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1. Introduction
1,2-Diethynylethenes (hex-3-ene-1,5-diynes, DEEs)

have found wide interest as potential antitumor
agents in medicinal chemistry1 and as redox active
or chromophoric units in advanced materials chem-
istry.2 Three constitutional isomers of DEE exist, (E)-
1, (Z)-1, and gem-1. These molecules are important
synthetic modules, as is the larger tetraethynylethene
molecule (3,4-diethynylhex-3-ene-1,5-diyne, TEE, 2),
for construction of conjugated systems in one, two,
and three dimensions via acetylenic coupling reac-
tions. Thus, acetylenic scaffolding3 with suitably
functionalized DEEs and TEEs has provided a large
selection of extended, carbon-rich chromophores that
are formally derived from parent classes of linear and
cyclic oligoalkenes, such as the dendralenes, poly-
(acetylene)s (PAs), radialenes, and annulenes. Carbon-
rich macrocycles and cages also play a key role in
synthetic endeavors toward buckminsterfullerene,
C60.4 Interest in conjugated oligoenynes has grown
because of their potential applications, for example,
in molecular wires, switches, and other components
for molecular electronics, nonlinear optics (NLO),
organic conductors, polyelectrochromic materials, and
light-emitting diodes (Chart 1).5

The electronic and materials properties of the
conjugated scaffolds are strongly dependent on the
constituent DEE modules, that is, whether the
multiple bonds are linearly conjugated as in (E/Z)-1
or cross-conjugated as in gem-1. Moreover, aryl
donor-acceptor functionalization has extensively
been employed to tune the properties.2a This review
covers general synthetic procedures for DEEs and
TEEs, their reactivities, and their chromophoric and
redox properties in comparison to the extended,
linear, or cyclic oligomeric structures.

2. Synthetic Protocols

2.1. Syntheses of ( E/Z)-DEEs
A large selection of methods is available today for

the synthesis of (E)- and (Z)-DEEs. We shall briefly
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‡ ETH-Hönggerberg.

1837Chem. Rev. 2005, 105, 1837−1867

10.1021/cr9903353 CCC: $53.50 © 2005 American Chemical Society
Published on Web 04/21/2005



go through those depicted in Scheme 1. Treatment
of tosylate 3 with an excess of 1,5-diazabicyclo[4.3.0]-
non-5-ene (DBN) in diethyl ether at room tempera-
ture leads to the formation of (E/Z)-1 (70% yield) via
elimination in a ratio of ca. 3:2 (route a).6 Solution
pyrolysis of cis-1,2-diethynylthiirane 4 (or the trans
isomer) in toluene (100 °C) results in desulfurized
products with greater than 90% retention of config-
uration (route b).7 Alternatively, zinc reduction of

hexabromide 5 affords (E)-1 in 57% yield (route c).8
Photolysis of 3-(2-phenyl-2-oxoethyl)hexa-1,5-diynes
provides another route (d).9 Accordingly, irradiation
of 6 provides enediynes (E/Z)-1 as a 1:1 mixture in a
yield of 45%. Thermal decomposition of 1,4-diiodo-
benzene 7 in a reactor (at 960 °C) coupled to a mass
spectrometer revealed the formation of the 1,4-
benzene diradical (8) that can undergo reverse Berg-
man cyclization (vide infra) (Scheme 2).10

Photolysis (route d, Scheme 1) of diethynylethanes
(6) susbtituted with methoxymethyl groups at the
alkynyl positions affords substituted DEEs in ex-
tremely high yield (95%).9 Other methods for the
synthesis of substituted DEEs are provided in Scheme
3. Metal-catalyzed cross-coupling between alkenyl
halides (9 or 10) and terminal acetylenes or metal
acetylides provides one of the most versatile routes
for enediynes of general structure (E/Z)-11 (route a).11

The stereochemical outcome of the reaction is higly
dependent on the experimental conditions and the
substituents on the alkene groups. A variety of DEEs
were synthesized by Jones and co-workers12 from
precursor 12 via a carbenoid coupling-elimination
strategy (route b), which was tolerant of a wide range
of functionalities. Reaction parameters can be ad-
justed to control the stereoselectivity from 1:12 to
>100:1 E:Z ratios. The preparation of DEEs via
sequential acetylide reductive coupling and alkyne
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Chart 1

Scheme 1. Synthesis of (E)- and (Z)-DEEsa

a Ts ) p-toluenesulfonyl.6-9

Scheme 2. Thermal Decomposition of
1,4-Diiodobenzene10
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metathesis is presented in route c.13 From the mo-
lybdaziridine hydride 13, molybdenum(VI) alkyne
complexes 14 were prepared in high yield and
subsequently converted to the dinuclear enedialkyli-
dyne complexes 15 upon deprotonation. Replacement
of the electron-rich amido ligands with 2-phenyl-
phenoxy ligands followed by treatment with diphen-
ylacetylene finally provided the DEEs of general
structure 16. A related protocol allows the synthesis
of cycloalkenediynes.

Moreover, Yamamoto and co-workers14 devised a
method for converting diynes such as 17 to (E)-1,2-
divinyl-1,2-diethynylethene derivatives 18 (Scheme
4). The reaction proceeds via a Pd-catalyzed dimer-
ization. Yields between 40 and 82% were obtained.

2.2. Synthesis of gem-DEEs
The first method for the preparation of gem-1 was

reported by Böhm-Gössl et al.15 in 1963 (Scheme 5).
It was based on nucleophilic carbonyl addition fol-
lowed by elimination of H2O. Thus, addition of either
methylmagnesium bromide to 19 or acetylide mag-
nesium bromide to 20 affords the tertiary alcohol 21
that subsequently eliminates H2O upon treatment
with meta-phosphoric acid.

