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Donor-Substituted Cyanoethynylethenes: w-Conjugation and Band-Gap
Tuning in Strong Charge-Transfer Chromophores

Nicolle N. P. Moonen,'®! William C. Pomerantz,'™ Robin Gist,”! Corinne Boudon,™
Jean-Paul Gisselbrecht,™™ Tsuyoshi Kawai,'! Atsushi Kishioka,'! Maurice Gross,"
Masahiro Irie,! and Francois Diederich**!

Abstract: An extensive series of silyl-
protected cyanoethynylethenes (CEEs)
and N,N-dimethylanilino donor-substi-
tuted CEEs have been synthesized.
More extended chromophores were
constructed by selective silyl deprotec-
tion and subsequent oxidative acetylen-
ic coupling. The strong electron-accept-

(CT) character, resulting in intense,
bathochromically shifted CT bands in
the UV/Vis spectrum. Their structural
diversity establishes them as suitable
models for the study of m-conjugation
and band gap tuning in strong charge-
transfer chromophores. The extent of
m-conjugation in the donor-substituted

CEEs was investigated by a combina-
tion of ground-state techniques, such as
X-ray crystallography, electrochemistry,
B3LYP calculations, and NMR spec-
troscopy. The comparison of these
ground-state results with the features
observed in the UV/Vis spectra reveals
that—contrary to expectations—more

ing nature of the CEEs was revealed
by a combination of *C NMR spectro-
scopic and electrochemistry measure-
ments. Donor-substituted CEEs display
strong intramolecular charge-transfer

Introduction

Tetraethynylethene (3,4-diethynylhex-3-ene-1,5-diyne, TEE,
C,oH,) and its silylated derivatives such as 1! are versatile
building blocks for the synthesis of large one- and two-di-
mensional scaffolds,”! such as poly(triacetylene) oligomers,
expanded radialenes, dehydroannulenes, and most recently
radiaannulenes.”! Conjugation of TEEs with the N,N-dime-
thylanilino (DMA) donor (D) and p-nitrophenyl acceptor
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extensive m-conjugation can lead to
larger band gaps in molecules with

charge trans- .
strong donor and acceptor moieties.
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(A) groups resulted in a new class of intramolecular charge-
transfer (CT) chromophores® which showed very good
second- and third-order nonlinear optical (NLO) properties.
By studying a variety of donor—acceptor-substituted TEEs,
structure—property relationships for the firstt®! and second
hyperpolarizability (8 and y) were established.

Tetracyanoethene (TCNE, 2) is isoelectronic with TEE
and one of the strongest organic electron acceptors known.
TCNE has been widely used for the formation of intermo-
lecular charge-transfer salts, and its chemical reactivity to-
wards nucleophiles and in cycloadditions has been exten-
sively studied.”

The family of hybrid compounds between TEE and
TCNE, the cyanoethynylethenes (CEEs), was until recently
rather unexplored. Miller and co-workers,”®! and later Hopf
et al.l’! reported the synthesis of some geminal dicyanodi-
ethynylethenes [2-(1-ethynylprop-2-ynylidene)malononi-
triles]. The latter authors demonstrated the enhanced reac-
tivity of their C=C triple bonds in Diels—Alder reactions®*!
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and in a [2+2] cycloaddition with tetrathiafulvalene (TTF),
followed by ring opening.”™ A small series of aryl-substitut-
ed tricyanomonoethynylethenes was reported by Ukhin and
co-workers,'” and by Heinze, Dulog, and co-workers."!
CEEs combine the scaffolding capacity of TEEs with the
electron-accepting properties of TCNE, thereby providing a
versatile class of modular building blocks for the construc-
tion of novel conjugated m-systems. In addition, introduction
of electron donors should result in the formation of strong
intramolecular charge-transfer (CT) chromophores. Here,
we report the synthesis of the monomeric and dimeric, silyl-
protected CEEs 3-11"" and the N,N-dimethylanilino
(DMA) donor-substituted derivatives 12-24."! We demon-
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strate the use of CEEs as modules in acetylenic scaffolding
and characterize their electronic properties in a systematic
study. In particular, X-ray crystallography, electrochemistry,
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density functional calculations, and NMR spectroscopy are
applied to analyze the extent of m-electron conjugation and
the efficiency of particular donor-acceptor conjugation
paths in these novel chromophores; physical quantities that
greatly influence properties such as optical nonlinear-
ities. 14

Results and Discussion

Synthesis of monomeric cyanoethynylethenes: Monocyano-
triethynylethenes were prepared in a Knoevenagel reaction
between penta-1,4-diyne-3-ones 25-2715'7 and 4-(triisopro-
pylsilyl)but-3-ynenitrile, obtained by cyanation of (3-bromo-
propynyl)triisopropylsilane!™®! with CuCN in DMFE.'! Thus,
the reaction of SiiPrs-protected 27 in the presence of
Hiinig’s base (8 h, reflux) provided monocyanotriethynyle-
thene 3 in an excellent yield of 97% (Scheme 1). With the
sterically less encumbered, SiEts-protected ketone 26, the
conversion was finished within a minute at 20°C, yielding 4,
the isomers of which could not be separated, besides rela-
tively large amounts of the monodeprotected isomers (Z)-28
and (E)-28 that were separable by chromatography. The iso-
meric mixture 4 was readily transformed into (Z)-28 and
(E)-28 by protodesilylation (K,CO;, THF/MeOH).

Hopf and Kreutzer® had reported a high-yielding synthe-
sis of the SiMes-protected geminal dicyanodiethynylethene
5181 by reacting SiMe;-protected ketone 25 with malononi-
trile using ALO; as catalyst.?”!
This method was also applied
to afford differentially protect-
ed CEE 6 in a good yield of
85%. All attempts to monode-
protect 6 under formation of 29
failed under standard condi-
tions (nBuNF in THF at
—78°C, or K,CO; or borax in
THF/MeOH), and only decom-
position was observed. Fortu-
nately, yields between 60 % and
95% (thin-layer chromatogra-
phy (TLC)) of free alkyne 29
were obtained by simply dis-
solving 6 in MeOH/THF (5:1)
in the absence of any base. This
facile deprotection demon-
strates in an impressive way the
high electrophilicity of the Si
center due to the strongly elec-
tron-withdrawing nature of the
appended CEE chromophore.

Remarkably and, to the best
of our knowledge, without prec-
edence in the chemistry of sily-
lated alkynes, the deprotection of 6 was found to be reversi-
ble. Upon changing from MeOH/THF to THF, deprotected
CEE 29 had reverted back to SiMe;-protected 6. Monitoring

15 R = SiMe;
16 R= =—SiMe;
17 R = p-Me,NCgHy
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Scheme 1. Synthesis of monomeric and dimeric CEEs. a) iPr;SiC=C-
CH,CN, iPr,EtN, EtOH, A; 97 %; b) iPr;SiC=CCH,CN, iPr,EtN, EtOH,
20°C; 4 (47%), (2)-28 (27%), (E)-28 (15%); c) K,CO;, THF/MeOH
1:1,20°C; (Z)-28 (46 %), (E)-28 (29%); d) CH,(CN),, AL,O; (act. II-1II),
CH,Cl,, 40°C; 85%; e) THF/MeOH 1:5; 20°C; f) iPr;SiC=CH or p-
Me,NC.H,C=CH, [PdCl,(PPh;),], iPr,NH, Cul, THF, 20°C; 7 (30%), 18
(52%); g) iPr;SiC=CLi, CuBr, THEF, 50°C; 8 (33%) or p-Me,NC.H,-
C=CH, CuOAc, THF, 50°C; 19 (29%); h) CuCl, TMEDA, CH,Cl,
20°C; (Z,2)-11 (91%), (E.E)-11 (85%); i) Cu(OAc),, CH,Cl,, 20°C;
22% (from 6); j) 31 (2.5 equiv), Cu(OAc),, CH,Cl,, 20°C; 27 % (from 6).
TMEDA = N,N,N',N'-tetramethylethylenediamine.

the slow addition of MeOH to a solution of 6 in THF re-
vealed that the deprotection started to proceed at a THF/
MeOH ratio of 1:1.

The preparation of the trans-dicyanodiethynylethene 7
started from dibromofumaronitrile (30) obtained by bromi-
nation of dicyanoacetylene (Scheme 1).”"! Cross-coupling of
30 with /Pr;Si—-C=CH under standard Sonogashira condi-
tions (Cul, [PdCl,(PPhs),], Et;N)?? yielded only a mixture
of uncharacterized products. On the other hand, the use of
the more hindered base iPr,NH resulted in a 30% yield of
7, besides some unidentified products. Changing to the even
more hindered Hiinig’s base lowered the yield to 19 %, and
more by-products were observed.

Dulog et al. reported the synthesis of several aryl-substi-
tuted tricyanomonoethynylethenes!"!! from TCNE and cop-
per(1) arylacetylides, prepared from the corresponding acety-
lenes with CuOAc. The yield of this nucleophilic addition—
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elimination reaction increased with increasing electron-do-
nating character of the aryl ring. Attempts to synthesize the
SiiPr;-protected CEE 8 by this method failed. Presumably,
the copper acetylide was not formed in the reaction of
iPr;Si—C=CH with CuOAc. However, when the copper ace-
tylide was generated by transmetalation of iPr;Si—C=C—Li
with CuB1r®! and subsequently reacted with TCNE, CEE 8
was isolated in a yield of 33 % (Scheme 1).

Synthesis of dimeric cyanoethynylethenes: The dimeric
CEEs (Z,Z)-11 and (E,E)-11 were prepared in good yields
by homocoupling of monodeprotected monocyanotriethyny-
lethenes (Z)-28 and (E)-28, respectively, under Hay condi-
tions (CuCl, TMEDA, CH,Cl,, air, Scheme 1).?¥ Dimer
(E,E)-11 was found to be rather unstable and was converted
under influence of light or heat into the more stable (Z,Z)
isomer. The initial, NMR-based configurational assignment
of isomers (Z)-28 and (E)-28 was confirmed by an X-ray
crystal structure analysis of (Z,Z)-11.1"?

Attempted oxidative homocoupling!®! of free alkyne 29 to
give 9 under Hay® or Eglinton (Cu(OAc),, MeOH, pyri-
dine, O,) conditions® led to immediate decomposition of
the starting material. This was also the result of coupling at-
tempts with Cu(OAc), and various nitrogen bases such as
2,6-lutidine, aniline, 2,6-dimethylaniline, or imidazole in
CH,Cl,. On the other hand, a yield of 22% of 9 was ob-
tained with Cu(OAc), in CH,Cl, in the absence of any nitro-
gen bases to avoid nucleophilic attack on the CEE. The
acidifying effect of the electron-withdrawing cyano groups
in 29 was evidently large enough to achieve the oxidative
coupling in the absence of any base. Under similar base-free
conditions, the mixed TEE/CEE dimer 10 was prepared by
reacting 29 with 2.5 equivalents of 31.1!

All silyl-protected monomeric and dimeric CEEs are air-
stable compounds, but with increasing electron-accepting
power, the sensitivity towards nucleophiles increases. For ex-
ample, (E)- and (Z)-28 with one cyano group are stable
under Hay coupling conditions, whereas dinitrile 29 decom-
poses instantaneously under these conditions. CEE 8, con-
taining three cyano groups, is readily prone to nucleophilic
attack and decomposes even slowly in MeCN.

Synthesis of donor-substituted CEEs: In contrast to the high
reactivity of CEE 8, the DMA donor-substituted tricyano-
ethynylethene 19, prepared according to Dulog et al.'l by
reacting TNCE with the copper(1) acetylide formed from
N,N-dimethyl-4-ethynylaniline (Scheme 1), features high sta-
bility. Solutions of 19 are bright blue, and the shiny metallic
solid can be sublimed undecomposed at 100°C/0.1 mbar. A
pronounced stabilization of CEEs upon introduction of
DMA donor moieties is a general feature and can be readily
explained by intramolecular charge-transfer stabilization,
which reduces the electrophilicity of the electron-deficient
CEE core. A similar stabilization has also been observed
upon introduction of DMA donor groups into the C(sp)-
rich, electron-deficient all-carbon cores of perethynylated
dehydroannulenes and radiaannulenes.”’
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The trans-disubstituted CEE 18 with two DMA donor
moieties was readily prepared by Sonogashira cross-coupling
between dibromofumaronitrile 30 and N,N-dimethyl-4-ethy-
nylaniline (Scheme 1). CEE 18 is a stable, metallic solid and
sublimes undecomposed at 160°C/0.1 mbar.

