e): Red solid (0.011 g, 4 %); m.p.
>200°C (decoloration from red to deep red), 225-228°C (decomp.);
'H NMR (500 MHz, CDCl;): 6 =0.088 (s, 12H), 0.091 (s, 12H), 0.094 (s,
12H), 0.101 (s, 12H), 0.113 (s, 12H), 0.900 (s, 18 H), 0.901 (s, 18 H), 0.904 (s,
18H), 0.908 (s, 18 H), 0.915 (s, 18 H), 2.98 (s, 12H), 4.44 (s, 8 H), 4.45 (s, 4H),
4.49 (s,4H), 4.55 (s,4H), 6.62 (d, J=9.0 Hz, 4H), 7.30 (d, /=9.0 Hz, 4H);
BCNMR (125.8 MHz, CDClL;): 6 = —5.14, —5.08, — 5.07,18.35, 18.41, 18.44,
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25.88,25.95,40.12, 63.87, 63.89, 63.95, 64.32, 81.55, 83.01, 83.43, 84.46, 84.59,
85.57,86.99, 87.44,88.17,105.91, 109.70, 111.75, 125.81, 131.62, 132.32, 132.79
(overlap, 2 signals), 134.77, 150.44; FT-IR (CHCL,): #=3022 (m), 2956 (m),
2933 (m), 2856 (m), 2400 (w), 2167 (w), 1606 (s), 1561 (m), 1522 (m), 1472
(m), 1462 (w), 1448 (w), 1361 (m), 1256 (s), 1106 (m), 1006 (w), 944 (w), 839
(s) cm™'; Raman (CHCLy): v=2925 (w), 2400 (w), 2156 (m), 1605 (w), 1557
(m), 1367 (w), 1214 (m), 1142 (w), 961 (w), 762 (m), 665 (s), 364 (s), 259
(s) ecm™'; UV/Vis (CHCl;): 1 =288 (44700), 428 (97900); MALDI-TOF-
MS (THA, AHC): m/z (%):2076.1 (31, [M+Na]*), 2053.8 (100, [M]*; calcd
12C153CH;99N,04%S10%Si*: 2053.2), 1995.8 (15, [M — C(CHs;)5]*), 1921.5
(68, [M — OSi(CH,),C(CH,)5]"); C11eH100N,01Siy (2053.67): caled C 67.84,
H 9.32, N 1.36; found: C 67.55, H 9.44, N 1.25.

(E,E,E,E,E,F)-3,4,9,10,15,16,21,22,27,28,33,34-Dodecakis{[ (tert-butyl)di-
methylsilyloxy Jmethyl}-1,36-bis[4-(dimethylamino)phenyl]hexatriaconta-
3,9,15,21,27,33-hexaene-1,5,7,11,13,17,19,23,25,29,31,35-dodecayne (4f): Red
solid (0.008 mg, 2% ); m.p. >200°C (decoloration from red to deep red),
245-250°C (decomp.); 'H NMR (500 MHz, CDCl;): 6 =0.086 (s, 24H),
0.090 (s, 12H), 0.093 (s, 12H), 0.100 (s, 12H), 0.113 (s, 12H), 0.898 (s, 36 H),
0.900 (s, 18 H), 0.904 (s, 18 H), 0.907 (s, 18 H), 0.915 (s, 18 H), 2.98 (s, 12H),
4.44 (s, 12H), 4.45 (s, 4H), 4.49 (s, 4H), 4.55 (s, 4H), 6.62 (d, /=9.0 Hz,
4H), 7.30 (d, /=9.0 Hz, 4H); *C NMR (125.8 MHz, CDCl;): 6 = —5.15,
—5.08, —5.06, 18.35, 18.41, 18.44, 25.87, 25.88, 25.95, 40.12, 63.86, 63.89,
63.95, 64.32, 81.53, 82.96, 83.22, 83.48, 84.46, 84.61, 85.57, 86.96, 87.31, 87.52,
88.19,105.92,109.69, 111.74, 125.80, 131.60, 132.25, 132.45, 132.79 (overlap,
2 signals), 134.78, 150.44; FT-IR (CHCL;): ¥ = 3022 (m), 2956 (m), 2933 (m),
2856 (m), 2370 (w), 2333 (w), 2167 (w), 1606 (s), 1561 (m), 1522 (m), 1472
(m), 1462 (w), 1361 (m), 1256 (s), 1106 (m), 1006 (w), 944 (w), 839 (s) cm~};
Raman (CHCl;): v=2925 (w), 2400 (w), 2156 (m), 1605 (w), 1557 (m), 1364
(w), 1214 (m), 1137 (w), 961 (w), 763 (m), 665 (s), 364 (s), 259 (s) cm~'; UV/
Vis (CHCL): 1=286 (49300), 431 (109400); MALDI-TOF-MS (THA,
AHC): mlz (%): 2439.2 (73, [M+Na]*), 2416.6 (100, [M]"; calcd
12C 353 CH,,,N,0,,%81,,7°Si*: 2415.4), 2359.8 (19, [M — C(CH,),]*), 2285.3
(65, [M — OSi(CH;),C(CH;)5]"); Cy36H24N,0,,51;, (2416.33): caled C 67.60,
H 9.34, N 1.16; found: C 67.46, H 9.08, N 1.23.