In a similar nucleophilic addition-elimination
procedure, gem-DEEs with substituents at the

alkynyl positions can be prepared from terminal
lithium acetylides (Scheme 6, route a). Upon double

addition to ethyl acetate (22), product 23 is formed.
This compound loses H2O upon heating, resulting in
gem-DEE 24.16 gem-DEEs with substituents at both
the ethynyl and the ethenyl positions can be prepared
by routes b-d (Scheme 6). Gleiter et al.17 found that
a base-promoted rearrangement of diyne 25 afforded
26 (route b). Polymeric byproducts were formed as
well. Pd-catalyzed cross-coupling between vinylic
dihalides of general structure 27 and terminal acety-
lenes presents an efficient route (c) to substituted
gem-DEEs of the general structure 28.18 Pd-catalyzed
alkynyl cross-coupling of vinyl triflates (29) provides

Scheme 3. Synthesis of Substituted (E/Z)-DEEsa

a LDA ) lithium diisopropylamide; HMDS ) hexamethyldi-
silazane; and HMPA ) hexamethylphosphorus triamide. The
Ni(II) catalyst corresponds to [Cl2Ni(Ph2P(CH2)3PPh2]. The Pd(0)
catalyst system corresponds to [PdCl2(PPh3)2]/CuI or [Pd(PPh3)4]/
CuI.11-13

Scheme 5. Synthesis of the Parent gem-DEE15

Scheme 6. Synthesis of Substituted gem-DEEsa

a The Pd(0) catalyst system corresponds to [PdCl2(PPh3)2]/CuI
or [Pd(PPh3)4]/CuI.16-19

Scheme 7. Synthesis of Tri- and
Tetraethynylethenes21-23

Scheme 4. Synthesis of (E)-1,2-Divinyl-DEEs14
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a versatile method to obtain a variety of unsym-
metrically substituted gem-DEEs (30) (route d).19

This reaction does not work when R1 ) H. As a final
comment to the synthesis of gem-DEEs, we note that
1,1-diethynylallenes also have been reported in the
literature.20

2.3. Synthesis of Tri- and Tetraethynylethenes
Tetrakis(phenylethynyl)ethene 31a was the first

tetraethynylethene derivative synthesized by Hori et
al.21 in 1969. A mixture of three compounds, 31a,
32a, and 33a, are formed upon treatment of 3-bromo-
1,5-diphenylpenta-1,4-diyne 34 with potassium tert-
butoxide (Scheme 7, route a). A few years later,
Hauptmann22 prepared the first peralkylated and
persilylated derivatives 31b,c, 32b,c, and 33b,c by
pyrolysis of the lithium salts of diethynyl ketone
tosylhydrazones 35 and 36 (route b). This reaction
proceeds via dimerization of intermediate diethynyl-

carbenes 37 and 38. Route c provides a method for
the preparation of enetriynes. Thus, reaction of
terminal alkynes 39a,b with a solution of chloro-
acetone and Et3N in benzene, in the presence of [Pd-
(PPh3)4] and CuI, affords buta-1,3-diynes 40a,b to-
gether with triethynylethenes 41a,b (Chart 2).23

Other synthetic routes to TEEs with four identical
substituents are depicted in Scheme 8. The first two
routes proceed via elimination reactions of 1,1,2,2-
tetraethynylethane derivatives, either by base-in-
duced elimination (substrate 42, route a)24 or by acid-
catalyzed thermal elimination of an ortho ester
(substrate 43, route b).25 Recently, Low and co-
workers26 constructed the TEE core by a Pd(0)-
catalyzed 4-fold cross-coupling reaction between tet-
rachloroethene 44 and terminal acetylenes (route c).

Diederich and co-workers27,28 introduced in the
early 1990s more general protocols that took advan-
tage of Pd(0)-catalyzed cross-coupling reactions of 1,1-
dibromo-2,2-diethynylethenes 46 for the synthesis of
geminally substituted TEEs of general formula 47
(Scheme 9). Triethynylethenes have been prepared
in a similar way from suitable dibromides.29 The
sequence 48 f 49 f 50 (Scheme 9) provides an
efficient route to trans-substituted TEEs. These
methods that allow access to virtually any desired
substitution pattern have been comprehensively re-
viewed.28 1,1-Dibromo-2,2-diethynylethenes serve as
useful precursors for other conjugated systems as
well. Thus, triynes are generated upon treatment
with BuLi via alkyne migration in the intermediate
carbene/carbenoid species.30 Finally, it should be
mentioned that the carbenoid coupling-elimination
strategy introduced by Jones and co-workers12 for
enediynes also allows preparation of TEEs from
suitable precursors.