The synthesis of several DMA-substituted CEEs started
with the addition of lithiated N,N-dimethyl-4-ethynylaniline
to the protected propargyl aldehydes 32 and 33 or twofold
addition to ethyl formate, yielding the rather unstable alco-
hols 34-36, respectively (Scheme 2).”*! Subsequent oxida-
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32 R=SiPr; 34 R = SiiPr;
33 R=SiMe; 35 R =SiMe;
36 R = p-Me;NCgHy 47 *< >*NMe2
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37 R=SiiPry f)’: 15 R =SiMe; —> 20
d) 38 R =SiMeg 16 R==—SiMe; —= 21
39 R =p-MeyNCgH, 17 R = p-Me,NCgHy

(E)- and (2)-12
Scheme 2. Synthesis of donor-substituted CEEs. a) p-Me,NC¢H,C=CLi,
THE, —15°C—0°C; 34 (60%), 35 (80%); b) nBuLi, ethyl formate, THF,
—15°C—0°C; 36 (57 %); c) MnO,, CH,Cl,, or EtO,, 20°C; 37 (80%), 38
(84%), 39 (81%); d) iPr;SiC=CCH,CN, iPr,EtN, EtOH, 20°C; (Z)-12
(30%), (E)-12 (50%); e) CH,(CN),, ALO; (act. II-III), CH,Cl,, A; 15
(77%), 17 (65%); f) THF/MeOH 1:1, then H—C=C-SiMe;, CuCl,
TMEDA, CH,Cl, air, 20°C; 24%; g) THF/MeOH 1:1, then CuCl,
TMEDA, CH,Cl,, air, 20°C; 19%; h) THF/MeOH 1:1, then Cu(OAc),,
THE, air, 20°C; 79 %.

tion with MnO, gave ketones 37-39.2%%1 Knoevenagel reac-
tion of 37 with 4-(triisopropylsilyl)but-3-ynenitrile in the
presence of Hiinig’s base provided a mixture of (E)- and
(Z)-12, which could be separated by column chromatogra-
phy in the dark. The configuration of the two isomers was
unambiguously assigned with the help of one-dimensional
NOE 'H NMR experiments. The two SiiPr; groups within
one molecule showed separate signals in the 'H NMR spec-
trum and could be selectively irradiated. For (Z)-12, both ir-
radiations resulted in an NOE transfer to the proton meta to
the Me,N group of the aryl ring at 6=7.4 ppm. In the case
of (E)-12, only one of the two irradiations resulted in a
small NOE effect. This assignment also agrees with the ob-
servation that (Z)-12 is a solid and (E)-12 an oil; two SiiPr;
groups in cis positions often prevent good packing of TEEs
and CEE:s into a solid.

The Knoevenagel reaction of SiMes-protected ketone 38
with malononitrile, catalyzed by Al,O;, gave 15 in a yield of
77 % (Scheme 2). The same transformation of the less reac-
tive ketone 39 with malononitrile afforded 17 in a yield of
only 65%. The SiMe; protecting group in CEE 15 was re-
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moved under mild conditions in MeOH/THF (see above),
and slow addition of Hay catalyst to deprotected 15 in
CH,Cl, afforded dimer 20. Heterocoupling of deprotected
15 with Me;Si—C=CH gave 16 in yields up to 24 %. Depro-
tection of 16 with MeOH/THF and homocoupling in the
presence of Cu(OAc), in THF provided the octa-1,3,5,7-tet-
raynediyl-spaced “dimeric” CEE 21 in a high yield of 79 %.

CEEs 13 and (E)/(Z)-14 with geminal donor-acceptor
functionalization were obtained in excellent yields by Sono-
gashira cross-coupling between N,N-dimethyl-4-ethynylani-
line and vinyl chlorides 40 or 41, respectively (Scheme 3).

NMe,
N N
a = ¢ b) X, #
270r25 — —_
= X R
PrsSi R R SiiPrs
40 R = SiPrs 13 R=SiiPr3
41 R = SiMes (E}14 R = SiMe,

(Z)-14 R = SiMe;

Scheme 3. Synthesis of CEEs with geminal donor-acceptor alignment.
a) Diethyl 1-chloro-1-cyanomethylphosphonate, nBuLi, THF, —78°C,
then 27 or 25; 40 (92%), 41 (86%); b) p-Me,NC,H,C=CH, [PdCl,-
(PPhy),], Cul, iPr,NH, THF, 20°C; 13 (94 %), (E)-14 (58 %) and (Z)-14
(42%).

Compounds 40 and 41 were prepared by deprotonation of
diethyl 1-chloro-1-cyanomethylphosphonate® with nBuLi,
followed by reaction with ketones 27 or 25, respectively. The
configuration of (E)- and (Z)-14 was again assigned by one-
dimensional NOE 'H NMR spectroscopy. Upon irradiation
of the SiiPr; protons of (E)-14 or the SiMe; protons of (Z)-
14, an NOE transfer to the meta protons of the aniline ring

‘ NMe; MeyN

a)

MeyN O

X #
Z X

S

42 R =SiiPry
43 R=H

23 R=SiPr;
45 R=H

24

Scheme 4. Synthesis of CEEs 22-24: a) CuOAc, THF/MeCN 6:1, TCNE,
50°C; 22 (21%), 44 (7%); b) CEE 6, Cu(OAc),, MeOH/THF 1:1 or 2:3,
20°C; 23 (13%), 45 (18 %); ¢) CuCl, TMEDA, air, CH,Cl,, 20°C; 70%.
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was observed. No NOE was detected upon irradiation of the
second silyl protecting group in the molecules.

Another series of extended donor-acceptor chromophores
was obtained starting from TEEs 42 and 43" (Scheme 4).
Nucleophilic substitution of TCNE by the copper(1) acety-
lide formed from 42 afforded CEE 22 with two DMA donor
and three cyano acceptor groups in 21% yield (Scheme 4).
On the other hand, efforts to react the bis(copper(1) acety-
lide) of 43 with two TCNE molecules were only partially
successful and afforded the monosubstitution product 44 in
low yield (=7 %).

The oxidative heterocoupling of TEE 42 with CEE 29
(Scheme 1) in CH,Cl, in the presence of Cu(OAc), was
found to be very slow, with heterodimer 23 being formed in
only 9% yield over a period two weeks (Scheme 4). When
CEE 6 was deprotected in situ to 29 in THF/MeOH 1:1 and
reacted with 42 in the presence of Cu(OAc),, 23 was isolat-
ed in 13% yield after 6-8 h. Finally, the extended chromo-
phore 24 with four donor and four acceptor residues was ob-
tained by oxidative heterocoupling of bisdeprotected TEE
43 with an excess of 29 to give 45 (18 % yield), followed by
homocoupling (CuCl, TMEDA, air, CH,Cl,, 70 % yield).

NMR investigations: We analyzed the *C NMR spectra of
the CEEs in CDCl; in order to identify possible effects of -
electron conjugation on the chemical shifts. The data for
monomeric CEEs are listed in Table 1.

The chemical shift of C atoms strongly depends on hy-
bridization and the electron density at the nucleus. The
higher the electron density, the more shielding occurs and
an upfield shift will be observed.” Hall and co-workers in-
vestigated the chemical shifts of olefins with CN substitu-
ents.”™ An upfield shift was observed for the C atoms of the
CN groups with an increasing number of such groups con-
nected to the double bond. This upfield shift is also ob-
served upon going from 3 (1CN), through 7 (2CN) and 8
(3CN), to TCNE (2). Remarkable is the larger upfield shift
in going from 3 to geminally substituted 5 (Ad=—3.44 ppm)
compared to the change from 3 to trans-substituted 7 (Ad=
—2.23 ppm). Similarly, Hall and co-workers reported an ad-

Table 1. ®"CNMR chemical shifts (75 MHz, CDCl,) of representative
CEEs and reference compounds.!?!

Number of Ocn Oc=cyy Oc=cos
CN groups
10! 0 - 101.0 105.3
3 1 115.10 98.99 106.74
101.72 107.60
101.73 108.62
7 2 112.87 97.27 114.420
5l 2 111.66 97.53 117.87
8 3 109.59 96.77 122.21
109.74
110.66
2030 4 107.84 - -

[a] Chemical shifts (0) are indicated in ppm downfield from SiMe,, using
the residual signal of CHCl; as an internal reference. [b] Assignment not
certain, value possibly 114.97.

Chem. Eur. J. 2005, 11, 3325-3341 www.chemeurj.org
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ditivity increment for a geminal substituent of —3.93 ppm
and a smaller one of —1.60 ppm for a trans substituent.

The chemical shift of the alkyne y-C atom (and y'-C atom
if applicable; for atom labeling, see structural formulae of
compounds 3 and 4 above) around 6 =99 ppm is weakly de-
pendent on the substituents at the double bond (maximum
A6=3.7 ppm). In contrast, the chemical shift of the alkyne
9-C (and &'-C) atom is more sensitive to structural variation
with a maximum difference in chemical shift of 16.9 ppm (1
versus 8). The difference in chemical shift between the vy-
and 6-C atoms (Ad;_,) in a single compound increases with
the number of CN groups. In TEE 1 (0CN), the difference
is only 4.3 ppm, whereas in 8 (3CN) the difference increases
to 25.44 ppm. This shift difference can be seen, together
with the chemical shift for the CN carbon atom, as a meas-
ure for the acceptor strength of the CEEs. The lower the
value of dcy and the larger Ad;_,, the higher the acceptor
strength of the molecule. Geminal CEE 6 was indeed identi-
fied as a better electron acceptor than trans-substituted
CEE 7 in electrochemical measurements (vide infra).

The a-, y- (and ¥'-), and para-C atoms (for the labeling,
see structural formulae of compounds 12-14 above) of the
donor-substituted CEEs could not be unambiguously as-
signed in the "C NMR spectra, since their chemical shift
values were too similar. A minimum value is indicated for
the y-C (and y'-C) atoms in Table 2. The extended structures
20-24 were not taken into consideration, since the spectral
assignment was too complicated.

As for the parent CEEs (vide supra), an upfield shift is
observed for the CN carbon atom resonance with increasing
number of CN residues. The introduction of the DMA
donor groups results in a downfield shift of dcy (relative to
the parent CEEs). This downfield shift is a measure for the
effectiveness of donor-acceptor (D-A) conjugation in the
ground state. For cross-conjugated 13, a downfield shift
Ad¢y of only 0.2 ppm is observed (comparison with 3). The
linearly conjugated (E)-12 and (Z)-12, on the other hand,
show downfield shifts Ad-y=1.0 and 0.7 ppm, respectively.
From these results, it can be concluded that the cis D-A
conjugation path in (E)-12 is more effective than the trans
D-A path in (Z)-12. Also, linear conjugation is much more
efficient than cross-conjugation.

Table 2. ®*CNMR chemical shifts [in ppm; 75 MHz, CDCl;] of donor-
substituted CEEs.

Oen Oc=cow Oc=cay Oipso Oortho Ometa

(E)-12 116.08 86.88 >99.68 151.14 111.49 133.95

(2)-12 115.81 86.56 >99.76 151.06 111.40 133.79

13 115.34 83.52 >102.09 150.95 111.46 133.37

15 112.86 88.56 89.82 152.28 111.55 135.37
113.02

17 112.52 84.58 87.58 151.98 111.53 135.03

18 114.08 84.37 >106.47 151.42 111.58 133.93

19 111.36 91.00 91.06 153.41 112.10 136.38
111.40
111.55
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Whereas the chemical shift difference between the alkyne
y- (and v') and d- (and &'-) carbon atoms (Ad,_,) increases
with the acceptor strength (vide supra), the introduction of
a DMA donor group reduces this difference. The value of
Ad;_, becomes smaller with increasing intramolecular CT
from the donor to the acceptor moiety. A decrease in Ad,_,
from >12.8 to 1.3 ppm, and to 0.06 ppm is observed upon
changing from (E)-12 (1 CN), to 15 (2CN), and to 19
(3CN), respectively.

The downfield shift of the aryl C-atoms and the protons
in meta positions relative to the DMA group (Tables 2 and
3, respectively) can also be considered as a measure for the

Table 3. '"HNMR chemical shifts [in ppm; 300 MHz, CDCl;] of donor-
substituted CEEs.

Boriho Onera Compound Borino Ornera
(E)-12 6.63 7.42 19 6.70 7.54
(2)-12 6.63 7.37 20 6.67 7.55
13 6.63 7.36 21 6.67 7.52

15 6.65 7.51 22 6.65, 6.67 7.47,7.54

16 6.65 7.50 23 6.62, 6.68 7.43,7.46

17 6.65 7.53 24 6.58,6.73 7.44,7.50

18 6.65 7.46

efficiency of donor-acceptor conjugation. The downfield
shifts decrease from (E)-12, to (Z)-12, and to geminal 13,
suggesting a more effective conjugation pathway for the lin-
early D-A-substituted chromophores. The increase in the
number of CN groups per DMA donor moiety upon chang-
ing from (E)-12 (1CN), to 15 (2CN), and to 19 (3CN) also
produces a downfield shift evidencing enhanced D-A conju-
gation.

From the NMR spectral data in Table 2, the efficiency of
D-A conjugation, that is, the amount of CT can be deter-
mined as 19>15>17>18 > (E)-12> (Z)-12>13.

Interestingly, the "H NMR spectra of the extended chro-
mophores 22 and 24 exhibit a strong differentiation between
the DMA groups within each molecule (Table 3). The up-
field resonance indicates weaker participation in D-A con-
jugation pathways, the downfield one stronger conjugation.

X-ray structures and bond-length alternation: All donor-
substituted CEEs except (E)-12 are solids. The monomeric
chromophores are shiny metallic substances and the larger
structures black amorphous materials. The crystal structures
of 18 and 19 are shown in Figure 1 (for details, see refer-
ence [13]).