a,0-[4-(Dimethylamino)phenyl]poly[ (E)-3,4-bis{[ (tert-butyl)dimethylsilyl-
oxy]methyl}hex-3-ene-1,5-diyne] (4g): Red solid (0.029¢g, 3%); m.p.
>200°C (decoloration from red to deep red), >240°C (decomp.); DSC:
205°C (decomp.); 'H NMR (500 MHz, CDCl;): 6 =0.09-0.11 (overlap),
0.89-0.91 (overlap), 2.98 (brs), 4.44 —4.45 (overlap), 4.49 (brs), 4.55 (brs),
6.62 (brd,J=9.0 Hz), 730 (brd, J = 9.0 Hz); *C NMR (125.8 MHz, CDCl,,
Cr(acac); added): 6 =—5.27 (overlap), 18.23 (overlap), 25.75 (overlap),
40.04, 63.73 (overlap), 63.83 (overlap), 64.20 (overlap), 81.42 (overlap),
82.81 (overlap), 83.11 (overlap), 84.34, 84.50, 85.45, 86.82, 87.03, 87.14-
87.44 (overlap), 88.10, 96.11, 105.82, 109.56, 111.63, 125.54 (overlap), 125.66,
127.29-128.10 (overlap), 128.66, 131.47, 132.11, 132.28 (overlap), 132.68
(overlap), 134.67, 150.32; FT-IR (CHCl;): v=2956 (m), 2933 (m), 2856 (m),
2167 (w), 1606 (m), 1522 (m), 1472 (m), 1462 (m), 1361 (m), 1261 (m), 1006
(m), 939 (w), 839 (s) cm~!; Raman (CHCl;): v=3017 (w), 2400 (w), 2156
(m), 1605 (w), 1556 (m), 1214 (m), 761 (m), 665 (s), 364 (s), 259 (s) cm™;
UV/Vis (CHCL,): 2 =280 (76200), 441 (180500); MALDI-TOF-MS (THA,
AHC): miz (%): 60652 (15, [M+Na]*; caled '2Cs3"3C3H;64N,05,%-
Siz?Si¥SiNa* (n=16): 6064.5), 5702.5 (25, [M+Na]*; caled '>C;5Cs-
Hi30N,030%Si,2Si¥SiNa* (n=15): 5702.3), 5339.6 (46, [M+Na]*; calcd
120,13, HyoeN O528Sing®SiSiNa ™ (1 = 14): 5340.1), 4977.6 (71, [M+Na]*;
caled 2C733C;H,oN,0, 281, #SiVSiNat (n=13): 4977.9), 4615.4 (100,
[M+Na]*; caled C,55B3C3H0sN,0,,281,,7°Si¥SiNat  (n=12): 4615.7),
4252.5 (97, [M+Na]*; caled '2C,3,3C,H304N,0,,%Si,Si¥SiNa* (n=11):
4252.5), 3889.1 (42, [M4+Na]*; caled 2Cy;43C,HyqoN,O5 581, °SiSiNa
(n=10): 3890.3); CyseHsN,05,Si,, (n=11, 4229.56): caled C 67.02, H
9.39, N 0.66; found: C 67.15, H 9.24, N 0.53; SEC [THF, 45°C, refractive
index (RI) detector]: M,,=13200, M, = 6460 (M,/M,=2.04).