3. Chemistry of DEEs

3.1. Reactions of ( E/Z)-DEEs
(E)- and (Z)-DEEs are in thermal equilibrium.

However, the rotational activation enthalpy (∆Hq) is
very high and was determined by Roth et al.31 to be
48.1 kcal mol-1. At elevated temperature (typically
higher than 180 °C), (Z)-DEE undergoes Bergman
cyclization,32 which leads to the aromatic 1,4-diradi-
cal system 8 (Scheme 10, route a). This diradical can
be trapped in the gas phase with O2 or NO, and from
the kinetics of these trapping reactions, the heat of

Chart 2

Scheme 8. Synthesis of TEEsa

a CSA ) camphorsulfonic acid.24-26

Scheme 9. Synthesis of Unsymmetrical TEEsa

a LDA ) lithium diisopropylamide.27,28
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formation of 8 was determined to be 138 ( 1 kcal
mol-1 [8.5 kcal mol-1 less stable than (Z)-1], and the
barrier toward ring opening was determined to be
19.8 kcal mol-1.33 The Bergman cyclization, also
referred to as cycloaromatization, is responsible for
the biological activities of enediynes, since the diradi-
cal is able to cleave DNA. Natural products undergo
Bergman cyclization under ambient conditions after
being activated by a triggering reaction.34 Photo-
chemical Bergman cyclization reactions have been
reported to occur at room temperature but usually
require specific substitution of the alkynes (alkyl or
aryl).35

The terminal acetylene moieties of (E/Z)-DEEs can
be subjected to various metal-catalyzed C-C coupling
reactions.36 One example involves oxidative Glaser-
Eglinton37cyclizationof(Z)-1toaffordthedodecadehydro-
[18]annulene 51 (route b).6,38 The [18]annulene is
exclusively obtained in this cyclization; that is, higher
cyclic oligomers are absent. Two-fold palladium-
catalyzed Sonogashira39 coupling of various iodoare-
nes with (Z)-1 at room temperature provides diary-
lated DEEs of general structure (Z)-52 in yields
ranging from 23 to 68% (route c).40a In all cases,
complete retention of the Z-configuration of the
enediyne was observed. The products isomerize,
however, rapidly when the solutions are exposed to
sunlight or irradiated with low intensity UV light at
366 nm.40a-d In the case of donor-acceptor-substi-
tuted diarylated DEEs, the equilibrium in the pho-
tostationary state is strongly affected by both the
nature of the aryl substituents and by the solvent
polarity.40b Electrochemical cis to trans isomerization
of donor-acceptor-substituted DEEs has also been
described.40e

3.2. Reactions of gem-DEEs
The reactivity of the parent 3-methylenepenta-1,4-

diyne (gem-1) has never been described. However,
Alberts16 investigated 1,5-bis(trimethylsilyl)-3-meth-
ylenepentadiyne 24a (Scheme 11). This compound
can be polymerized without a catalyst in the absence
of solvent in an inert atmosphere to a pale yellow
solid (0 °C, 4-5 days, 60% yield, MW 4000s

determined by osmometry in CHCl3 and gel perme-
ation) or an ochre-colored solid (80 °C, 30 min, 40%
yield, MW 14000). The structure 53 was proposed for
these polymers resulting presumably from a selective
polymerization of the double bonds in 24a.41

gem-DEEs can also undergo oxidative Glaser cou-
plings42 as well as Sonogashira couplings. They
cannot, however, follow the Bergman cyclization
pathway since five carbon atoms are involved with
only five π-electrons. However, the missing electron
can be supplied by reduction as elegantly demon-
strated by Eshdat et al.43 Upon reduction of the
fluorene derivative 54 with potassium in vacuo at 258
K in an extended NMR tube, the formal Bergman
cycloaromatization product 55 forms (Scheme 12),
that is, a pentafulvene dianion.

Finally, we note that Neckers and co-workers18c,44

have demonstrated that arylated gem-DEEs are able
to undergo a similar photochemical cyclization that
converts arylated enynes into fused benzene rings.45

3.3. Bergman Cyclization of Cyclic Enynes
Much attention has been focused on enediyne

antitumor agents, which, after suitable activation
steps, undergo Bergman cyclization to yield a 1,4-
diradical, capable of generating oxidative lesions on
DNA leading ultimately to strand scission and cell
death. These molecules contain enediyne moieties in
a cyclic framework and include the calicheamicins,46

esperamicins,47 neocarzinostatin chromophores,48 ke-
darcidin,49 C-1027 chromophore,50 and dynemicin.51

The possibility for Bergman cyclization of other
cyclic enynes has attracted the interest of several
groups. Thus, Behr et al.52 investigated possible
cycloaromatization reactions of compound 56 long
before the Bergman reaction had been recognized
(Scheme 13). Compound 56 does, however, not un-
dergo Bergman cyclization, presumably due to the
strain that would develop in the transition state.
However, an attempt to hydrogenate the four triple
bonds gave the expected tricyclic product in only 50%,
whereas the product 57 of transannular bond forma-
tion was formed in 40%. In addition, Pilling and
Sondheimer53 observed a similar reaction upon hy-
drogenation of 58, affording 59.

Scheme 10. Reactions of (E/Z)-DEEs6,32,38,40a Scheme 11. Polymerization Reaction of gem-DEE16

Scheme 12. Bergman Cycloaromatization of
gem-DEE Induced by Electron Uptake43
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Schreiber and co-workers54 have investigated the
ability of cyclic enetetraynes to undergo Bergman
cyclization. The macrocycles 60 and 61 were indi-
vidually heated in benzene in the presence of 1,4-
cyclohexadiene, but no cyclization occurred; only
starting material and an insoluble solid could be
recovered from the reaction mixture. The cis-DEE
dimer-containing macrocycle 62 was subjected to the
same conditions, which again only resulted in in-
soluble decomposition products. Enhanced strain in
the transition state was suggested based on calcula-
tions to account for the lack of reactivity. Thermolysis
of the acyclic cis-DEE dimer 63 revealed the forma-
tion of biphenyl, the product of two Bergman reac-
tions, albeit in low yield. Numerous other products
had incorporated one or more cyclohexadienes into
biphenyl type structures (Chart 3).