Bond-length alternation in the DMA moiety can be ex-
pressed by the quinoid character (dr) of the aryl ring
[Eq. (1)].”Y The quinoid character is a good indication for
the amount of CT from the DMA donor to the CEE accep-
tor moiety in the ground state.

or = [(a=b) + (c=b)]/2 ~ [('=b") + (¢ =b")] /2 (1)

In benzene, the dr value equals 0 and values between 0.08
and 0.10 are found in fully quinoid rings (see Figure 1 for

3330

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

N17
24
Q

Figure 1. Top: ORTEP representation of 19 with vibrational ellipsoids
obtained at 243 K and shown at the 30 % probability level. Selected bond
lengths [A]: C1—C2 1.392(2), C1-C6 1.401(2), C2—C3 1.366(2), C3—C4
1.415(2), C4—C5 1.410(3), C4—N7 1.356(2), C5—C6 1.370(2), C10—Cl11
1.209(2), C1-C10 1.410(2), C11—-C12 1.394(2), C12—C15 1.365(3), C15—
C16 1.432(2), C16—N17 1.139(2). Bottom: ORTEP representation of 18
with vibrational ellipsoids obtained at 120 K and shown at the 30 % prob-
ability level. Selected bond lengths [A]: CI1—C1' 1.372(4), C1-C2
1.441(3), C2-N3 1.146(3), C1-C4 1.417(3), C4—C5 1.207(3), C5-C6
1.422(3), C6—C(7) 1.397(3), C7—C8 1.370(3), C8—C9 1.410(3), C6—C11
1.401(3), C10—C11 1.374(3), C9—C10 1.411(3), C9—N12 1.368(2).

the definition of bond lengths a, &, b, b’, ¢, and ¢’). Calculat-
ed from the X-ray crystal structures (Figure 1), CEE 18 ex-
hibits a or of 0.033 and 19 has a value of 0.037. The or
values for DMA rings in donor—acceptor substituted
TEEs, calculated from several X-ray structures, generally
do not exceed 0.025. This demonstrates the enhanced intra-
molecular CT in donor-substituted CEEs relative to the
TEEs.

The Or values calculated on the B3LYP/6-31G** level of
theory®™! for 18 (0.0315) and 19 (0.0382) are in good agree-
ment with those determined from the X-ray crystal structure
data. The or values of the monomeric donor-substituted
CEEs were calculated (Table4) and suggested a higher
amount of CT in the ground state for cis D—A-substituted
(E)-12 than for trans D—-A-substituted (Z)-12 and geminally
substituted 13 (6r=0.0318, 0.0314, and 0.0309, respectively).
The comparison of constitutional isomers 17 and 18 shows
two cis and two trans D—A pathways for 17, and two gemi-

Table 4. Quinoid character of monomeric donor-substituted CEEs.

Calculated or

Experimental or

(B3LYP/6-31G**) (X-ray)
(E)-12 0.0318 -
(2)-12 0.0314 -
13 0.0309 -
17 0.0320 -
18 0.0315 0.033
19 0.0382 0.037
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nal and two cis D-A pathways for 18. Considering that
cross-conjugation is less effective than linear conjugation, a
larger Or is expected and indeed calculated for 17. The larg-
est amount of conjugation is found for 19.

The calculations support the order of efficient D-A conju-
gation in these molecules as found by the NMR studies
(vide supra), being 19>17>18 > (E)-12>(Z)-12>13.

Electrochemistry: The redox properties of the CEEs were
studied by using cyclic voltammetry (CV) and rotating disk
voltammetry (RDV) in CH,Cl, with nBu,NPF, (0.1 M) as the
supporting electrolyte. The redox potentials versus Fct/Fc
(ferricinium/ferrocene couple) are listed in Table 5 together
with the values for TEEs 1 and 46,°¢' and TCNE (2).5"

Table 5. Cyclic voltammetry data of silyl-protected TEEs and CEEs in
CH,Cl, (40.1m nBu,NPF,).!! For an overview of the compounds, see
structural formulae in text.

Cyclic voltammetry Rotating disk voltammetry

E°[VI" AE,[mV]Y E,[V]“ E,,[V]® Slope [mV]
1 —196 320 —2.02 60
—2.50 80
—2.74 160
3 —158 90 —-1.60 65
—234  -235 80
7 —-125 100 -1.38 60
—2.05
6 -1.15 70
-1.95
8§ —072 85 —0.72 60
-1.69  —1.701
200 —0.32
—-1.35
468 —1.52 goth! -152 70
—~1.89 70! —~1.88 60
—290 274 110
(Zzz)-11  —1.07 75 -1.10 60
-1.37 75 -1.39 60
(EEE-11 —1.06 60
—-1.36 60
10 —0.90 80 —0.90 70
—1.44 70 —1.48 75
9 057 90 —0.59 62
—0.84 90 —0.89 60
—224

[a] Potentials versus the ferricinium/ferrocene couple. Working electrode:
glassy carbon electrode; counter electrode: Pt; reference electrode: Ag/
AgCl [b] E°=(E,+E,,)/2, where E,. and E,, correspond to the cathodic
and anodic peak potentials, respectively. All reductions are one-electron
transfers. [c] AE,= E,—E,.q, in which subscripts ox and red refer to the
conjugated oxidation and reduction steps, respectively. [d] E, = Irreversi-
ble peak potential at v=0.1Vs'. [e] E;,=Half-wave potential.
[f] Slope =Slope of the linearized plot of E versus log[l/(1y,—1)]. Ly is
the limiting current and 7 the current. [g] Solvent: THF; working elec-
trode: Hg.*® [h] Scan rate v=10 Vs~ [i] Small amplitude wave. [j] Quasi
reversible electron transfers.”’!
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All monomeric CEEs show a reversible one-electron re-
duction step, followed by a second irreversible step. The in-
troduction of additional CN groups (from 1 (0CN), to 3
(1CN), to 7 (2CN), to 8 (3CN), and TCNE (2; 4CN)) re-
sults in an anodic shift of the first reduction potential.®® On
the basis of the first reduction potentials for the monomeric
CEEs, the increase in electron acceptor strength upon sub-
stituting one RC=C— by one N=C— group can be quantified
to an average of 380 mV. Replacing one RC=C—C—C=CR
by a NC—C—CN fragment increases the average electron ac-
ceptor strength by 830 mV. A linear correlation (R*~0.996)
exists between the calculated adiabatic electron affinities
(B3LYP, 6-31G**, Gaussian program®') and the first reduc-
tion potentials for TEE 1, CEEs 3-8, and TCNE (2).

The dimeric CEEs exhibit two reversible one-electron re-
duction steps, eventually followed by an irreversible third
step. By comparing the values of the dimers with those of
their analogous monomeric CEEs, it can be concluded that
an increase in conjugation length results in an anodic shift
and thus acceptor strength. This finding represents another
examplel? for the efficiency of m-electron conjugation across
buta-1,3-diynediyl fragments, a hot topic of current theoreti-
cal calculations.*)

All donor-substituted CEEs give one or two reversible ox-
idation steps (except 17, 22, and 23), depending on the
number of DMA groups (Table 6). A reversible reduction
(except for 19) is followed by one or more, mainly irreversi-
ble reduction steps.

The CV data show that the DMA donor and CEE accep-
tor cores in monomeric donor-substituted CEEs are clearly
conjugated. In a m-conjugated system, the presence of an
electron-donating group hinders the electron reduction and
an electron-withdrawing group makes the oxidation more
difficult. The oxidation of the DMA unit in the TEEs is not
influenced by the presence of other electron-accepting sub-
stituents (such as p-nitrophenyl) and has an average first ox-
idation potential of +0.44 V.0*% In contrast, large shifts to
more positive potentials are induced by the introduction of
cyano groups in the CEEs. The highest first oxidation poten-
tial is obtained for 19 (40.79 V). This is in agreement with
the largest amount of CT from the donor to the acceptor
moiety for this molecule within the CEE series, as observed
by NMR spectroscopy and X-ray crystal structure analysis
(vide supra).

The increase in the number of CN groups, with one DMA
group present in the molecule, causes an approximately cu-
mulative shift to more positive potentials for the oxidation
of the DMA group. From (E)-12 (1CN), to 15 (2CN), and
to 19 (3CN), the observed shifts of the oxidation potential
are +120mV, +230mV, and +350 mV, respectively, rela-
tive to the TEE with one DMA group (oxidation potential
+0.44 VB4 The difference in the first reduction poten-
tial between the donor-substituted CEEs and their parent
CEEs also increases by the introduction of additional CN
groups. The values shift by 60 mV, 90 mV, and 140 mV for
(E)-12, 15, and 19, respectively, to more negative potentials
relative to their DMA-free analogues 3 (Eq;=—1.58 V), 6
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Table 6. Cyclic voltammetry data of donor-substituted CEEs in CH,Cl,
(+0.1M nBu,NPFy)."! For an overview of the molecules, see structural
formulae in the text.

Cyclic voltammetry Rotating disk voltammetry

E°[V]P  AE,[mV]  E,[V]¥ E,,[V]¥ Slope [mV]!
(E)-12 +0.56 80 +059(1e’) 60
—1.64 90 -170 1e”) 70
—-2.26
-2.37
(212 +0.56 75 +059 (1e”) 70
-1.63 75 -1.67 1e) 75
-2.25 —2.39 (2e7) 150
—-2.35
13 4052 80 +055(le”) 70
—-1.64 100 —~1.67 (1e”) 100
—2.47
15 4067 125 +0.67 (1e”) 70
-124 125 -1.32 (1e”) 100
17 +0.63  +0.65(2e) 50
-1.31 60 -135(1e?) 70
—2.02 —2.06 75
—-2.20
18 +0.50 70 le]
+0.58 70
-1.38 70
-1.95 —1.44 (1e7) 100
-2.05
—-2.20
19 4079 65 +079 (1e”) 60
—0.86 -0.85(le’) 60
20 +0.69 120 +0.70 (2¢7) le]
—0.74 60 -077 (1e”) 60
-0.92 70 -095(1e’) 60
—2.25 —231Qe) 75
21 +0.72 70 +0.701!
—0.81 90 -0.88(le’) 80
-1.75 -1.79 2¢7) 160
22 +0.56  +0.57 (2¢7) 85
—0.67 65 —0.67 (1e?) 70
—-1.39 ~1.47 (1e”) 120
23 +0.50  +0.56 2e7) 120
—-0.93 70 —0.94 (1e?) 70
—~1.49 60 ~1.48(1e’) 90
24 +0.61 65 +0.64 2e7) 60
+0.45 70 +046 2e7) 60
—-0.89 75 -0.90 2e) 75
—1.40 65 -1.40 (1e) 60
-1.50 70 -1.52(1e) 75

[a] Potentials versus the ferricinium/ferrocene couple. Working electrode:
glassy carbon electrode; counter electrode: Pt; reference electrode: Ag/
AgClL. [b] E°=(E+E,,)/2, where E,. and E,, correspond to the cathodic
and anodic peak potentials, respectively. [c] AE,= E,,—E,.q, in which sub-
scripts ox and red refer to the conjugated oxidation and reduction steps,
respectively. [d] E,=Irreversible peak potential at sweep rate v=
0.1 Vs [e] E,,,=Half-wave potential. [f] Slope =Slope of the linearized
plot of E versus log[l/(Z;,—1)]. L, is the limiting current and / the cur-
rent. [g] Electrode inhibition during oxidation. No plateau-limiting cur-
rent could be observed.

(Erg1=—1.15V), and 8 (E.q;=—0.72V). Both facts indi-
cate an increase in interaction between the DMA donor and
the CEE acceptor core with a larger number of CN groups.
The differences in the reduction potential are relatively
small compared to the average gain in acceptor strength of

~380 mV per additional cyano group (vide supra).
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The shifts to more positive oxidation and more negative
reduction potentials can be considered as a lowering and an
elevation of the HOMO and LUMO levels, respectively.
The constitutional isomers (E)-12, (Z)-12, and 13 have
similar reduction potentials (~—1.64 V). The first oxida-
tion potentials are identical for the trans D-A- ((£)-12)
and cis D-A-conjugated isomers ((E)-12), but less posi-
tive for geminally conjugated 13 (Table 6). The larger differ-
ences in the first oxidation potential indicate that the
HOMO is more sensitive to a change in substitution pattern
than the LUMO. This was confirmed by theoretical calcula-
tions.*1?

Chromophore 22 shows hardly any interaction between
the DMA and the tricyanovinyl acceptor groups. The first
oxidation potential is only shifted by 60 mV to more positive
potentials relative to the average potential for DMA oxida-
tions in TEEs (40.44 VP The first reduction potential
of 22 is 190 mV more positive and the first oxidation poten-
tial 290 mV less positive than the corresponding potentials
of 19, which also contains a tricyanovinyl and DMA group.
This clearly shows that there is much less D-A interaction
in the expanded chromophore 22 than in highly conjugated,
monomeric 19.

Similarly, heterodimeric 23 shows rather isolated donor
and acceptor parts. The oxidation potential is 130 mV less
positive than the value for monomeric 17, which contains a
similar geminal donor and geminal acceptor substitution
pattern. The first reduction potential is only 30 mV more
negative than that of the related DMA-free heterodimer 10
(Erq1=—0.90 V, Table 5). Both facts indicate that there is
only weak interaction between the donor and acceptor parts
separated by the extended spacer.

In heterotetrameric 24, a distinction between two isolated
DMA groups (E.=+0.45V) and two DMA groups that in-
teract with the CEE cores (E.,=-+0.61 V) is observed. This
differentiation between the DMA groups is visible in the
'"H NMR spectrum (vide supra); it is also present in the re-
lated TEE dimer with four DMA groups (E,,=+0.37 V and
E, =+4054V) [

UV/Vis spectroscopy: A general feature of the UV/Vis spec-
tra of the donor-substituted CEEs is their very intense and
dominant CT band with transition dipole moments M up to
9.8 Debye (Figure 2; for the transition dipole moments, see
Supporting Information). Thus, the spectrum of 19 features
a CT band with a 1,,,, of 591 nm (2.10 eV) and a molar ex-
tinction coefficient of 43800M 'cm™ (Figure 2). Upon pro-
tonation of the DMA moiety with trifluoroacetic acid
(TFA), the solution of 19 turns from blue to colorless and
the longest wavelength absorption band disappears almost
completely. The CT band can be fully regenerated upon
neutralization with Et;N. Comparison of 19 with its known
alkyne-free analogue 4-(tricyanovinyl)-N,N-dimethylaniline
(Amax =530 nm, £~40000m'cm ™)™ indicates a bathochro-
mic shift of A, of 61nm (0.24eV) for 19. Thus, the
HOMO-LUMO gap is significantly reduced by the intro-
duction of the ethynyl spacer.
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Figure 2. UV/Vis spectra of selected monomeric donor-substituted CEEs
in CHCl,.
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Figure 3. Shift of the CT band in the UV/Vis spectrum (CHCl;) upon

changing from monomeric donor-substituted CEEs 15 and 16 to the di-
meric derivatives 20 and 21.