A-A oligomers 5b-f and polymer 5g: TMEDA (0.025g, 0.03 mL,
0.22 mmol) and CuCl (0.006 g, 0.062 mmol) were added at 20°C to a
solution of 7 (0.149 g, 0.31 mmol) and 11 (0.028 g, 0.077 mmol) in dry
CH,Cl, (30 mL, containing 4 A molecular sieves). After the solution was
stirred in air for 2 h, an EDTA solution (pH 8, 100 mL) was added, and the
mixture extracted with CH,Cl, until the washings were colorless. The
organic phase was washed with saturated aqueous NaCl solution (100 mL)
and dried (MgSO,). Concentration in vacuo, followed by purification using
size-exclusion chromatography, and precipitation from MeOH gave the
A - A oligomers Sb—f and polymer 5g as solids.

0947-6539/00/0623-4410 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 23



Poly(triacetylene) Oligomers

4400-4412

(E,E)-3,4,9,10-Tetrakis{[ (ert-butyl)dimethylsilyloxy Jmethyl}-1,12-bis(4-
nitrophenyl)dodeca-3,9-diene-1,5,7,11-tetrayne (5b): Yellow solid (0.093 g,
62%); m.p. 146—147°C; 'H NMR (500 MHz, CDCL,): 6 =0.12 (s, 24 H),
0.914 (s, 18 H), 0.918 (s, 18 H), 4.53 (s, 4H), 4.54 (s, 4H), 7.56 (d, J =8.8 Hz,
4H), 8.20 (d, J=8.8 Hz, 4H); *C NMR (125.8 MHz, CDCl,): 6 =—5.15,
18.36, 18.39, 25.85, 25.87, 63.88, 63.95, 82.55, 86.08, 91.51, 100.67, 123.75,
129.63, 130.29, 132.08, 132.73, 147.27; FT-IR (CHCl;): v=2956 (m), 2932
(m), 2856 (m), 2189 (w), 1595 (m), 1522 (m), 1472 (m), 1460 (m), 1345 (s),
1261 (m), 1106 (m), 1006 (w), 856 (m), 839 (s) cm~!; Raman (CHCL): 7=
2925 (w), 2399 (w), 2170 (m), 1591 (m), 1565 (m), 1342 (m), 1214 (m), 1163
(w), 1106 (w), 1011 (w), 972 (w), 876 (w), 761 (m), 665 (s), 364 (s), 259
(s) cm™'; UV/Vis (CHCL): 2=303 (27500), 395 (56500); FAB-MS: m/z
(%): 968.5 (20, [M]*; caled 2Cs,H,(N,O¢Siy: 968.5), 911.4 (28, [M —
C(CH,);]"), 8374 (37, [M — OSi(CH,;),C(CHa);]*), 72.9 (100, [Si(CH3)3]");
C5,H6N,04Si, (969.54): caled C 64.42, H 7.90, N 2.89; found: C 64.24, H
772, N 2.89.