3.4. Reactions of TEEs
In contrast to enediynes, TEEs do not undergo the

Bergman cyclization. Other decomposition channels
presumably become dominant. One of the striking
characteristics of TEE derivatives is the complete
chemical inertness of the central olefinic bond.55 All
attempts to add electrophiles, carbenes, 1,3-dienes,
or 1,3-dipoles to this electron deficient bond have
failed.56 Thus, 1,3-dipolar cycloaddition with diazo-
methane took place at one of the terminal CtC bonds
rather than at the central CdC bond. Similarly,
oxidations or epoxidations of this bond were unsuc-
cessful.

The stability of TEEs (as well as of DEEs) largely
depends on the number of free ethynyl residues in
the molecule.57 If all acetylene residues are silylated,
alkylated, or arylated, the compounds are kinetically
very stable and display high melting points or
decomposition points, which, in the case of arylated
derivatives, reach 200 °C and higher. When the
number of free terminal alkyne groups is increased,
the stability rapidly decreases; derivatives with two
ethynyl residues already are quite labile in the neat
state, and the parent TEE rapidly decomposes at 25
°C.

The unique TEE framework facilitates π-conjuga-
tion with pendant aromatic substituents by allowing
coplanar orientation throughout the molecular core,
as first demonstrated in the X-ray crystal structure
of tetrakis(phenylethynyl)ethene 31a by Hopf and co-
workers.58 In contrast, coplanarity is prevented by
steric interactions in molecules such as cis-stilbenes
or tetraphenylethene.59 As a result of strain-free
planarity, cis- and trans-arylated TEEs are bistable
states that interconvert upon photochemical excita-
tion without competition from undesirable thermal
isomerization.40b This photoisomerization is not ex-
hibited by the nonarylated derivatives.60 The trans
to cis isomerization is of preparative use for the
synthesis of cis-TEEs that are otherwise difficult to
obtain. For example, (E)-64 is partly converted to its
(Z)-isomer by irradiation at 366 nm (Scheme 14).

3.5. Molecular Switches Based on TEE
The TEE isomerization process has been employed

fortheconstructionoflight-drivenmolecularswitches.61

The complex, highly programmed system (E)-65a
(Scheme 15) was constructed, which combines the
Z/E-isomerizable TEE unit with two other address-
able subunits, a photoswitchable dihydroazulene
(DHA)/vinylheptafulvene (VHF) moiety and a proton
sensitive dimethylaniline (DMA) group.61a,c This three-
way chromophoric molecular switch is in principle
able to carry out individual, reversible switching
cycles between as much as eight states. DHA deriva-
tives are known to undergo, after light irradiation, a

Scheme 13. Unexpected Products of Hydrogenation52,53

Scheme 14. Light-Induced trans f cis Isomerization of Arylated TEE40b

Chart 3
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10-electron retro-electrocyclization to the isomeric
VHF compounds,62 which, in turn, undergo a thermal
cyclization back to the DHA forms. However, when
incorporated into the TEE derivative (E)-65a, this
switching capacity of the DHA chromophore is al-
tered. Thus, irradiation of (E)-65a caused reversible
E-Z isomerization of the TEE core only, leaving the
DHA moiety unchanged. Yet, protonation of the third
subunit, the DMA substituent, brings about the
DHAfVHF photoreaction. Thus, irradiation of the
protonated species (E)-65b results in retro-electro-
cyclization to (E)-65c that is able to thermally cyclize
back to (E)-65b. Clean isosbestic points in the UV/
vis spectra imply that only this DHF/VHF equilibri-
um is taking place, which is explained by the fact
that the TEE E-Z isomerization process is much
slower. It was not possible to prepare (E)-65d upon
deprotonation of (E)-65c by triethylamine, since this
reaction was accompanied by retro-electrocyclization
to (E)-65a. Thus, the nonprotonated VHF-containing
conjugate (E)-65d [as well as the VHF isomer (Z)-
65d] cannot be obtained in the three-dimensional
switching diagram. Consequently, out of the eight
potential states of 65, six are accessible and can be
individually addressed by the various switching
modes.

The failure of photochemical DHAfVHF isomer-
ization in (E)-65a was explained in a joint experi-
mental and computational study by Lüthi and co-
workers.63 The neutral conjugate exhibits a strong
fluorescence emission that almost completely dis-
appeared after protonation to (E)-65b. The maximum
of this intense emission was found to be strongly
dependent on solvent polarity, and in hexane, a dual
fluorescence (λmax ) 505 and 541 nm; λexc ) 420 nm)

was observed. In more polar solvents, such as CH2-
Cl2, the emission spectrum featured only a single,
strongly red-shifted band (λmax ) 602 nm). Time-
dependent density functional calculations on the
excited state of related DMA-substituted TEEs sug-
gested that the DHAfVHF isomerization channel is
quenched in (E)-65a by an efficient relaxation of the
vertically excited singlet state to an emitting twisted
intramolecular charge transfer (TICT) state.64 This
suggestion would account for the experimentally
observed dual fluorescence. In the lower energy TICT
state, either the dimethylamino group is twisted into
an orthogonal position with respect to the planar
arylated TEE moiety or the entire DMA group takes
an orthogonal orientation with respect to the TEE
moiety. The calculations suggested that the twist of
the dimethylamino group is the more probable one.