The change from the monomeric donor-substituted CEEs
to the more extended chromophores results in a red shift of
the maximum (4,,,) of the CT absorption band. Changing
from monomeric 15 to dimeric 20 (Figure 3) moves A, by
0.31 eV. Extending 15 by one ethynyl unit to give 16 results
in a bathochromic shift of 0.13 eV. The dimerization of silyl-
deprotected 16 to give 21 provides an additional shift of
0.21 eV. The structureless absorption spectrum of 20 changes
by the insertion of an additional buta-1,3-diynediyl moiety
(to 21) into a spectrum with a remarkable fine structure of
the higher energy absorption bands (Figure 3). The spectral
data of all donor-substituted CEEs are summarized in
Table 7.

Optical versus electrochemical HOMO-LUMO gap: A plot
of the optical band gap, calculated from 4, of the CT band
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Table 7. Summary of the UV/Vis spectra of donor-substituted CEEs in
CHCI; and electrochemical band gaps determined by CV in CH,CL.

Compound  Ap [nm (V)] Aena [nm (e V)] A(Eo1—Ereay) [V]
(E)-12 467 (2.65) 570 (2.18) 2.20
(2)-12 464 (2.67) 570 (2.18) 2.19
13 470 (2.64) 575 (2.16) 2.16
15 520 (2.38) 660 (1.89) 1.91
16 551 (2.25) 730 (1.69) -
17 524 (2.37) 700 (1.77) 1.94
18 563 (2.20) 685 (1.81) 1.88
19 591 (2.10) 750 (1.65) 1.65
20 600 (2.07) 860 (1.44) 1.43
21 608 (2.04) 870 (1.42) 1.53
22 734 (1.69) 1030 (1.20) 1.23
23 554 (2.24) 925 (1.34) 1.43
649 (1.91)!
24 548 (2.26) 925 (1.34) 1.34
707 (1.75)!

[a] The optical band gap is either determined from A4, of the CT band
or from the optical end-absorption A.,4. [b] Shoulder.

8 4+————r————1r——1r——1———1——7—+—
10 12 14 16 18 20 22 24

ME.  -E

ox1

red,1) /V

Figure 4. Linear correlation between the optical band gap E,,, deter-

mined from A, (0) and A.,q (w), and A(E;—E\cq.)-

gap>

or the end-absorption A, in the UV/Vis spectrum,
against the difference between the first oxidation potential
and the first reduction potential in the CV (the electrochem-
ical band gap, Table 7) shows a linear correlation (R=0.976
for A,q and R=0.987 for 4,,,) between the two quantities
(Figure 4). This suggests that the same orbitals are involved
in electrochemistry and in absorption spectroscopy. TD-
B3LYP/6-31G** calculations had also indicated that the CT
absorption bands in the UV/Vis spectra of donor-substi-
tuted CEEs are determined by HOMO-LUMO transi-
tions.*!!

This correlation allows the use of the electrochemical
data for the explanation of the features seen in the UV/Vis
spectra. A decrease in the band gap of 0.28 eV for each ad-
ditional CN group is observed (compare (E)-12 to 15 and
19). The CV data show that the oxidation potential becomes
~120mV more positive and the reduction potential
~—380mV less negative with each additional cyano group
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(vide supra). The decrease of the HOMO-LUMO gap can
therefore be mainly attributed to the lowering of the
LUMO level rather than to the elevation of the HOMO
level. However, the HOMO is more sensitive to the substi-
tution pattern within the constitutional isomers.

In a m-conjugated system, the presence of an electron-do-
nating group hinders the electron reduction and an electron-
withdrawing group makes the oxidation more difficult (vide
supra). This has severe implications on the size of the opti-
cal band gap: with more efficient m-conjugation in a mole-
cule, the oxidation will get more difficult, that is, the
HOMO level will be lowered. The more difficult reduction
will result in a higher LUMO level. This means that within
a series of constitutional isomers, the most conjugated mole-
cule will have a larger band gap!

This principle can be demonstrated by comparing the con-
stitutional isomers 17 and 18. Chromophore 17 has four lin-
early conjugated D-A pathways, whereas 18 features two
linearly and two cross-conjugated D—-A pathways. Hence,
D-A conjugation in 17 is more efficient. On the other hand,
the longest wavelength absorption maximum A, of 18 is
bathochromically shifted by 39 nm (0.17 eV) relative to 17
and has a much higher molar extinction coefficient (63800
vs 47300m 'ecm™!). The CV data indicate that the highest
conjugated molecule 17 has a much lower HOMO level
than 18, which results in a larger band gap. B3LYP calcula-
tions show a more pronounced CT in the HOMO level of 17
than of 18, which can explain the experimentally found
energy lowering of this level 1%

Similarly, the lower band gap of geminally D-A-substitut-
ed 13 can be explained by the disfavored D-A cross-conju-
gation, resulting in an elevation of the HOMO level (E,,, =
+0.52V for 13, E,,;=+0.56 V for 12) and a lower band
gap with respect to (E)- and (Z)-12 with linear D-A conju-
gation pathways.

Now that it has been shown that an increase in D-A con-
jugation can lead to an increase of the band gap, the ex-
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Figure 5. UV/Vis spectra of extended donor-substituted CEE chromo-
phores in CHCI,.
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tremely small band gap of chromophore 22 (Figure 5) can
be explained. Electrochemistry indicated a lack of interac-
tion between the donor-substituted TEE part and the
strongly accepting tricyanovinyl group in 22 (vide supra).
With respect to 19, which contains the same tricyanovinyl
acceptor group and a DMA donor, but exhibits a larger
amount of conjugation, the band gap is lowered with more
than 0.40 eV! The end-absorption reaches into the near-IR
(1030 nm, 1.20 eV).

Additional proof for the rather isolated donor and accept-
or parts in 22 and in 23 is obtained from the UV/Vis spectra.
The spectrum of the bis-SiiPr;-protected analogue of bis-
donor-substituted TEE 43 (Scheme 4) shows two peaks at
300 and 428 nm."! These bands can be recognized in the
spectra of 22 and 23 (311, 416-434 nm). The low extinction
coefficient of the CT band suggests little coupling between
the donor and acceptor parts of the molecule.

The undisturbed strong electron acceptor and donor moi-
eties cause a lowering of the LUMO level and an elevation
of the HOMO level with respect to monomer 17, resulting
in a smaller band gap for 23. Going from dimeric 23 to tet-
rameric 24, the shoulder moves from 649 nm to 707 nm
(shift of 0.16 eV), but the end-absorption remains approxi-
mately the same. The UV/Vis spectrum of tetrameric 24 is
virtually identical to the spectrum of a dimeric TEE with
four DMA groups*? (which forms the core of 24). The A,
and end-absorption of 24 are 95 nm (0.48 eV) and 275 nm
(0.57 eV) bathochromically shifted compared to this TEE
dimer. Again, the relatively low extinction coefficient of the
CT band suggests that the donor and acceptor parts are only
weakly coupled.

The above examples show that the band gap can be tuned
by insertion of acetylenic (and also olefinic) spacer units,
which sometimes “insulate” strong donor and acceptor moi-
eties. The presence of noninteracting donors and acceptors
in one molecule can result in an extremely small HOMO-
LUMO gap, but also give relatively small extinction coeffi-
cients. Contrary to chemical intuition, efficient conjugative
interactions between donors and acceptors can increase the
band gap.

Solvatochromism in the fluorescence and UV/Vis spectra:
Some of the donor-substituted CEEs showed a bright
yellow/orange fluorescence in hexane solutions. Molecule 18
displays the highest fluorescence intensity, with a quantum
yield of 58 % in hexane/CHCI; 19:1. All monodonor-mono-
acceptor-substituted CEEs are fluorescent. No quantum
yields were determined for (E)-12 and (Z)-12 due to their
photoisomerization in hexane. The geminally substituted de-
rivative 13 also shows a good luminescence quantum yield
of 39%.

The fluorescence is highly dependent on solvent polarity
as shown in Table 8. The quantum yield is almost zero in the
relatively polar solvent CHCl;. An increase in the percent-
age of hexane in the solvent mixture results in a tremendous
enhancement of the fluorescence efficiency. This solvato-
chromic behavior is observed for all fluorescent CEEs. Also,
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Table 8. Fluorescence data for several donor-substituted CEEs. Quantum
yields ¢r are measured against rhodamine 6G,*! unless otherwise stated.
Ao and A, are the excitation and emission wavelength, respectively.

Solvent Aex Aem.max s Stokes shift
[nm] [nm] [em™]
132 hexane 340 481 0.39 487
15 hexane 480 528 0.044 1679
hexane/CHCI; 9:1 480 581 0.006 3196
17 hexane/CHCI; 9:1 480 558 0.012 2529
hexane/CHCI, 1:1 480 594 0.002 2850
18 hexane/CHCL, 19:1 bl 570 0.58 1540
hexane/CHCI; 9:1 bl 582 0.45 1757
hexane/CHCI, 1:1 bl 620 0.054 2053
CHCl, 643 0.008 2210
19 hexane/CHCI; 19:1 5401 672 0.002 3672

[a] Reference: anthracene.®” [b] Excitation at three different wave-
lengths 480, 485, 490 nm; quantum yield averaged. [c] Reference: sulfo-
rhodamine 101 (¢=0.90).1%)

an increase in the Stokes shift is measured upon changing to
more polar solvents. Similarly, 4., of the CT band in the
UV/Vis spectra becomes red-shifted upon going from
hexane to CHCI; Both effects can be explained by the excit-
ed state being more polar than the ground state.[*”)

The absorption maxima of the DMA-substituted mono-
cyanotriethynylethenes 12 and 13 have smaller solvent shifts
upon changing from CHCI; to hexane (0.07-0.10 ¢V) than
the CEEs with two or more cyano groups (0.17-0.20 eV).
This suggests that a larger dipole moment change from the
ground to the excited state occurs in the chromophores with
more electron-accepting moieties (Table 9).

Table 9. Solvent effects in the UV/Vis spectra of several donor-substitut-
ed CEEs.

Amax [nm (e V)] in solvent

hexane hexane/ hexane/ hexane/ CHClL,
CHCl;19:1 CHCL;9:1 CHCl; 1:1
(E)-12 453 (2.74) 467 (2.65)
(Z2)-12 448 (2.77) 464 (2.67)
13 458 (2.71) 470 (2.64)
15 485 (2.56) 490 (2.53) 520 (2.38)
17 489 (2.54) 508 (2.44) 524 (2.37)
18 524 (2.37) 528 (2.35) 550 (2.25) 563 (2.20)
19 539 (2.30) 543 (2.28) 572 (2.16) 591 (2.10)

The centrosymmetric chromophore 18 has no dipole
moment, but shows solvatochromic effects similar to those
of the noncentrosymmetric donor-substituted CEEs. Ac-
cording to the Franck-Condon principle,*! the excited state
of 18 should have the same geometry as the ground state
and therefore no dipole moment. A change in the dipole
moment upon electronic excitation can therefore not be
used to explain the observed solvatochromism. However, a
similar solvatochromism has been observed in other centro-
symmetric molecules. These effects have mainly been attrib-
uted to a localized excitation in one part of a molecule, gen-
erating a dipole moment in the excited state, while conserv-
ing the geometry™ or to a solvent-induced symmetry break-
ing_[so]
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The UV/Vis spectrum of 18 (Figure 2, Table 7) indicates a
strong CT from the ground to the excited state. The charge
from the donors is transported to the cyano acceptors, gen-
erating a partially positive charge on the donors and a nega-
tive charge on the acceptors, that is, a quadrupole. There-
fore, we propose that the increase in electric moment from
the ground to the excited state through a change in the
quadrupole moment is the most likely explanation for the
solvatochromic effects observed for 18.°' Localized excita-
tion in one part of the molecule or solvent-induced symme-
try breaking are unlikely in a small, conjugated molecule
such as 18.

Two-photon absorption: The donor-substituted CEEs show
good m-conjugation, large transition dipole moments (up to
9.8 Debye, see Supporting Information), large changes in
electric moment from the ground to the excited state, and
small band gaps. These are all prerequisites for good NLO
properties.®™'¥ Therefore, two-photon absorption (TPA)
measurements were carried out on compound 17, using the
Z scan technique.’” Due to the limited wavelength range of
the laser, CEEs 19 and 18 could not be measured. Since
compound 20 shows a weak (one-photon) absorption
around 800-900 nm, the TPA cross-section cannot be deter-
mined at 900 nm. For CEE 17, a cross-section value of g, =
8.8x107* cm®*s per photon in 1,1,2,2-tetrachloroethane at
900 nm was measured. This value is approximately three
times higher than the value for the AF-50 standard (3.0x
10~ cm*s per photon at 796 nm in benzene).** These TPA
cross-sections are difficult to compare, since the values are
highly dependent on the experimental setup, the monitoring
wavelength, the solvent used, the intensity level, and espe-
cially on the pulse duration. Nevertheless, this first TPA
cross-section value indicates the high potential of the donor-
substituted CEEs for nonlinear optical applications, consid-
ering the small size and small number of functional groups.