(E,E,E)-3,4,9,10,15,16-Hexakis{[ (tert-butyl)dimethylsilyloxy Jmethyl}-1,18-
bis(4-nitrophenyl)octadeca-3,9,15-triene-1,5,7,11,13,17-hexayne (5c¢): Yel-
low solid (0.041 g, 20%); m.p. 169-170°C; 'H NMR (500 MHz, CDCl;):
6=0.103 (s, 12H), 0.107 (s, 12H), 0.110 (s, 12H), 0.910-0.909 (overlap,
54H), 4.46 (s, 4H), 4.52 (s, 4H), 4.53 (s, 4H), 7.55 (d, J=8.9 Hz, 4H), 8.20
(d, /=89 Hz, 4H); ¥C NMR (125.8 MHz, CDCl;): 6 =—-5.15, —5.11,
18.35, 18.38, 25.85, 25.87, 63.88, 63.95, 82.63, 83.17, 86.12, 87.30, 91.56,
100.68, 123.75, 129.65, 130.31, 132.08, 132.43, 132.74, 14732; FT-IR
(CHCL,): v=3011 (m), 2956 (m), 2933 (m), 2856 (m), 2341 (w), 2181 (w),
1594 (m), 1522 (m), 1472 (m), 1344 (s), 1256 (m), 1106 (m), 1006 (w), 939
(w), 839 (s) cm~'; Raman (CHCL,): #=2925 (w), 2399 (w), 2166 (m), 1563
(m), 1343 (m), 1214 (m), 1153 (w), 1106 (w), 970 (w), 876 (w), 762 (m), 665
(s), 364 (s), 259 (s) em™'; UV/Vis (CHCL): 1 =315 (32100), 407 (75700);
MALDI-TOF-MS (THA, AHC): m/z (%): 1353.7 (12, [M+Na]"), 1330.5
(26, [M]*; caled "2C,H;(N,0,0Sigt: 1330.7), 1274.4 (100, [M —
C(CHs;)3]"); C;H 1oN,O40Sig (1332.20): caled C 64.92, H 8.32, N 2.10;
found: C 64.97, H 8.19, N 2.18.

(E,E,E,E)-3,4,9,10,15,16,21,22-Octakis{[ (fert-butyl)dimethylsilyloxy Jmeth-
yl}-1,24-bis(4-nitrophenyl)tetracosa-3,9,15,21-tetraene-1,5,7,11,13,17,19,23-
octayne (5d): Deep yellow solid (0.019 g, 7 % ); m.p. 222-223°C; 'H NMR
(500 MHz, CDCl;): 6 =0.095 (s, 12H), 0.097 (s, 12H), 0.105 (s, 12H), 0.108
(s, 12H), 0.905 (s, 18 H), 0.908 —-0.914 (overlap, 54H), 4.45 (s, 8H), 4.51 (s,
4H), 4.53 (s, 4H), 7.55 (d, J=9.0Hz, 4H), 8.20 (d, /=9.0 Hz, 4H);
BCNMR (125.8 MHz, CDCl,): 6 = —5.15, —5.11, 18.36, 18.38, 25.86, 25.88,
63.90, 63.97, 82.70, 83.21, 83.26, 86.15, 87.31, 87.35, 91.60, 100.67, 123.75,
129.68, 130.34, 132.08, 132.445, 132.454,132.75, 147.36; FT-IR (CHCL;): 7=
2951 (m), 2929 (m), 2852 (m), 2192 (w), 1596 (m), 1519 (m), 1473 (m), 1464
(m), 1343 (s), 1260 (m), 1106 (m), 1007 (w), 836 (s) cm~!; Raman (CHCL,):
V=2925 (w), 2399 (w), 2164 (m), 1560 (m), 1343 (w), 1214 (m), 1106 (w),
962 (w), 876 (w), 762 (m), 665 (s), 364 (s), 259 (s) cm~'; UV/Vis (CHCl;):
A=260 (49600), 304 (43100), 417 (95300); MALDI-TOF-MS (THA,
AHC): mlz (%): 17184 (49, [M+Na]t), 1694.7 (50, [M]*; caled
2Cy PCH,4,N,0,81,7Si*:  1694.9), 16376 (100, [M — C(CH,);]*);
Co,H,414N,0,Si5 (1694.86): caled C 65.20, H 8.56, N 1.65; found: C 65.41,
H 8.40, N 1.78.