4. Electronic and Structural Properties
4.1. Di-, Tri-, and Tetraethynylethenes

The lowest energy absorption maxima for simple
DEEs, triethynylethenes, and tetraethynylethenes
are listed in Table 1.6,11a,16,22,23,27b,65,66 First, we notice
that (E)- and (Z)-DEEs exhibit similar absorption
maxima, e.g., by comparison of (E)-1 and (Z)-1 or (E)-
66 and (Z)-66. A red shift is observed when the
substituents R are changed from H (1) to SiMe3 (66).
Less efficient π-electron delocalization via cross-
conjugation than via linear conjugation is revealed
by comparing (E)-67 and 69 or (E/Z)-66 and 24a.
Extending the π-system into triethynylethenes (e.g.,
70) and tetraethynylethenes (e.g., 2, 31b,c) results
in concomitant red shifts owing to the larger conju-
gated systems. A computational study by Lüthi and

Scheme 15. Three-Way Chromophoric Molecular Switch61a,c
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co-workers revealed that the difference between
linear and cross-conjugation is not only due to the
vertical π-conjugation but also to in-plane σ-hyper-
conjugation (Chart 4).67

It is known that acetylenic CtC triple bonds are
not reducible electrochemically in organic solvents
when they are isolated in molecules, whereas they
may undergo reductive electron transfers when en-
tering π-electron interactions with other multiple
bonds or conjugated systems.40e,68,69 Accordingly,
TEEs and DEEs can be reduced electrochem-
ically.40e,56,65,69 The silylated TEE 31c is reduced at
-1.96 V vs Fc+/Fc in tetrahydrofuran (THF) (one-
electron uptake), whereas DEE (E)-67 is reduced at
-2.68 V in THF. The more conjugated TEE core is
obviously a significantly better electron acceptor than
the DEE core.

4.2. X-ray Crystal Structures of DEEs and TEEs
A large selection of X-ray crystal structures of

DEEs and TEEs has been reported in the literature.70

The length of the central CdC double bond in the
TEE and DEE cores usually varies between 1.32 and
1.37 Å, whereas the CtC triple bond lengths vary
between 1.17 and 1.22 Å. In Table 2, selected bond
lengths and angles for three representative com-
pounds, (E)-71,65 68,66 and 31c,27b are collected
(Figure 1). The angles at the acetylenic moieties are

slightly distorted from the ideal 180° in the solid state
likely as a result of crystal packing effects, and the
bond lengths and angles listed in Table 2 are average
values. The conjugated section is planar in all three
structures with only very slight deviations. One
notable feature is the small vinylidene angle C2-
C3-C5 of 112.9° in the geminal enediyne 68. More-
over, the triple bonds are more distorted from lin-
earity in this molecule. Overall, the geometrical
parameters are in good agreement with those ob-
tained from gas phase ab initio calculations.40b,71

4.3. Arylated DEEs, Triethynylethenes, and
Tetraethynylethenes

As revealed electrochemically, the DEE and TEE
cores are electron acceptors, and functionalization by
donor units, such as 4-(dimethylamino)phenyl (DMA),
results in intramolecular donor-acceptor chromo-
phores with low energy charge transfer (CT) bands
(Table 3).60a,72,73 Accordingly, (E)-72 exhibits an in-
tramolecular CT band at λmax ) 397 nm. The CT band
is further red-shifted in (E)-73 (λmax ) 424 nm) that
contains one DMA donor and one 4-nitrophenyl
acceptor substituent. For the geminal DEE 74, where
the donor and acceptor groups are situated in a cross-
conjugated fashion, an intense band is found at λmax

) 325 nm. The absorption extends out beyond 450
nm, possibly owing to “tailing” of a hidden shoulder
absorbance (Chart 5).

Aryl-substituted TEEs, such as 77-80,60a have
broad low energy absorption bands with end absorp-
tions extending beyond 550 nm, characteristic for CT
transitions. In the series of donor-substituted TEEs,
a significant red shift is observed for (E)-77 (λmax )

Table 1. Longest Wavelength Absorption Maxima
(λmax) and Corresponding Energies (Emax) for DEEs
and TEEs6,11a,16,22,23,27b,65,66

compd solvent
λmax (nm)

[ε (M-1 cm-1)]
Emax
(eV)

(E)-1 methanol 263 (18100) 4.71
(Z)-1 methanol 262 (12500) 4.73
2 methanol 330 3.76
24a a 246.8 5.02
31b ethanol 331 (33900) 3.75
31c ethanol 349 (35500) 3.55
(E)-66 tetrahydrofuran 287.5 (40800) 4.31
(Z)-66 tetrahydrofuran 288.4 (27800) 4.30
(E)-67 chloroform 296.4 (19700)b 4.18
69 chloroform 265 (16500) 4.68
70 hexane 303 (2368), 292 (24914) 4.09

a Solvent not reported. b Absorption maximum obtained by
deconvolution.

Table 2. Bond Lengths and Angles from X-ray Crystallography27b,65,66

bond length (Å)a bond angle (°)a

compd C1-C2 C2-C3 C3-C4 C1-C2-C3 C2-C3-C4 C2-C3-C5

(E)-71 1.163 1.426 1.350 176.4 121.3 115.6
68 1.204 1.445 1.348 174.3 124.5 112.9
31c 1.185 1.452 1.324 179.0 121.8 116.5

a For atom numbering, see Figure 1. Average values.

Chart 4

Figure 1. Selected structures investigated by X-ray
crystallography. Bond lengths and angles are listed in
Table 2.
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459 nm) as compared to its geminally oriented
counterpart 79 (λmax ) 428 nm). The effect of linear
conjugation between the two donor groups vs cross-
conjugation is also reflected in the redox behavior.
Thus, linear conjugation facilitates the oxidation of
the anilino groups, since the oxidation occurs at
+0.35 V vs Fc+/Fc (two electrons) for (E)-77 and at
+0.42 V (two electrons) for 79. In contrast, the
reduction occurs at very similar potential for the two
compounds (ca. -2.0 V). Consequently, the smaller
highest occupied molecular orbital (HOMO)-lowest
unoccupied molecular orbital (LUMO) gap observed
for (E)-77 is a result of an increase in the HOMO
energy via efficient linear conjugation between the
two aryl groups. For donor-acceptor functionalized
TEE derivatives, a red shift is also observed when
proceeding from linearly conjugated aryl groups in
(E)-78 (λmax ) 468 nm) and (Z)-78 (λmax ) 471 nm) to
cross-conjugated aryl groups in 80 (λmax ) 447 nm).