Conclusion

Following initial reports on some isolated cyanoethynyl-
ethenes (CEEs)®™ a comprehensive family of these chro-
mophores has been prepared. With increasing number of
CN groups, the electron-accepting properties as determined
by electrochemistry, become strongly enhanced. In fact, the
dimeric CEEs start to rival the benchmark tetracyanoethene
(TCNE) in their acceptor capacity. Based on the data in this
paper, we actually predict that the still elusive, dimeric CEE
with six peripheral CN groups will be similar or possibly
even superior to TCNE in its electron-accepting capacity.
As a distinct advantage over TCNE, the CEEs are versatile
building blocks for integration into larger entities and their
scaffolding power has been proven by the synthesis of ex-
tended, DMA (N,N-dimethylanilino) donor-functionalized
charge-transfer chromophores. The charge-transfer conjuga-
tion pathways in these molecules were comprehensively in-
vestigated by means of X-ray crystallography, NMR spectro-
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scopy, electrochemistry, and theoretical calculations. In
CEEs, cis donor—acceptor conjugation is more effective than
trans conjugation and both are far superior to geminal cross-
conjugation. The conjugation effectiveness was particularly
nicely revealed by large changes in the first oxidation and
reduction potentials of the donor-substituted CEEs with re-
spect to the isolated donor and acceptor moieties. According
to the electrochemical data, differences between the band
gaps of constitutional isomers observed by UV/Vis spectro-
scopy can mainly be explained by a change in the energetic
level of the HOMO of the molecules. The higher conjugated
molecules show a lower HOMO level, which leads to a
larger band gap! By the introduction of acetylenic spacers
between the donor and the acceptor parts in chromophores
22-24, the conjugation in the molecules was diminished,
which resulted in very small band gaps. This shows that the
generally accepted rule that more m-conjugation leads to a
bathochromic shift in the UV/Vis spectrum is not always
valid.*'*> On the other hand, the reduced amount of cou-
pling between the donor and acceptor parts also results in a
lower transition dipole moment and molar absorption coeffi-
cient. Thus, this investigation has provided new insights into
conjugation effects in strong charge-transfer chromophores
and useful guidelines for tuning the band gaps of such sys-
tems. Finally, the facts that the donor-substituted CEEs can
be sublimed without decomposition and 17 shows a high
value for the two-photon absorption cross-section make
these compounds very promising for applications in opto-
electronic devices.

Experimental Section

Materials and general methods: Chemicals were purchased from Acros,
Aldrich, Fluka, and GFS and used as received. THF was distilled from
Na/benzophenone. CH,Cl, was distilled from CaH,. All reactions except
the oxidative couplings were carried under an inert atmosphere by apply-
ing a positive pressure of Ar. Compounds 5, 2551 26,1161 27 7} (3-bro-
mopropynyl)triisopropylsilane,'® 30,21 31,1 32 and 33,17 34, 36, and
37,%) N,N-dimethyl-4-ethynylaniline and 39,* diethyl 1-chloro-1-cyano-
methylphosphonate,™” 42 and 43°!! were prepared according to literature
procedures. Protocols for the following compounds are included in the
Supporting Information: 4-(triisopropylsilyl)but-3-ynenitrile, 35, 38, 40,
(E)- and (Z)-41, and 45. The Hay catalyst was prepared from CuCl
(0.065 g, 0.65mmol) and TMEDA (0.080¢g, 0.70 mmol) in CH,Cl,
(5.0 mL), resulting in a concentration of 0.13 mmolmL"'. Column chro-
matography (CC) and plug filtrations were carried out with Fluka SiO,
60 (particle size 4063 pm, 230-400 mesh) and distilled technical solvents.
Reversed-phase column chromatography was carried out with SiO, 100
C18-Reversed-Phase (particle size 40-63 um) from Fluka with an over-
pressure of about 0.3 bar and distilled technical solvents. Size exclusion
chromatography (GPC) was carried out with Bio-beads S-X3 and S-X1
from the company Bio-Rad and distilled technical solvents. Melting
points (m.p.) were measured in open capillaries with a Biichi Melting
Point B540 apparatus and are uncorrected. 'H NMR and *C NMR spec-
tra were measured on Varian Gemini 200 or 300 MHz spectrometers.
Chemical shifts are reported in ppm downfield from SiMe,, using the sol-
vent’s residual signal as an internal reference. Coupling constants (J) are
given in Hz. The resonance multiplicity is described as s (singlet), d (dou-
blet), t (triplet), and m (multiplet). Infrared spectra (IR) were recorded
on a Perkin-Elmer FT1600 spectrometer or a Perkin-Elmer Spectrum
BX II. UV/Vis spectra were recorded on a Varian CARY-5 or Varian
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CARY-500 spectrophotometer. The spectra were measured in CHCl; in a
quartz cuvette of 1 cm. The absorption wavelengths are reported in nm
with the extinction coefficient in v~ cm™ in brackets. Shoulders are indi-
cated as sh. Fluorescence spectra were measured on a Jobin Yvon
Horiba Spex Fluorolog 3 spectrophotometer. Quantum yields were deter-
mined vs. rhodamine 6G (¢p=0.95),1* sulforhodamine 101 (¢p=0.90),1!
or anthracene (¢r=0.32).") EI mass spectra were measured at 70 eV on
a Hitachi-Perkin—Elmer VG-TRIBRID spectrometer. High-resolution
(HR) FT-MALDI spectra were measured on an lonspec Fourier Trans-
form instrument with 2,5-dihydroxybenzoic acid (DHB) or trans-2-[3-(4-
tert-butylphenyl)-2-methylprop-2-enylidene|malononitrile  (DCTB) in
MeOH/H,0 as matrix, and the compound in CH,Cl, (two layer techni-
que). The most important signals are reported in m/z units, with M as the
molecular ion and the intensities in brackets. Elemental analyses were
performed by the Mikrolabor at the Laboratorium fiir Organische
Chemie, ETH Ziirich.

Electrochemistry: Electrochemistry measurements were carried out at
20°C in CH,Cl, containing 0.1mM nBu,NPF, in a classical three-electrode
cell. CH,Cl, was purchased in spectroscopic grade from Merck, dried
over molecular sieves (4 A), and stored under Ar prior to use. nBu,;NPF
was purchased in electrochemical grade from Fluka and used as received.
The working electrode was a glassy carbon disk electrode (3 mm in diam-
eter) used either motionless for CV (0.1 to 10 Vs™') or as rotating disk
electrode for rotating disk voltammetry (RDV). The auxiliary electrode
was a platinum wire, and the reference electrode was an aqueous Ag/
AgCl electrode. All potentials are referenced to the ferricinium/ferrocene
(Fc*/Fc) couple, used as an internal standard. The accessible range of po-
tentials on the glassy carbon electrode was +1.4 to —2.4 V versus Fc*/Fc
in CH,Cl,. The electrochemical cell was connected to a computerized
multipurpose electrochemical device AUTOLAB (Eco Chemie BV,
Utrecht, The Netherlands), and controlled by the GPSE software, run-
ning on a personal computer.

Two-photon absorption (TPA): TPA cross-sections were measured by
using an open-aperture Z scan method." A mode-locked Ti:Sapphire
laser (Spectra-Physics, Mai Tai, ~100 fs, 80 MHz) was used as the laser
source. The repletion rate of the pulses was reduced to 100 Hz by using a
mechanical chopper for all measurements. After passing through an f=
12 cm lens, the laser beam was focused and passed through a 5 mm
quartz cell filled with the sample solution (10-*~10"*m). The laser intensi-
ty at the sample was in the range of 0.5-5 GWcm™ The transmitted
laser beam from the sample cell was detected by using a photodiode,
while changing position of the sample cell along the beam direction (Z
axis). The two-photon cross-section was estimated by simulation.”? AF-
50 and ZnSe were used as references.

X-ray analysis: The crystal structures of (Z,Z)-11, 18, and 19 are de-
scribed in references [12] and [13]. CCDC-182715, 207516, and 207517
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

2,3-Bis| (triisopropylsilyl)ethynyl]-5- (triisopropylsilyl) pent-2-en-4-yneni-
trile (3): /Pr,EtN (12 pL, 0.070 mmol) was added to a solution of 27
(17.4 mg, 0.0445 mmol) and 4-(triisopropylsilyl)but-3-ynenitrile (14.9 mg,
0.0673 mmol) in EtOH (1.5 mL). After heating for 8 h at 80°C, the so-
lution was passed through a plug (CH,Cly/hexane 1:1), affording 3
(26.0mg, 97%) as a colorless oil. 'HNMR (300 MHz, CDCLy): 6=
1.10 ppm (m, 63H); *CNMR (75 MHz, CDCl;): §=11.19, 11.22, 11.25,
18.60, 18.66, 18.69, 98.99, 101.72, 101.73, 106.30, 106.74, 107.60, 108.62,
115.10, 124.70 ppm; IR (CCl,): #=2945, 2892, 2867, 2226, 1463, 1384,
1368, 1289, 1236, 1186, 1071, 1015, 997, 919, 883 cm™"; UV/Vis (CHCL): 1
(¢)=300 (12000), 341 (25400), 355 nm (26300); EI-MS (70 eV): m/z (% ):
550 (100) [M—iPr]*, 508 (49) [M+H-2iPr]*; elemental analysis calcd
(%) for C;sHgNSi; (594.16): C 72.77, H 10.69, N 2.36; found: C 72.75, H
10.57, N 2.15.

(E)- and (Z)-2,3-Bis|(triisopropylsilyl)ethynyl]-5-(triethylsilyl)pent-2-en-
4-ynenitrile (4): iPr,EtN (59 pL, 0.35 mmol) was added to a solution of
26 (99.7mg, 0286 mmol) and 4-(triisopropylsilyl)but-3-ynenitrile
(76.0 mg, 0.345 mmol) in EtOH (6 mL). After stirring for 5 min at RT,
the mixture was directly subjected to CC (hexane/CH,Cl, 2:1), which af-
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forded (E)-28 (18 mg, 15%) and a mixture of 4 and (Z)-28. The latter
mixture was subjected to reversed-phase CC (MeCN/CH,Cl, 5:1), afford-
ing 4 (74mg, 47%) and (Z)-28 (33mg, 27%). 'HNMR (300 MHz,
CDCly): 6=0.68 (m, 6H), 1.02 (m, 9H), 1.10 ppm (m, 42H); “C NMR
(75 MHz, CDCLy): 6=4.13, 7.44, 7.48, 11.22, 11.25, 18.59, 18.65, 18.68,
98.95, 98.99, 100.88, 100.98, 101.56, 101.64, 106.45, 106.65, 107.02, 107.39,
107.56, 107.68, 108.78, 108.91, 114.98, 115.05, 124.61, 124.93 ppm; IR
(CCl,): 7=2960, 2945, 2891, 2867, 2226, 1463, 1415, 1384, 1368, 1291,
1235, 1187, 1071, 1014, 997, 920, 883 cm™'; UV/Vis (CHCL,): 1 (¢) =279
(sh, 7400), 296 (10700), 340 (25500), 354 nm (26300); EI-MS (70 eV): m/z
(%): 551 (5) [M]™, 508 (100) [M—iPr]*, 466 (47) [M+H—2iPr]*; HR-EI-
MS: m/z caled for C3Hs NSi;+: 508.3251; found: 508.3240 [M—iPr]*.

(Z)- and (E)-3-ethynyl-5-(triisopropylsilyl)-2-[ (triisopropylsilyl)ethynyl]-
pent-2-en-4-ynenitrile ((Z)-28 and (E)-28): iPr,EtN (59 pL, 0.35 mmol)
was added to a solution of 26 (100 mg, 0.287 mmol) and 4-(triisopropylsi-
lyl)but-3-ynenitrile (76.4 mg, 0.345 mmol) in EtOH (6 mL). After stirring
for Smin at RT, the mixture was directly subjected to CC (hexane/
CH,CI, 2:1). The solvent was evaporated in vacuo. The residue was dis-
solved in MeOH/THF (1:1, 20 mL), and K,CO; (18 mg, 0.13 mmol) was
added. After 10 min, reversed phase TLC (MeOH) showed complete de-
protection and H,O and Et,0 were added. The aqueous layer was ex-
tracted with Et,O. The collected organic fractions were washed with sat.
NacCl solution and dried with MgSO,. CC (hexane/CH,Cl, 2:1) afforded
(Z)-28 (58 mg, 46%) as a colorless, unstable solid and (E)-28 (35 mg,
29%) as an unstable oil.

Data for (Z)-28: 'HNMR (300 MHz, CDCL): 6=1.12 (m, 42H),
3.708 ppm (s, 1H); "CNMR (75 MHz, CDCL;): 6=1.17, 11.21, 18.62,
78.96, 89.99, 98.56, 100.65, 108.39, 108.40, 109.15, 114.45, 124.40 ppm; IR
(CCl,): =3306, 2945, 2919, 2893, 2867, 2224, 2103, 1463, 1384, 1368,
1288, 1234, 1188, 1071, 1019, 997, 984, 920, 883 cm™"; UV/Vis (CHCL): 1
(€)=263 (5000), 334 (21400), 348 nm (22000); EI-MS (70 eV): m/z (%):
394 (100) [M—iPr]*, 352 (29) [M+H-2iPr]*; HR-EI-MS: m/z calcd for
C,H36NSi,*: 394.2386; found: 394.2375 [M—iPr]*.