(E,E,E,E,E)-3,49,10,15,16,21,22,27,28-Decakis{[ (tert-butyl)dimethylsilyl-
oxy|methyl}-1,30-bis(4-nitrophenyl)triaconta-3,9,15,21,27-pentaene-1,5,7,
11,13,17,19,23,25,29-decayne (5e): Deep yellow solid (0.011 g, 3%); m.p.
227-229°C; 'H NMR (500 MHz, CDCl;): 6 =0.089 (s, 12H), 0.093 (s,
12H), 0.095 (s, 12H), 0.104 (s, 12H), 0.107 (s, 12H), 0.900 (s, 18 H), 0.903 (s,
18H), 0.907 (overlap, 54H), 4.44 (s, 4H), 4.45 (s, 8H), 4.51 (s, 4H), 4.53 (s,
4H), 755 (d, J=9.0Hz, 4H), 820 (d, /J=9.0Hz, 4H); BC NMR
(125.8 MHz, CDCl,): 6 =—5.15, —5.10, 18.36, 18.39, 25.87, 25.88, 63.90,
63.97,82.71, 83.20, 83.26, 83.29, 86.16, 87.31, 87.37 (overlap, 2 signals), 91.61,
100.67, 123.75, 129.68, 130.34, 132.08, 132.44, 132.45, 132.46, 132.75, 147.36;
FT-IR (CHCl;): #=2956 (m), 2933 (m), 2856 (m), 2189 (w), 1594 (m), 1522
(m), 1472 (m), 1463 (m), 1344 (s), 1256 (m), 1106 (m), 1006 (w), 839
(s) em~!; Raman (CHCly): v=2925 (w), 2399 (w), 2163 (m), 1559 (m), 1497
(w), 1342 (w), 1214 (m), 876 (w), 762 (m), 665 (s), 364 (s), 259 (s) cm~!; UV/
Vis (CHClL;): A =423 (112400); MALDI-TOF-MS (THA, AHC): m/z (% ):
2080.7 (79, [M+Na]*), 20572 (55, [M]*; caled 2C;;3CH,,sN,0,,2Sio®Si*:
2057.1), 2000.3 (100, [M — C(CH;)5]*); Cy1oH 75 N,O14Si, (2057.53): caled C
65.38, H 8.72, N 1.36; found: C 65.27, H 8.68, N 1.44.
(E,E,E,E,E,E)-3,4,9,10,15,16,21,22,27,28,33,34-Dodecakis{[ (terz-butyl)di-
methylsilyloxy Jmethyl}-1,36-bis(4-nitrophenyl)hexatriaconta-3,9,15,21,27,
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33-hexaene-1,5,7,11,13,17,19,23,25,29,31,35-dodecayne (5f): Deep yellow
solid (0.009 g, 2%); m.p. 240-242°C; 'H NMR (500 MHz, CDCL;): 6 =
0.087 (s, 24 H), 0.092 (s, 12H), 0.094 (s, 12H), 0.104 (s, 12H), 0.107 (s, 12H),
0.898 (s, 18 H), 0.902 (s, 18 H), 0.905-0.907 (overlap, 72H), 4.44 (s, 8H),
4.45 (s,8H), 4.51 (s, 4H), 4.53 (s, 4H), 7.55 (d, /=9.0 Hz, 4H), 8.20 (d, J =
9.0 Hz,4H); *C NMR (125.8 MHz, CDCl,): 6 = —5.15, —5.11, 18.36, 18.39,
25.88, 63.89, 63.98, 82.71, 83.20, 83.26, 83.30 (overlap, 2 signals), 86.16, 87.30,
8735, 87.38 (overlap, 2 signals), 91.61, 100.67, 123.75, 129.68, 130.34, 132.08,
132.43 (overlap, 2 signals), 132.45, 132.47, 132.75, 147.36; FT-IR (CHCl;):
7=3022 (m), 2957 (m), 2933 (m), 2856 (m), 2189 (w), 1594 (m), 1522 (m),
1472 (m), 1463 (m), 1344 (m), 1261 (m), 1106 (m), 1006 (w), 939 (w), 828
(s) cm™'; Raman (CHCLy): #=12925 (w), 2399 (w), 2162 (m), 1558 (m), 1496
(w), 1343 (w), 1214 (m), 876 (w), 761 (m), 665 (s), 364 (s), 259 (s) cm~'; UV/
Vis (CHCl;): 1 =425 (132300); MALDI-TOF-MS (THA, AHC): m/z (%):
2442.8 (100, [M+Na]*), 2419.3 (46, [M]*; caled '2C5,CH,,N,-
0,681, 7°Si: 2419.3), 2362.8 (79, [M — C(CH;)5]"); CixH,1N,046Si,
(2420.19): caled C 65.51, H 8.83, N 1.16; found: C 65.41, H 8.80, N 1.24.