Protonation of the dimethylamino groups by treat-
ment with concentrated aqueous HCl leads to a
complete loss of the CT transitions. The spectra
exhibited longest wavelength maxima around 380
nm, typical of Ph- or p-C6H4NO2-substituted TEEs.70g

The quenching of the CT absorptions by protonation
is reversible. Thus, treatment of the protonated forms
with aqueous NaOH regenerated the neutral species,
and the UV/vis spectra became virtually identical to
those measured before the acid treatment.

The UV/vis spectra of the three isomeric products
31a, 32a, and 33a reported by Hori et al. could

provide evidence for cross-conjugation being effec-
tive,21 since these compounds exhibit very similar
longest wavelength absorptions (at ca. λmax ) 410 nm)
despite their different linear conjugation lengths.
This observation signals that all of the π-electrons
in these planar compounds are delocalized to almost
the same extent. The planarity of tetrakis(phenyl-
ethynyl)ethene 31a was confirmed by X-ray crystal-
lography by Hopf and co-workers.58 The extensive
number of X-ray crystal structures of TEE and DEE
derivatives70 have revealed fully or nearly planar
π-conjugated carbon cores, which, in most cases, also
includes terminal aryl rings. In some solid state
structures, terminal aryl rings are not in plane with
the central core, presumably due to crystal packing
effects. In these cases, they adopt an orthogonal
orientation, thereby maintaining conjugation with
the second set of π-orbitals in the adjacent CtC bond.
The molecular structures of donor-acceptor substi-
tuted TEEs (E)- and (Z)-78 showed little indication
of an intramolecular ground state CT, and bond
lengths and angles of their TEE cores were in the
range of those seen in other derivatives. The bond
length alternation in the DMA rings is a good
indication for the CT from the DMA donor to the TEE
acceptor moiety, which can be expressed by the
quinoid character (δr) of the ring defined by74

where a, b, and c are defined according to Figure 2.
In benzene, the δr value equals 0, whereas values
between 0.08 and 0.10 are found in fully quinoid
rings. The δr values for DMA rings in donor-acceptor
substituted TEEs, calculated from several X-ray
structures, generally do not exceed 0.025.

Table 3. Longest Wavelength Absorption Maxima
(λmax) and Corresponding Energies (Emax) for Arylated
DEEs and TEEsa 60a,72,73

compd
λmax (nm)

[ε (M-1 cm-1)]
Emax
(eV) compd

λmax (nm)
[ε (M-1 cm-1)]

Emax
(eV)

(E)-72 397 (51400) 3.12 (E)-77 459 (41000) 2.70
(E)-73 424 (25000) 2.92 (E)-78 468 (31200) 2.65
74 325 (34000) 3.82 (Z)-78 471 (17000) 2.63
75 366 3.39 79 428 (51100) 2.90
76 366 3.39 80 447 (19900) 2.77

a Solvent: chloroform.

Chart 5

δr ) [(a - b) + (c - b)]/2 ≈ [(a′ - b′) + (c′- b′)]/2

Figure 2. Definition of bond lengths for calculation of
quinoid character (δr).
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Arylated TEEs exhibit exceptionally high third-
order optical nonlinearities;75 this property is rooted
in the coplanarity of the TEE core and the aryl
substituents, which allows full two-dimensional con-
jugation over the entire chromophore.76

4.4. Bis-DEEs and Bis-TEEs
Linking two units of (Z)-1 together results in a

significant red shift of the longest wavelength ab-
sorption. Thus, the longest wavelength absorption of
63 is at λmax ) 347 nm (Table 4),77 while it is at λmax

) 262 nm for (Z)-1. Table 4 lists the absorption
maxima for a variety of simple bis-DEEs.11h,77-81

Comparing linearly conjugated (Z)- and (E)-bis-DEEs
82 and 83 with the same substitution pattern, we
notice that the E-configuration (83) leads to a slightly
lower HOMO-LUMO gap. Cross-conjugated dimers
84-86 exhibit higher HOMO-LUMO gap energies.
In contrast, the HOMO-LUMO energy is very small
in TEE dimer 87 (Chart 6).

Electrochemical studies reveal that linking two
TEE units together to form 87 containing a C20 core
enhances the acceptor strength considerably.80 Thus,
according to cyclic voltammetry, compound 87 expe-
riences reversible reductions at -1.52 and -1.89 V

and an irreversible reduction at -2.90 V vs Fc+/Fc
in THF. The acceptor strength is also deduced from
UV/vis spectroscopic studies of donor-substituted
derivatives. Thus, DME-functionalized TEE dimer 88
experiences a CT band at λmax ) 547 nm (Chart 7).81