Data for (E)-28: 'HNMR (300 MHz, CDCL): =111 (m, 42H),
3.715ppm (s, 1H); "CNMR (75 MHz, CDCL): §=11.24, 18.66, 79.02,
88.85, 98.64, 100.98, 108.10, 108.74, 109.82, 114.94, 123.39 ppm; IR (CCL,):
7=3307, 2945, 2892, 2867, 2224, 2101, 1463, 1384, 1367, 1287, 1173, 1071,
1018, 998, 920, 883 cm™'; UV/Vis (CHCL): 4 (£)=286 (8500), 331
(20200), 345 nm (21500); EI-MS (70 eV): m/z (%): 394 (72) [M—iPr]*,
352 (93) [M+H-2iPr]*; HR-EI-MS: m/z caled for C,;H;NSi,*:
394.2386; found: 394.2373 [M—iPr]*.

2-{1-[ (Triisopropylsilyl)ethynyl]-3-(trimethylsilyl) prop-2-ynylidene}malo-
nonitrile (6): A mixture of 25 (750 mg, 2.45 mmol), CH,(CN), (243 mg,
3.67 mmol), and ALO; (activity II-III, 1.10g) in CH,Cl, (2mL) was
heated to reflux for 50 min. The mixture was extracted with CH,Cl, and
subsequently passed through a plug (CH,Cl,). The filtrate was evaporat-
ed in vacuo, affording 6 (738 mg, 85%) as a dark yellow oil. '"H NMR
(300 MHz, CDCly): =030 (s, 9H), 1.13ppm (m, 21H); “CNMR
(75 MHz, CDCly): 6=1.11, 10.90, 18.31, 96.77; 97.85, 99.65, 111.73,
111.77, 116.07, 117.54, 134.12 ppm; IR (CHCl;): #=2947, 2868, 2231,
2139, 1501, 1463, 1296, 1253, 1177, 1005, 882, 851 cm™'; UV/Vis (CHCL,):
A (¢)=305 (16700), 324 nm (15900); EI-MS (70 eV): m/z (%): 310 (100)
[M—H—iPr]*; HR-FI-MALDI-MS (DHB): m/z calcd for C,)H;N,Si,*:
355.2026; found: 355.2021 [M+H]*.

(E)-2,3-Bis[ (triisopropylsilyl)ethynyl]but-2-enedinitrile : [PdCl,-
(PPh;),] (7.2 mg, 0.010 mmol) and Cul (3.0 mg, 0.016 mmol) were added
to a degassed solution of 30 (50 mg, 0.21 mmol), iPr,NH (129 mg,
0.18 mL, 1.3 mmol) and iPr;SiC=CH (116 mg, 0.14 mL, 0.63 mmol) in
THF (4 mL). The mixture was stirred for 48 h at RT under Ar and subse-
quently passed through a plug (CH,Cl,/hexane 1:1). The solvent was
evaporated and the oily mixture dried for 18 h at 107* Torr. CC (CH,Cly/
hexane 1:1) resulted in 7 (29 mg, 30%) as a light yellow solid. M.p.>
250°C (decomp); 'HNMR (300 MHz, CDCl;): 6=1.12 ppm (m, 42H);
BCNMR (75MHz, CDCL): 6=10.89, 18.34, 97.27, 112.87, 114.42,
114.97 ppm; IR (CCl,): 7=2946, 2892, 2867, 2227, 2154, 2062, 1462, 1385,
1368, 1235, 1189, 1071, 1019, 997, 978, 919, 883 cm™'; UV/Vis (CHCL,):
340 (sh, 14600), 351 nm (16000); EI-MS (70eV): m/z (%): 439 (7)
[M+H]*, 395 (100) [M—iPr]*; elemental analysis caled (%) for
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C,sH,,N,Si, (438.80): C 71.71, H 9.65, N 6.38; found: C 71.09, H 9.55, N
6.23.

2-Cyano-3-[ (triisopropylsilyl)ethynyl]but-2-enedinitrile 3): nBuLi
(1.27 mL, 1.6 ™ in hexane, 2.03 mmol) was added to a cold solution (0°C)
of iPr;SiC=CH (0.45 mL, 2.0 mmol) in THF (3.0 mL). After stirring for
15 min, the solution was added to a cold solution (0°C) of CuBr (291 mg,
2.03 mmol) in THF (10 mL). After stirring for 1 h at 0°C, a solution of
TCNE (200 mg, 1.56 mmol) in THF (2.5mL) was added. The mixture
was stirred for 1 h at RT, after which it was heated to 50°C for 45 min.
The solvent was evaporated and the remaining extracted with hexane.
The solvent was evaporated and the yellow oily solid extracted in the
cold with MeCN. The resulting dark oil was rapidly filtered through a
short plug (CH,Cl,), yielding 8 (146 mg, 33%) as a yellow oil. 'H NMR
(300 MHz, CDCLy): 6=1.15 ppm (m, 21 H); "*C NMR (75 MHz, CDCl,):
0=11.10, 18.50, 96.77, 103.19, 109.59, 109.74, 110.66, 122.21, 126.00 ppm;
IR (CCl,): 7=2948, 2893, 2868, 2222, 2150, 1525, 1462, 1386, 1370, 1285,
1167, 997, 972, 920, 883 cm™"; UV/Vis (CHCL,): 1 (¢) =297 (9300), 330 nm
(11500); EI-MS (70 eV): m/z (%): 283 (9) [M]™, 240 (24) [M—iPr]*, 212
(44) [M—iPrSi]*; HR-EI-MS: m/z caled for C;¢H,N;Sit: 283.1505;
found: 283.1504 [M]*.

3,8-Bis| (triisopropylsilyl)ethynyl]-2,9-dicyanodeca-2,8-diene-4,6-diynedi-
nitrile (9): MeOH/THF 5:1 (300mL) was added to 6 (500 mg,
1.41 mmol). After stirring for 10 min at RT, CH,Cl, (200 mL) and H,O
(200 mL) were added. The aqueous layer was extracted with CH,Cl,, and
the collected organic layers were washed twice with sat. NaCl solution.
After drying with MgSO, and concentration to ~200 mL, Cu(OAc),
(520 mg, 2.86 mmol) was added. After stirring for 18 h at RT, the mixture
was passed through a plug (CH,CL,). Afterwards, GPC (CH,Cl,) and sub-
sequent fast CC (CH,Cl,) resulted in 9 (88 mg, 22%) as a yellow solid.
M.p. 75-77°C; 'HNMR (300 MHz, CDCl;): 6=1.13 ppm (m, 42H);
BCNMR (75 MHz, CDCL): 6=10.90, 18.34, 81.56, 86.27, 98.24, 99.83,
111.14, 111.17, 120.13, 131.28 ppm; IR (KBr): #=2944, 2892, 2864, 2228,
2140, 1499, 1462, 1385, 1368, 1286, 1173, 1159, 1069, 1019, 997, 985, 920,
881, 709, 676 cm™'; UV/Vis (CHCL): 1 (¢)=316 (27500), 330 (27000),
356 (sh, 23300), 391 nm (17300); FTI-MALDI-MS (DCTB): m/z: 608
[M+2Na]*, 585 [M+Na]*; HR-FI-MALDI-MS: m/z caled for
C3,H,;,N,Si,Na™t: 585.2846; found: 585.2847 [M+Na] ™.
2-{9-(Triisopropylsilyl)-1,6,7-tris[ (triisopropylsilyl)ethynyl |non-6-ene-
2,4,8-triynylidene}malononitrile (10): MeOH/THF 5:1 (18 mL) was added
to 6 (30mg, 0.085 mmol). After stirring for 10 min at RT, CH,Cl,
(20 mL) and H,O (20 mL) were added. The aqueous layer was extracted
with CH,Cl,, and the collected organic layers were washed twice with sat.
NaCl solution. After drying with MgSO, and concentration to ~30 mL,
31 (123 mg, 0.208 mmol) and Cu(OAc), (106 mg, 0.584 mmol) were
added. After stirring for 42 h at RT, the mixture was passed through a
short plug (CH,Cl,). CC (CH,Clyhexane 1:3) and subsequent GPC
(CH,Cl,) resulted in 10 (22mg, 27%) as a yellow oil. 'HNMR
(300 MHz, CDCL,): 6=1.10 ppm (m, 84H); *C NMR (75 MHz, CDCl,):
0=11.04, 11.10, 11.19, 18.45, 18.51, 18.58, 18.61, 78.12, 79.77, 89.99, 91.19,
97.18, 98.99, 100.49, 103.27, 103.32, 105.39, 107.90, 111.51, 111.80, 114.44,
116.49, 123.37, 129.74, 132.66 ppm; IR (CHCL): 7#=2960, 2892, 2867,
2152, 2133, 1724, 1602, 1500, 1463, 1379, 1367, 1261, 1180, 1094, 1073,
1010, 882 cm™'; UV/Vis (CHCL): 331 (28400), 340 (28100), 355 (27000),
377 (sh, 15700), 443 (sh, 9200), 477 nm (10400); FI-MALDI-MS (DHB):
miz: 896 [M+Na]*, 874 [M+H]*, 830 [M—iPr]*; HR-FT-MALDI-MS:
mlz caled for Cs,Hg,N,Si,Nat: 895.5609; found: 895.5603 [M+Na]*.
(2Z,87)-2,3,8,9-Tetrakis| (triisopropylsilyl)ethynyl]deca-2,8-diene-4,6-di-
ynedinitrile ((Z,Z)-11): Hay catalyst (0.44 mL, 0.057 mmol) was added to
a solution of (Z)-28 (25.5 mg, 0.0582 mmol) in CH,Cl, (15 mL). After
stirring for 3 h at RT, the solvent was evaporated in vacuo. CC (hexane/
CH,(Cl, 2:1) afforded (Z,Z)-11 (23.2mg, 91%) as a bright yellow soild.
M.p.>130°C (decomp); 'HNMR (300 MHz, CDCL): 6=1.12 ppm (m,
84H); "CNMR (75 MHz, CDCL): 6=11.18, 11.20, 18.61, 82.28, 84.50,
98.76, 99.22, 109.41, 110.72, 110.84, 114.27, 123.33 ppm; IR (CCl,): 7=
2946, 2892, 2867, 2224, 2133, 1462, 1385, 1368, 1285, 1231, 1189, 1099,
1071, 1019, 997, 920, 883 cm™'; UV/Vis (CHCL): 298 (sh, 17700), 317
(20500), 335 (22000), 353 (21800), 372 (18700), 391 (18600), 424 nm
(20400); FI-MALDI-MS (DHB): m/z: 896 [M+Na]*, 874 [M+H]", 830
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[M—iPr]*; HR-FI-MALDI-MS: m/z caled Cs,HyuN,Si;Na*: 895.5609;
found: 895.5608 [M+Na]*.

(2 E,8 E)-2,3,8,9-Tetrakis| (triisopropylsilyl) ethynyl]deca-2,8-diene-4,6-diy-
nedinitrile ((E,E)-11): Hay catalyst (0.27 mL, 0.035 mmol) was added to
a solution of (E)-28 (15.4 mg, 0.0352 mmol) in CH,Cl, (10 mL). After
stirring for 3 h at RT, the solvent was evaporated in vacuo. CC (hexane/
CH,Cl, 2:1), afforded (E,E)-11 (13 mg, 85%) as a yellow oil. '"H NMR
(300 MHz, CDCLy): 6 =1.11 ppm (m, 84H); *C NMR (75 MHz, CDCL,):
0=11.26, 18.69, 82.28, 83.43, 99.22, 99.86, 109.12, 111.03, 111.63, 114.64,
122.28 ppm; IR (CCl,): 7=2946, 2892, 2867, 2219, 2186, 2140, 1463, 1384,
1368, 1283, 1261, 1234, 1178, 1073, 1019, 998, 920, 883 cm™'; UV/Vis
(CHCL): 4 (¢)=286 (sh, 11900), 317 (sh, 16900), 351 (21700), 371
(23300), 389 (22000), 421 nm (25000); FT-MALDI-MS (DHB): m/z: 896
[M+Na]*, 874 [M+H]*, 830 [M—iPr]*; HR-FI-MALDI-MS: m/z calcd
for Cs,Hg,N,Si,Na*: 895.5609; found: 895.5600 [M+Na]*.
(E)-2,3-Bis{[4-(dimethylamino)phenyl]ethynyl}but-2-enedinitrile (18):
[PACL,(PPh;),] (7.2 mg, 0.010 mg) and Cul (3.0 mg, 0.016 mmol) were
added to a degassed solution of 30 (50 mg, 0.21 mmol), N,N-dimethyl-4-
ethynylaniline (184 mg, 1.27 mmol), and /Pr,NH (129 mg, 0.18 mL,
1.3 mmol) in THF (5 mL). The mixture was stirred for 4 d at RT under
Ar and subsequently passed through a plug (CH,Cl,). Recrystallization
from CH,Cl,/hexane resulted in 18 (40 mg, 52 %) as a blue/green metallic
solid. M.p. 258°C; '"H NMR (300 MHz, CDCl;): 6 =3.06 (s, 12H), 6.65 (d,
J=9.0Hz, 4H), 746ppm (d, J=9.0Hz, 4H); "CNMR (75MHz,
CDCl;): 6=40.11, 84.37, 106.47, 108.97, 109.96, 111.58, 114.08, 133.93,
151.42 ppm; IR (KBr): 7#=3445, 2923, 2852, 2156, 1599, 1527, 1443, 1374,
1345, 1227, 1191, 1101, 1060, 940, 810 cm™'; UV/Vis (CHCl,): 1 () =266
(sh, 13400), 297 (25000), 325 (sh, 15000), 563 (65900); (CHCly/hexane
1:1): 263 (sh, 13700), 293 (25800), 319 (sh, 15400), 550 nm (68500); UV/
Vis (CHCly/hexane 1:9): #=258 (13600), 289 (26400), 314 (14700),
528 nm (77800); UV/Vis (CHCly/hexane 1:19): 258 (13400), 288 (26300),
313 (14500), 493 (sh, 51100), 524 nm (81100); fluorescence (reference
rhodamine 6G; CHCL;): ¢z=0.0077; fluorescence (reference rhodami-
ne 6G; CHCly/hexane 1:1): ¢-=0.054; fluorescence (reference rhodami-
ne 6G; CHClyhexane 1:9): ¢r=0.45; fluorescence (reference rhodami-
ne 6G; CHCly/hexane 1:19): ¢r=0.58; FI-MALDI-MS (DHB): m/z: 364
[M]*; HR-FT-MALDI-MS: m/z caled for C,H,N,™: 364.1688; found:
364.1683 [M]™.
2-Cyano-3-{[4-(dimethylamino)phenyl]ethynyl}but-2-enedinitrile 19):
CuOAc (84 mg, 0.69 mmol) was added to a solution of N,N-dimethyl-4-
ethynylaniline (100 mg, 0.69 mmol) in THF (3mL). After heating for
20 min to 50°C, the mixture was cooled to RT. A solution of TCNE
(71 mg, 0.55 mmol) in THF (2.5 mL) was slowly added. After stirring for
1 h at RT and subsequent CC (CH,Cl,), 19 (39 mg, 29 %) was obtained as
a blue metallic solid. M.p.>164°C (decomp); 'HNMR (300 MHz,
CDCl;): 6=3.17 (s, 6H), 6.70 (d, J=9.0 Hz, 2H), 7.54 ppm (d, J=9.0 Hz,
2H); B*CNMR (75 MHz, CDCL): 6=40.24, 91.00, 91.06, 104.21, 111.36,
111.40, 111.55, 112.10, 120.52, 125.31, 136.38, 153.41 ppm; IR (KBr): =
3460, 2920, 2168, 1601, 1538, 1475, 1381, 1245, 1197, 1120, 1063, 967, 936,
817, 791 cm™; UV/Vis (CHCL): 1 (¢)=286 (10700), 341 (sh, 7100),
591 nm (43800); UV/Vis (CHCly/hexane 1:1): 4 (g)=280 (9900), 291
(9900), 317 (7800), 572 nm (41900); UV/Vis (CHCly/hexane 1:9): 1 (¢)=
274 (10600), 289 (11200), 314 (9100), 325 (sh, 8200), 543 nm (48900);
UV/Vis (CHCly/hexane 1:19): 4 (g)=273 (10400), 288 (11200), 309
(9100), 327 (sh, 8000), 539 nm (52500); fluorescence (reference sulfo-
rhodamine 101; CHCly/hexane 1:19): ¢ =0.002; EI-MS (70 eV): m/z (%):
246 (100) [M]*, 230 (10) [M—H—Me]*, 221 (11) [M+H-CN]*; HR-EI-
MS: m/z caled for CisH (N, *: 246.0905; found: 246.0904 [M]*.