a.,0-Bis(4-nitrophenyl)poly[ (E)-3,4-bis{[ (tert-butyl)dimethylsilyloxy |me-
thyl}hex-3-ene-1,5-diyne] (5g): Deep yellow/orange solid (0.028 g, 4%);
m.p. >20°C (decoloration from yellow to brown), >240°C (decomp.);
DSC: 193°C (decomp.); 'H NMR (500 MHz, CDCl;): 6=0.08-0.12
(overlap), 0.90-0.91 (overlap), 4.44-4.45 (overlap), 4.51 (brs), 4.53
(brs), 755 (brd, J=89Hz), 820 (brd, J=89Hz); “C NMR
(125.8 MHz, CDCl;, Cr(acac); added): 0 = —5.46 (overlap), 18.05 (over-
lap), 25.57 (overlap), 63.55 (overlap), 82.92 (overlap), 85.84, 87.06 (over-
lap), 91.25, 100.37, 123.49, 129.34 (overlap), 130.00 (overlap), 131.81
(overlap), 132.08 (overlap), 132.40 (overlap), 146.98; FT-IR (CHCL,): v=
3016 (m), 2953 (m), 2930 (m), 2885 (w), 2856 (m), 2399 (w), 1595 (m), 1520
(m), 1472 (m), 1463 (m), 1361 (w), 1343 (m), 1267 (m), 1106 (m), 1006 (w),
838 (s) cm~!; Raman (CHCL): #=23017 (w), 2400 (w), 2158 (m), 1557 (m),
1214 (m), 762 (m), 665 (s), 364 (s), 259 (s) cm~'; UV/Vis (CHCL;): 1 =286
(72300), 437 (191000); MALDI-TOF-MS (IAA): m/z (%): 6066.9 (7,
[M+Na]*; caled '2Cyy03C3Hs5,N,054%Si50°Si¥SiNa*  (n=16): 6068.4),
5708.5 (13, [M+Na]*; caled 2Cyp0*C3Hy1sN,05,281,4°Si*SiNa* (n =15):
5706.2), 5345.3 (18, [M+Na]*; calecd '2Cyg*C3H,5,N,05,2S1,°Si*'SiNa*+
(n=14): 5344.0), 4983.8 (31, [M+Na]t; caled 'Cye"*C3H,50N,O050%-
Si,,@’Si*SiNa* (n =13): 4981.8), 4620.6 (46, [M+Na]*; calcd 2Cyy"*CsHyy-
N,O,¢%Si,*Si*SiNa* (n=12): 4619.6), 4259.2 (74, [M+Na]*; caled
2C,50BCH 00N, 056%81,Si¥SiNat  (n=11):  4256.3), 3896.6 (100,
[M+Na]*; caled 2C,PCyH;45N,0,,28114Si*SiNa*  (n=10): 3894.1),
3533.7 (85, [M+Na]*; caled 12C,o"3C,H;4,N,0,%8i,*SiNa* (n=9):
3529.9); C,1,H;345N,0,,Si,, (n =10, 3870.85): C 65.78, H 9.06, N 0.72; found:
C 65.75, H 9.25, N 0.93; SEC (THEF, 45°C, Rl-detector): M,,=7230, M, =
4390 (M,/M,=1.65).

D-D, D-A, and A-A dimers 4b, 12b, and 5b: TMEDA (0.049 g,
0.06 mL, 0.42 mmol) and CuCl (0.012 g, 0.12 mmol) were added at 20°C to
a solution of 6 (0.11 g, 0.23 mmol) and 7 (0.11 g, 0.23 mmol) in dry toluene
(10 mL, containing 4 A molecular sieves). After the reaction mixuture was
stirred in air for 2 h, an EDTA solution (pH 8, 100 mL) was added and the
mixture was extracted with CH,Cl, until the washings were colorless. The
organic phase was washed with saturated aqueous NaCl solution (100 mL)
and dried (MgSO,). Concentration in vacuo, purification by CC (SiO,-H,
eluent: n-hexane/ethyl acetate 10:1), and preparative thin-layer chroma-
tography (SiO,-60, eluent: n-hexane/ethyl acetate 10:1+1% NEt;)
afforded the pure oligomers 4b (0.028 g, 12%), 12b (see below), and 5b
(0.053 g, 24%).