4.5. Cyanoethynylethenes (CEEs)
An ultimate tuning of the acceptor strength, while

maintaining the opportunity for acetylenic scaffold-
ing, can be achieved by functionalization with cyano
groups.82 Thus, the CEEs 89-9682e show first reduc-
tion potentials in the range between that of TEE
derivative 31c (-1.96 V vs Fc+/Fc in THF) and
tetracyanoethene (TCNE, -0.32 V in CH2Cl2).83 In
substituted TEEs, the 4-nitrophenyl group essentially
acts as an independent redox center and an increase
in the number of these substituents does not increase
the acceptor strength of the chromophore.40e In sharp
contrast, the cyano group in CEEs is an integral part
of the acetylene-based chromophores and the first
reduction potential shifts strongly anodically with an
increasing number of cyano groups. The increase in
electron acceptor strength upon substituting one
RCtC- by one NtC- group can be quantified to 380
mV and upon replacing one RCtC-C-CtCR by one
NC-C-CN fragment to 830 mV (Chart 8).84

A clear increase in acceptor strength with exten-
sion of π-electron conjugation is observed when
proceeding from monomer 91 to dimer 96, as was
likewise found when proceeding from TEE monomer
31c to TEE dimer 87. Thus, the extended CEE 96 is
an exceptionally good electron acceptor with a first
reduction occurring at -0.57 V vs Fc+/Fc in CH2Cl2,
approaching the strength of TCNE.

Recently, donor-substituted CEEs 97-103 were
prepared and characterized.82f These molecules dis-
play exceptionally strong intramolecular CT interac-
tions. The oxidation of the anilino group in 97 occurs
at a very anodically shifted potential (+0.79 V) as
compared to an anilino group attached to a TEE core
(+0.3-0.5 V), and it implies that the anilino moiety
and the CEE core do not act as independent redox
entities but rather undergo strong electronic com-
munication (Chart 9).

X-ray crystallographic analysis of 97 and 100
reveals planar CEE cores.82f In the case of 96, the
phenyl rings are twisted out of the main plane by
ca. 14°. CEE 100 exhibits a quinoid character with a
δr of 0.033, and 97 has a value of 0.037. These values
clearly demonstrate a highly enhanced intramolecu-
lar ground state CT in the CEEs as compared to the
TEEs.82g

Table 4. Longest Wavelength Absorption Maxima
(λmax) and Corresponding Energies (Emax) of DEE and
TEE Dimers11h,77-81

compd solvent
λmax (nm)

[ε (M-1 cm-1)]
Emax
(eV)

63 diethyl ether 347 (21200)a 3.57
81 hexane 366 (29700) 3.39
82 chloroform 364 (15500) 3.41
83 chloroform 369 (27600) 3.36
84 chloroform 337 (14400) 3.68
85 chloroform 340 (11500) 3.65
86 chloroform 329 (22300) 3.77
87 hexane 432 (35500) 2.87
88 chloroform 547 (sh, 32300) 2.27

a Mimimal value due to the instability of the compound.

Chart 6

Chart 7
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5. Derivatives of Tetraethynyl- p-quinodimethane
Hopf and co-workers85 prepared a selection of

conjugated molecules derived from gem-1 via cross-
coupling between terminal acetylenes and vinylic
dibromides. The molecules 104-108 are examples of
this class. The 7,7,8,8-tetraethynyl-p-quinodimethane
109 was prepared by Neidlein and Winter.86 From
UV/vis absorption spectra, it transpires that cross-
conjugation contributes to the total π-electron delo-
calization in these molecules (Table 5). Thus, signifi-
cant red shifts are observed when proceeding along
the series 104, 105, 106, or along the series 107, 108,
109. It is also interesting to compare 109 with TEE

31c containing the same outer trimethylsilyl sub-
stituents: Extending the ethene spacer results in a
significant red shift from λmax ) 349 (31c) to 565 (109)
nm. Interestingly, compound 106 exhibits a longest
wavelength absorption maximum similar to 31c, the
major difference being the substitution of two triple
bonds for two double bonds about the central ethene
unit. Nevertheless, the tetravinylethylene 110 shows
a λmax at 284 nm,87 which is, accordingly, significantly
blue shifted relative to the parent TEE 2 (λmax ) 330
nm), presumably as a result of structural nonplanar-
ity (Charts 10 and 11).

6. Conjugated Oligomers

6.1. Linearly Conjugated Oligomers
PA (111) is the simplest conjugated polymer88 with

an all-carbon backbone not composed of aromatic
rings and has been extensively exploited for its
electrical conductivity upon doping.89 Poly(diace-
tylene)s (PDAs, 112) and poly(triacetylene)s (PTAs,

Chart 8

Chart 9

Table 5. Longest Wavelength Absorption Maxima
(λmax) and Corresponding Energies (Emax) of Extended
gem-DEEs85-87

compd solvent
λmax (nm)

[ε (M-1 cm-1)]
Emax
(eV)

104 pentane 266 (19100) 4.66
105 pentane 308 (24500) 4.03
106 pentane 354 (sh, 23400) 3.50
107 pentane 292 (sh, 24500) 4.25
108 pentane 354 (sh, 23400) 3.50
109 hexane 565 (6920) 2.19
110 ethanol 284 (23300) 4.37

Chart 10

Chart 11
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113), which both contain DEEs in the π-chain, are
the next representatives in a progression, which
ultimately leads to carbyne (Figure 3). The direct
analytical characterization and physical study of
extended π-chain polymers with high molecular
weight are often hindered by low solubility. Struc-
tural defects are also common obstacles preventing
the acquisition of sound physical data. Soluble,
monodisperse oligomers serve as finite model systems
and offer the possibility to attain specific information
by extrapolation of the electronic, photonic, thermal,
and morphological properties of the corresponding
polydisperse high molecular weight analogues.90 More-
over, the systematic study of oligomers with precisely
defined length, constitution, and conformation allows
direct correlation of physical properties with chemical
structures and enables the generation of useful and

predictive structure-property relationships. The study
of well-defined monodisperse oligomers has also
advanced into a strong field of its own right, because
of the promising electronic and optical properties of
these compounds. Thus, these molecular wires could
serve as potential components in future molecular
scale electronic devices.91