(Z2)- and (E)-2,3-Bis| (triisopropylsilyl)ethynyl]-5-[4-
(dimethylamino)phenyl]pent-2-en-4-ynenitrile ((Z)-12 and (E)-12):
iPr,EtN (50 uL, 0.29 mmol) was added to a solution of 37 (85mg,
0.24 mmol) and 4-(triisopropylsilyl)but-3-ynenitrile (64 mg, 0.29 mmol) in
EtOH (15 mL). After stirring for 5d at RT in the dark, the solvent was
evaporated. Subsequent CC (CH,Cl/hexane 2:1) afforded (Z)-12 (40 mg,
30%) as a red solid and (E)-12 (67 mg, 50%) as a dark orange oil (iso-
lated yield after multiple purifications, since compounds isomerize in
hexane).
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Data for (Z)-12: M.p. 90°C; 'H NMR (300 MHz, CDCLy): 6=1.14 (m,
42H), 3.04 (s, 6H), 6.63 (d, J=9.0 Hz, 2H), 7.37 ppm (d, /=9.0 Hz, 2H);
BCNMR (75 MHz, CDCly): §=11.28, 11.35, 18.68, 18.75, 40.11, 86.56,
99.76, 101.71, 102.92, 105.65, 105.88, 106.92, 107.47, 111.40, 115.81, 126.01,
133.79, 151.06 ppm; IR (CCl,): #=2944, 2927, 2888, 2866, 2181, 2142,
1606, 1526, 1463, 1443, 1367, 1344, 1237, 1194, 1151, 1009, 996, 944,
883 cm™'; UV/Vis (CHCL): 1 (¢)=292 (20300), 338 (14800), 464 nm
(24400); FT-MALDI-MS (DCTB): m/z: 556 [M]*, 513 [M—iPr]*, 471
[M+H-2iPr]*; HR-FT-MALDI-MS: m/z caled for CisHsN,Si*:
556.3669; found: 556.3670 [M]™.

Data for (E)-12: '"H NMR (300 MHz, CDCl;): §=1.12 (m, 42H), 3.03 (s,
6H), 6.63 (d, J=8.0 Hz, 2H), 7.42 ppm (d, J=8.0 Hz, 2H); *C NMR
(75 MHz, CDCly): 6=11.33, 11.70, 18.58, 18.75, 40.12, 86.88, 99.68,
101.82, 102.19, 105.62, 105.72, 107.17, 107.35, 111.49, 116.08, 125.55,
133.95, 151.14 ppm; IR (CCl,): 2945, 2891, 2866, 2185, 2133, 1605, 1526,
1463, 1444, 1367, 1349, 1250, 1133, 1070, 997, 883 cm™'; UV/Vis (CHCL,):
A (e)=289 (17100), 328 (12000), 467 nm (25000); FT-MALDI-MS
(DCTB): miz: 556 [M]*, 513 [M—iPr]*, 471 [M+H-2iPr]*; HR-FT-
MALDI-MS: m/z caled for C3;Hs,N,Si,*: 556.3669; found: 556.3669
[M]*.
2-(1-{[4-(Dimethylamino)phenyl]ethynyl}-3-(trimethylsilyl)prop-2-ynyl-
idene)malononitrile (15): A mixture of 38 (250 mg, 0.928 mmol),
CH,(CN), (107 mg, 1.62 mmol), and ALO; (activity II-III, 485 mg) in
CH,Cl, (2 mL) was heated to reflux for 1 h. The mixture was extracted
with CH,Cl, and passed through a plug (CH,Cl,). The filtrate was evapo-
rated in vacuo, affording 15 (227 mg, 77 %) as a dark metallic solid. M.p.
179°C; 'H NMR (300 MHz, CDCLy): 6=0.32 (s, 9H), 3.09 (s, 6H), 6.65
(d, J=9.0Hz, 2H), 7.51 ppm (d, J=9.0 Hz, 2H); "C NMR (75 MHz,
CDCl,): 0=-0.66, 40.08, 88.55, 89.82, 97.83, 105.33, 111.55, 112.86,
113.02, 114.64, 115.53, 134.06, 135.37, 152.28 ppm; IR (neat): 7=2961,
2905, 2225, 2151, 1600, 1531, 1478, 1412, 1380, 1361, 1254, 1240, 1192,
1142, 1132, 1065, 1005, 986, 945, 843, 814, 796, 759, 719 nm; UV/Vis
(CHCL,): 4 (£)=293 (26000), 314 (sh, 11400), 326 (sh, 10800), 520 nm
(36800); UV/Vis (CHCly/hexane 1:9): 1 (g)=286 (26700), 312 (10900),
323 (10100), 348 (sh, 4300), 490 nm (37400); UV/Vis (hexane): 1 (¢)=
284 (29300), 311 (11900), 323 (10800), 348 (4100), 485 nm (42700); fluo-
rescence (reference rhodamine 6G; CHCly/hexane 1:9): ¢r=0.006; fluo-
rescence (reference rhodamine 6Gj; hexane): ¢p=0.044; FT-MALDI-MS
(DHB): m/z: 317 [M]T; HR-FT-MALDI-MS: m/z caled for C;gH;oN,Si*:
317.1348; found: 317.1340 [M]*.

2-(1-{[4-(Dimethylamino) phenyl]ethynyl}-5-(trimethylsilyl)penta-2,4-di-
ynylidene)malononitrile (16): THEF/MeOH 1:1 (20 mL) was added to 15
(30 mg, 0.094 mmol). After stirring for 1 h at RT, CH,Cl, (20 mL) and
H,O (20 mL) were added. The aqueous layer was extracted with CH,Cl,,
and the collected organic layers were washed twice with sat. NaCl so-
lution. After drying with MgSO, and concentration to ~20 mL, Me;SiC=
CH (185 mg, 1.89 mmol) and Hay catalyst (0.18 mL, 0.023 mmol) were
added. After stirring for 20 min at RT, the solvent was evaporated. Sub-
sequent CC (CH,Cl,) resulted in 16 (7.6 mg, 24%) as a green metallic
solid. M.p. 148°C; '"H NMR (300 MHz, CDCL;): 6=0.28 (s, 9H), 3.10 (s,
6H), 6.65 (d, J=9.2Hz, 2H), 7.50 ppm (d, J=9.2 Hz, 2H); “C NMR
(75 MHz, CDCL): 6=-0.81, 40.02, 69.57, 86.12, 89.01, 89.17, 89.95,
102.63, 105.17, 111.71, 112.84, 112.93, 116.54, 132.93, 135.58, 152.58 ppm;
IR (neat): 7=2923, 2855, 2162, 2100, 1599, 1532, 1472, 1442, 1394, 1366,
1250, 1183, 1056, 1000, 942, 893, 843, 816, 763 cm™'; UV/Vis (CHCL,): 4
(e)=302 (20900), 320 (21000), 356 (13900), 376 (sh, 10000), 551 nm
(32500); FT-MALDI-MS (DHB): m/z: 341 [M]*; HR-FI-MALDI-MS:
mlz caled for C, H;oN;Si: 341.1348; found: 341.1340 [M]*.
2-(3-[4-(Dimethylamino)phenyl]-1-{[4-(dimethylamino)phenyl]ethynyl}-
prop-2-ynylidene)malononitrile (17): A mixture of 39 (37 mg,
0.12 mmol), CH,(CN), (23 mg, 0.35 mmol), and ALO; (activity II-III,
103 mg) in CH,Cl, (2 mL) was heated to reflux for 1 h. The mixture was
extracted with CH,Cl, and passed through a plug (CH,Cl,). The filtrate
was evaporated in vacuo, affording 17 (28 mg, 65%) as a green metallic
solid. M.p.>240°C (decomp); '"HNMR (300 MHz, CDCl;): 6=3.08 (s,
12H), 6.65 (d, J=9.0 Hz, 4H), 7.53 ppm (d, /J=9.0 Hz, 4H); “C NMR
(75 MHz, CDCl;): 6=40.07, 84.58, 87.58, 105.94, 111.53, 112.52, 114.06,
134.94, 135.03, 151.98 ppm; IR (KBr): v=3422, 2923, 2853, 2179, 2145,
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1601, 1528, 1459, 1441, 1365, 1280, 1234, 1188, 1103, 981, 943, 813 cm™';
UV/Vis (CHCL): 4 (£) =296 (25600), 347 (4000), 524 nm (47300); UV/
Vis (CHCly/hexane 1:1): 1 (g£)=293 (25100), 326 (sh, 7300), 345 (sh,
3200), 508 nm (49000); UV/Vis (CHCly/hexane 1:9): 1 () =287 (25500),
323 (sh, 7300), 339 (sh, 2700), 489 nm (55500); fluorescence (reference
rhodamine 6G; CHCly/hexane 1:9): ¢p=0.012; fluorescence (reference
rhodamine 6G; CHCly/hexane 1:1): ¢x=0.002; FI-MALDI-MS (DHB):
mlz: 364 [M]*, 387 [M+Na]*; elemental analysis calcd (%) for C,,H, N,
(364.45): C 79.10, H 5.53, N 15.37; found: C 79.14, H 5.64, N 15.22.
3,8-Bis{[4-(dimethylamino)phenyl]ethynyl}-2,9-dicyanodeca-2,8-diene-
4,6-diynedinitrile (20): MeOH/THF 1:1 (20 mL) was added to 15 (75 mg,
0.24 mmol). After stirring for 30 min at RT, CH,Cl, (20 mL) and H,O
(20 mL) were added. The aqueous layer was extracted with CH,Cl,, and
the collected organic layers were washed twice with sat. NaCl solution.
After drying with MgSO, and concentration to ~20 mL, Hay catalyst
(0.325 mL, 0.042 mmol) was slowly added. After stirring for 30 min, the
mixture was subjected to CC (CH,Cl,). Recrystallization from CH,Cl,/
hexane and subsequent CC (CH,Cl,) afforded 20 (10.8 mg, 19%) as a
black solid. M.p.>410°C; '"H NMR (300 MHz, CDCl;): 6=3.12 (s, 12H),
6.67 (d, J=9.0Hz, 4H), 7.55ppm (d, /=9.0Hz, 4H); “CNMR
(75 MHz, CDCly): 6=40.17, 81.24, 85.17, 89.60, 90.41, 105.00, 111.78,
112.60, 112.65, 119.12, 130.99, 135.81, 152.74 ppm; IR (KBr): 7=23447,
2920, 2224, 2159, 2142, 1599, 1534, 1472, 1440, 1379, 1361, 1243, 1191,
1131, 1120, 976, 939, 816 cm™'; UV/Vis (CHCL,): 4 (¢) =311 (26300), 403
(16300), 600 nm (30700); FI-MALDI-MS (DHB): m/z: 511 [M+Na]*,
489 [M+H]*, 474 [M+H-Me]*; HR-FT-MALDI-MS: m/z caled for
Cy,HyNg*: 488.1749; 488.1739 [M] ™.
3,12-Bis{[4-(dimethylamino)phenyl]ethynyl}-2,13-dicyanotetradeca-2,12-
diene-4,6,8,10-tetraynedinitrile (21): THF/MeOH 1:1 (10 mL) was added
to 16 (15 mg, 0.044 mmol). After stirring for 30 min at RT, CH,CIl,
(20 mL) and H,O (20 mL) were added. The aqueous layer was extracted
with CH,Cl,, and the collected organic layers were washed twice with sat.
NaCl solution. After drying with MgSO,, the solvent was evaporated in
vacuo. The residue was redissolved in THF (5mL) and Cu(OAc), was
added. The mixture was stirred for five days at RT. Subsequent CC
(CH,CL,) afforded 21 (9.3 mg, 79%) as a black metallic solid. M.p.>
410°C, but partially polymerized; "H NMR (300 MHz, CDCl;): §=3.10
(s, 12H), 6.67 (d, /=92 Hz, 4H), 7.52 ppm (d, J=9.2 Hz, 4H); "C NMR
(75 MHz, CDCl;): 6=40.09, 65.79, 72.09, 74.07, 87.13, 89.53, 90.83,
105.01, 111.84, 112.67, 112.74, 118.41, 131.07, 135.83, 152.83 ppm; IR
(neat): 7=2924, 2854, 2140, 1598, 1532, 1465, 1442, 1367, 1252, 1172,
1108, 1044, 997, 942, 817, 788 cm™'; UV/Vis (CHCL): 1 (¢) =297 (36400),
317 (39600), 332 (34100), 358 (34600), 386 (30100), 419 (25300), 457
(21000), 608 nm (41800); FT-MALDI-MS (DCTB): m/z: 536 [M]*; HR-
FT-MALDI-MS: m/z caled for C;H,Ng*t: 536.1749; found: 536.1749
(M.
2-{[4-(Dimethylamino)phenyl]ethynyl}-5-(triisopropylsilyl)-3-[ (triisopro-
pylsilyl)ethynyl]pent-2-en-4-ynenitrile (13): /Pr,NH (98 uL, 0.70 mmol),
[PACL,(PPh;),] (8.2 mg, 0.012 mmol), and Cul (3.3 mg, 0.017 mmol) were
added to a degassed solution (Ar) of 40 (105 mg, 0.233 mmol) and N,N-
dimethyl-4-ethynylaniline (102 mg, 0.702 mmol) in benzene (7 mL). After
stirring for 16 h at RT, the solvent was evaporated. Subsequent CC
(CH,Cl,/hexane 1:1) resulted in 13 (123 mg, 94 %) as a red oil that solidi-
fied upon standing. M.p. 90°C; '"H NMR (300 MHz, CDCl;): 6=1.14 (m,
42H), 3.03 (s, 6H), 6.63 (d, J=9.0 Hz, 2H), 7.36 ppm (d, /=9.0 Hz, 2H);
BCNMR (75 MHz, CDCLy): 6=11.10, 11.14, 18.49, 18.55, 39.99, 83.52,
102.09, 102.26, 105.11, 105.80, 106.66, 107.51, 107.60, 111.46, 115.34,
120.77, 133.37, 150.95 ppm; IR (neat): 7=2943, 2864, 2190, 2140, 1605,
1532, 1459, 1444, 1368, 1343, 1259, 1232, 1194, 1125, 1074, 1013, 1000,
946, 920, 883, 810, 744 cm™'; UV/Vis (CHCL;): 1 (¢)=293 (22900), 324
(18700), 344 (sh, 14300), 470 nm (30100); UV/Vis (hexane): 4 (¢) =284
(21200), 317 (16800), 324 (sh, 16500), 335 (sh, 13200), 435 (sh, 29100),
458 nm (34800); fluorescence (reference anthracene; hexane): ¢r=0.39;
FT-MALDI-MS (DHB): m/z: 557 [M+H]*, 579 [M+Na]*; HR-FT-
MALDI-MS: m/z caled for Cs;sHs3N,Si,: 557.3747; found: 557.3717
[M+H]*; elemental analysis caled (%) for C3;sHs,N,Si, (556.98): C 75.48,
H 9.41, N 5.03; found: C 75.04, H 9.42, N 4.95;
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(Z)- and (E)-2-{[4-(Dimethylamino)phenyl]ethynyl}-3-[ (triisopropylsilyl)-
ethynyl]-5-(trimethylsilyl)pent-2-en-4-ynenitrile ((Z)-14 and (E)-14):
iPr,NH (58 pL, 0.41 mmol), [PdCl,(PPh;),] (4.8 mg, 0.0069 mmol), and
Cul (2.0 mg, 0.010 mmol) were added to a degassed solution (Ar) of 41
(50 mg, 0.14mmol) and N,N-dimethyl-4-ethynylaniline (40 mg,
0.28 mmol) in benzene (5 mL). After stirring for 13 h, the solvent was
evaporated. Subsequent CC (CH,Cl/hexane 1:1) resulted in (Z)-14
(27 mg, 42%) and (E)-14 (38 mg, 58 %), both as red oils that solidify
upon standing. Each isomer contains ~15% of the other isomer, even
after multiple purifications.