(E,E)-3,4,9,10-Tetrakis{[ (tert-butyl)dimethylsilyloxy ]methyl}-12-[4-(di-

methylamino)phenyl]-1-(p-nitrophenyl)dodeca-3,9-diene-1,5,7,11-tetrayne
(12b): Deep red solid (0.069¢g, 29%); m.p. 188-189°C; 'H NMR
(500 MHz, CDCL,): 6=0.112 (s, 6H), 0.115 (s, 12H), 0.123 (s, 6H), 0.91
(s,9H), 0.918 (s, 18 H), 0.923 (s, 9H), 2.98 (s, 6 H), 4.51 (s,2H), 4.53 (5,4 H),
4.56 (s, 2H), 6.62 (d, /=9.0 Hz, 2H), 7.31 (d, /=9.0 Hz, 2H), 7.55 (d, J =
8.9 Hz, 2H), 8.19 (d, J=8.9 Hz, 2H); C NMR (125.8 MHz, CDClL;): 6 =
—5.09, —5.08, —5.07, 18.36, 18.40, 18.44, 25.86, 25.89, 25.95, 40.11, 63.90,
63.95, 63.96, 64.33, 81.43, 84.00, 84.37, 85.53, 86.95, 91.84, 100.28, 105.94,
109.65, 111.74, 123.73, 125.77, 129.83, 130.69, 131.92, 132.04, 132.79, 134.80,
14720, 150.45; FT-IR (CHCL;): #=3022 (w), 2956 (m), 2933 (m), 2856 (m),
2167 (m), 1606 (m), 1561 (m), 1522 (m), 1472 (m), 1460 (m), 1344 (s), 1256
(m), 1161 (m), 1106 (m), 1033 (w), 1006 (w), 944 (w), 839 (s); Raman
(CHCly): v=2925 (w), 2399 (w), 2163 (m), 1562 (m), 1342 (w), 1214 (m),
1159 (w), 972 (w), 761 (m), 665 (s), 364 (s), 259 (s); UV/Vis (CHCL): A=
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291 (28500), 399 (53300), 442 (39600, sh); FAB-MS: m/z (%): 966.5 (45,
[M]*; caled PCs,Hg,N,042Si,*: 966.5), 909.4 (5, [M — C(CHs;);]"), 835.4 (11,
[M — OSi(CH;),C(CH;);]*), 72.9 (100, [Si(CH;);]%); CsHgN,OgSiy
(967.61): C 67.03, H 8.54, N 2.90; found: C 66.83, H 8.59, N 2.78.
(E)-3,4-Bis{[ (tert-butyl)dimethylsilyloxy Jmethyl}-1-(4-nitrophenyl)hex-3-
ene-1,5-diyne (7): K,CO; (0.23 g, 1.70 mmol) was added to a solution of 10
(0.32 g, 0.57 mmol) in THF/MeOH (30 mL, 1:1). The solution was stirred
for 2 h at 20 °C and extracted with CH,Cl, (200 mL). The organic phase was
washed with saturated aqueous NaCl solution (100 mL), and subsequently
dried (MgSO,). Removal of the solvent in vacuo gave 7 (0.27 g,97 %) as a
pale yellow solid; m.p. 82-83°C; 'H NMR (300 MHz, CDCl;): 6 =0.10 (s,
12H), 0.90 (s, 18H), 3.60 (s, 1H), 4.51 (s, 2H), 4.53 (s, 2H), 7.55 (d, /=
9.0 Hz, 2H), 8.19 (d, /=9.0 Hz, 2H); 3C NMR (75.5 MHz, CDCL,): 6 =
—5.31, —5.25, 18.24, 18.31, 25.73, 25.77, 63.67, 64.01, 80.32, 89.77, 91.29,
98.66, 123.80, 129.92, 130.32, 130.89, 132.15, 147.29; FT-IR (CHCL): =
3300 (m), 3027 (m), 3009 (m), 2958 (m), 2931 (m), 2856 (w), 2439 (w), 2396
(w), 2303 (w), 2192 (w), 1598 (s), 1522 (s), 1472 (w), 1460 (W), 1346 (s), 1265
(m), 1139 (w), 1106 (m), 1006 (w), 932 (w), 894 (w), 855 (m), 838 (s) cm™';
Raman (CHCL): v=2925 (w), 2399 (w), 2197 (w), 2133 (w), 1961 (w), 1572
(w), 1496 (w), 1341 (w), 1214 (m), 1106 (w), 876 (w), 761 (m), 665 (s), 364
(s),259 (s) cm~'; UV/Vis (CHCL;): 4 =270 (8000), 343 (13500); EI-MS: m/z
(%): 428.1 (14, [M — C(CHs;);]*; caled 2C,,H;,NO,2Si,*: 428.2), 84.0 (100),
73.0 (77, [Si(CHj);3]7); CysH3eNO,Si, (485.78): caled C 64.29, H 8.09, N 2.88;
found: C 64.00, H 7.99, N 2.84.