Data for (Z)-14: M.p. 82-84°C; '"H NMR (300 MHz, CDCl;): 6=0.29 (s,
9H), 1.14 (m, 21H), 3.04 (s, 6H), 6.64 (d, J=9.0 Hz, 2H), 7.37 ppm (d,
J=9.0Hz, 2H); "CNMR (75MHz, CDCL): 6=-0.40, 11.17, 18.54,
40.04, 83.80, 100.04, 101.58, 105.64, 106.15, 107.67, 108.52, 109.02, 111.58,
115.21, 120.69, 133.42, 151.04 ppm; IR (neat): 7=2944, 2864, 2186, 2138,
1600, 1533, 1458, 1441, 1374, 1340, 1266, 1250, 1194, 1124, 1071, 1010,
998, 947, 922, 885, 845, 807, 758, 742 cm™'; UV/Vis (CHCL): 4 (£)=290
(17900), 325 (15300), 471 nm (25600); FI-MALDI-MS (DHB): m/z: 473
[M+H]*, 495 [M+Na]*; elemental analysis caled (%) for CyH,N,Si,
(472.82): C73.67, H 8.53, N 5.92; found: C 73.63, H 8.60, N 5.71.

Data for (E)-14: M.p. 94-97°C; '"H NMR (300 MHz, CDCl,): 6=0.27 (s,
9H), 1.14 (m, 21H), 3.03 (s, 6H), 6.62 (d, J=9.0 Hz, 2H), 7.36 ppm (d,
J=9.0Hz, 2H); "CNMR (75MHz, CDCl;): 6=-0.39, 11.34, 18.71,
40.10, 83.60, 100.04, 101.80, 105.91, 106.92, 107.51, 107.69, 108.23, 111.41,
115.30, 120.43, 133.30, 150.84 ppm; IR (neat): #=2939, 2863, 2185, 2139,
1602, 1532, 1461, 1444, 1367, 1341, 1264, 1251, 1232, 1194, 1122, 1064,
1011, 998, 944, 922, 884, 845, 809, 757, 742 cm™"; UV/Vis (CHCL): 1 (¢) =
292 (20800), 322 (17500), 470 nm (26600); FT-MALDI-MS (DHB): m/z:
473 [M+H]*, 495 [M+Na]*; elemental analysis caled (%) for
CyHyN,Si, (472.82): C 73.67, H 8.53, N 5.92; found: C 73.54, H 8.44, N
5.72.
2-Cyano-3-(6-[4-(dimethylamino)phenyl]-4-{[4-(dimethylamino)phenyl]-
ethynyl}-3-[ (triisopropylsilyl)ethynyl|hex-3-ene-1,5-diynyl) but-2-enedini-
trile (22): CuOAc (6.8 mg, 0.055 mmol) was added to a degassed solution
of 42 in THF/CH,CN 6:1 (7 mL). The mixture was heated to 50°C for
1h and TCNE (64 mg, 0.050 mmol) subsequently added. After stirring
for 2 h 40 min, the mixture was filtered through a plug (CH,Cl,). CC
(CH,Cly/hexane 2:1) yielded 22 (5.6 mg, 21%) as a green solid. M.p.>
410°C (decomp); '"H NMR (300 MHz, CDCl;): §=1.16 (s, 21 H), 3.06 (s,
6H), 3.08 (s, 6H), 6.65 (d, /=9.0 Hz, 2H), 6.67 (d, J=9.0 Hz, 2H), 7.47
(d, J=9.0Hz, 2H), 7.54 ppm (d, J=9.0 Hz, 2H); "CNMR (75 MHz,
CDCly): 0=11.29, 18.72, 40.06, 40.08, 89.95, 90.95, 94.01, 94.16, 100.85,
103.11, 106.12, 107.43, 107.84, 110.26, 110.76, 110.82, 111.34, 111.50,
111.54, 111.67, 119.65, 119.80, 129.59, 134.49, 134.83, 151.51, 151.57 ppm;
IR (CCl,): 7=2959, 2926, 2861, 2153, 2127, 1602, 1524, 1445, 1364, 1243,
1188, 1152, 1102, 1022, 1000, 945cm™'; UV/Vis (CHCL): 1 (¢)=307
(24600), 372 (sh, 13000), 417 (21900), 484 (sh, 8100), 677 (27700),
734nm (27600); FI-MALDI-MS (DHB): m/z: 620 [M+H]*; HR-FT-
MALDI-MS: m/z calcd for CyHyN;Sit: 619.3131; found: 619.3134 [M]*.
2-(1,6-Bis| (triisopropylsilyl)ethynyl]-9-[4-(dimethylamino)phenyl]-7-{[4-
(dimethylamino)phenyl]ethynyljnon-6-ene-2,4,8-triynylidene)malononi-
trile (23): THF/MeOH 1:1 (15mL), 42 (8.8 mg, 0.017 mmol), and Cu-
(OAc), (16.6 mg, 0.0914 mmol) were added to 6 (9.3 mg, 0.026 mmol).
After stirring for 6 h at RT, the mixture was passed through a plug
(CH,CL,). Subsequent GPC (CH,Cl,) yielded 23 (1.7mg, 13%) as a
green solid. M.p.>410°C; 'HNMR (300 MHz, CDCL): §=1.15 (m,
42H), 3.036 (s, 6H), 3.044 (s, 6H), 6.65 (pseudo t, /=9.0 Hz, 4H), 7.43
(d, J=9.0Hz, 2H), 7.46 ppm (d, J=9.0 Hz, 2H); "C NMR (75 MHz,
CDCLy): 6=11.18, 11.48, 18.61, 18.83, 40.12, 40.15, 79.49, 80.23, 87.74,
88.05, 93.36, 93.58, 95.57, 99.17, 101.60, 102.33, 105.23, 106.09, 108.06,
108.10, 108.40, 111.39, 111.76, 111.93, 112.10, 115.52, 126.39, 132.89,
133.63, 133.82, 150.78, 150.92 ppm; IR (CCL,): 7=2944, 2926, 2866, 2163,
2140, 1605, 1524, 1463, 1446, 1356, 1262, 1230, 1187, 1168, 1119, 1076,
1018, 998, 948, 883 cm™'; UV/Vis (CHCL): 1 (¢)=311 (35700), 416
(22400), 434 (sh, 22000), 474 (sh, 18500), 554 (18100), 649 nm (sh,
14100); FT-MALDI-MS (DCTB): m/z: 798 [M]*; HR-FT-MALDI-MS:
mlz caled for Cs,HgN,Si,*: 798.4513; found: 798.4516 [M]*.
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8,13-Bis(3-[ (4-(dimethylamino)phenyl]-1-{[4-(dimethylamino)phenyl]-
ethynyl}prop-2-ynylidene)-3,18-bis| (triisopropylsilyl)ethynyl]-2,19-dicya-
noicosa-2,18-diene-4,6,9,11,14,16-hexaynedinitrile (24): Hay catalyst
(40 pl, 0.0052 mmol) was added to 45 (8.1 mg, 0.013 mmol) in CH,Cl,
(2 mL). The solution was stirred for 6 h at RT. Subsequent CC (CH,Cl,/
hexane 5:2) afforded 24 (5.7 mg, 70%) as a black solid. M.p.>410°C;
'"HNMR (300 MHz, CDCl;): =1.17 (m, 42H), 2.98 (s, 12H), 3.06 (s,
12H), 6.58 (d, /J=9.0Hz, 4H), 6.73 (d, /=9.0Hz, 4H), 7.44 (d, J=
9.0 Hz, 4H), 7.50 ppm (d, /=9.0 Hz, 4H); >*C NMR (125 MHz, CD,Cl,):
0=11.51, 18.69, 40.20, 40.24, 80.49, 81.41, 83.47, 83.89, 88.91, 89.29, 91.86,
92.51, 96.38, 99.51, 105.85, 107.67, 107.68, 108.71, 109.67, 112.08, 112.30,
112.46, 112.55, 116.32, 129.02, 133.03, 134.51, 134.59, 151.90, 152.01 ppm;
IR (CHCLy): 7=2958, 2926, 2872, 2858, 2152, 1601, 1526, 1467, 1459,
1378, 1265, 1116, 1013, 863, 819 cm™'; UV/Vis (CHCL): 1 (¢)=314
(33800), 435 (sh, 15100), 548 (32400), 707 nm (sh, 14000); FI-MALDI-
MS (DCTB): m/z: 1284 [M+H]*, 1307 [M+H+Na]*; HR-FI-MALDI-
MS: m/z caled for CggHgNgSi,+: 1282.6201; found: 1282.6211 [M]*.
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