(E)-3,4-Bis{[ (tert-butyl)dimethylsilyloxy Jmethyl}-1-(4-nitrophenyl)-6- (tri-
methylsilyl)hex-3-ene-1,5-diyne (10): A mixture of 8 (0.27 g, 0.61 mmol),
4-iodonitrobenzene  (0.18 g, 0.73 mmol), [PdCL(PPh;),] (0.021g,
0.030 mmol), and Cul (0.007 g, 0.037 mmol, 0.06 equiv) in degassed NEt;
(5 mL) and CH,Cl, (20 mL) was stirred at 20°C for 24 h. The solvent and
NEt; were removed in vacuo, and the resulting residue was passed through
a plug (SiO,-60, eluent: CH,Cl,). CC (SiO,-H, eluent: n-hexane/ethyl
acetate 15:1) of the crude reaction mixture and removal of remaining
4-iodonitrobenzene by crystallization from n-hexane gave pure 10 (0.30 g,
95 %) as a pale yellow solid; m.p. 74-75°C; 'H NMR (300 MHz, CDCl,):
0=0.08 (s, 12H), 0.19 (s, 9H), 0.89 (s, 18 H), 4.47 (s, 2H), 4.52 (s, 2H), 7.53
(d,J=8.6 Hz,2H), 8.17 (d,/ =8.6 Hz, 2H); *C NMR (75.5 MHz, CDCl,):
0=-530, —5.26, —0.38, 18.24, 18.29, 25.77, 63.86, 91.72, 98.79, 101.49,
108.35, 123.76, 129.90, 130.10, 131.44, 132.12, 147.20; FT-IR (CHCL): v=
2956 (m), 2933 (m), 2856 (m), 2200 (w), 2133 (w), 1594 (s), 1522 (s), 1472
(w), 1460 (w), 1344 (s), 1256 (m), 1139 (w), 1106 (m), 1006 (w), 933 (s), 844
(s) em~!; Raman (CHCL;): #=2925 (w), 2399 (w), 2197 (w), 2133 (w), 1961
(w), 1572 (w), 1496 (w), 1341 (w), 1214 (m), 1106 (w), 876 (w), 761 (m), 665
(s), 364 (s), 259 (s) em~'; UV/Vis (CHCl;): 4 =283 (15400), 354 (23800);
EI-MS: m/z (%): 542.3 (0.02, [M — CH;]*; caled 2Cy3H,;sNO,2Sizt: 542.3),
500.2 (10, [M — C(CH3)5]*), 73.0 (100, [Si(CH;);]*); CoHy;NO,Si; (557.96):
caled C 62.43, H 8.49, N 2.51; found: C 62.14, H 8.27, N 2.43.
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