Oligomerization of suitably functionalized DEEs
has provided a large selection of linearly conjugated
PDA11g,h,92-95 and PTA11h,i,65,80,96 oligomers. The com-
pounds 114,93 115a-e,92b 116a-e,11g,h 117-119,94

120a-e,11g,h 121a-c,95 and 122a,b95 represent ex-
amples of PDA oligomers that have been prepared
and characterized. Compound 12311g,h is a PDA-PTA
hybrid oligomer consisting of two pentameric PDA
backbones linked together by a buta-1,3-diynediyl
bridge. Compounds 124a-h,96f,h 125a-e,11h and
126a-e11h are PTA oligomers based on either E- or
Z-DEEs, whereas PTAs 127a-e,80 128a-e,80,96a and
12996b are based on TEE repeat units (TEE-PTAs).
With an estimated length of 17.8 nm, the 24-mer
124h is the longest known molecular rod featuring
a fully conjugated, nonaromatic all-carbon backbone
(Charts 12 and 13).96h

The energy (Emax) corresponding to the longest
wavelength absorption maximum (λmax) for PDA and
PTA oligomers is plotted as a function of the number
(n) of monomeric repeat units in Figures 4 and 5,
respectively. From such plots, the effective conjuga-
tion length (ECL) can be evaluated; that is, the
number of monomeric units at which saturation
occurs and Emax of an infinite polymer can be pre-
dicted. Although saturation does not occur abruptly
at a specific number of monomer units, we shall
evaluate ECLs in this simplified manner. A more
concise picture of the length dependence of the optical
absorption of conjugated systems has been given by
Rissler.97 Moreover, the different properties of a
conjugated system (e.g., absorption maximum, fluo-
rescence maximum, oxidation potential, reduction
potential, and nonlinear optical properties) do not
necessarily saturate to the same extent with increas-
ing chain length. The (1/n, Emax) plots of (E)-PTAs
124b-h and 125b-e, (Z)-PTAs 126b-e, and TEE-
PTAs 127b-e show approximately linear regimes for
“medium-sized” molecules that flatten out at small

Figure 3. Progression from polyacetylene (PA) to carbyne.

Chart 12

Chart 13
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1/n values, i.e., for longer oligomers, which allow
determination of the ECL as defined above. Values
are collected in Table 6 and compared with those
determined for the polymers.88a,92 The two values for
the ECL of (E)-PDA were obtained by Wenz et al.92a

and Giesa et al.,92c respectively, from different plots
as the one used here and via comparison to the
polymer absorption. The data in Table 6 reveal that
the (Z)-oligomers have higher optical gaps than the
(E)-oligomers and exhibit smaller ECLs. In particu-
lar, the difference is very significant in the PDA
series, presumably due to nonplanarity of the (Z)-
oligomers. We also notice that substituting double
bonds for triple bonds along the progression of PA,
PDA, and PTA results in a concomitant increase in
the transition energy. Moreover, the TEE-based
PTAs 127a-e exhibit extremely small optical gaps
and meet saturation already at four repeat units.

X-ray crystallographic analysis of the PTA 4-mer
124c shows that the conjugated system is perfectly
planar, with the squared sum of the deviations of the
backbone C-atoms from the best plane amounting to
0.077 Å2.96h Nevertheless, UV/vis studies on PTA
oligomers, dendritically encapsulated with bulky
wedges, revealed that the electronic properties were
unchanged upon distorting the backbone out of
planarity as a result of steric compression of the
dendritic wedges.96c,g

End functionalization with aryl groups in the PTA
series results in a red shift of the longest wavelength
absorption maximum. Thus, PTAs 128a-c exhibit
longest wavelength absorption energies of 2.59, 2.59,
and 2.45 eV, respectively.80,96a This lower energy
absorption reflects the extension of the π-chro-
mophore upon introduction of the peripheral aryl
groups. For comparison, the absorption energies of
the aryl end-capped poly(pentaacetylene)s 130a-c
are 2.71, 2.44, and 2.39 eV, respectively (Chart 14).96g

Cyclic voltammetry reveals that proceeding along
the PTA series 128a-e causes a continuous drop of
the first reduction potential to less negative poten-
tials. Thus, the 5 nm long pentamer 128e is a very
strong electron acceptor with the first reduction
occurring at -1.07 V vs Fc+/Fc in THF. For polymer
129, containing an average of 22 TEE units, the first
reduction occurs already at -0.70 V.96b Each oligomer
128a-e exhibits a number of reversible or quasi-
reversible one-electron reduction steps that are equal
to the number of TEE moieties in the backbone.
Figure 6 shows the changes in the reduction poten-
tials along the series.

6.2. Cross-Conjugated Oligomers
Dendralenes are polyene hydrocarbons in which all

CdC bonds are aligned in a cross-conjugated ar-
rangement.98 Upon formal insertion of one or more
acetylene units between the CdC bonds, series of
expanded dendralenes are obtained. Dendralenes and
expanded dendralenes are also conveniently termed

Figure 4. Plots of Emax vs 1/n to extrapolate the optical
band gaps for infinite PDA polymers: PDA oligomers
115b-e (b), 116b-e (O), and 120b-e (]). Emax corre-
sponds to the longest wavelength absorption maximum
λmax. n ) number of monomeric repeat units in the
oligomers.

Figure 5. Plots of Emax vs 1/n to extrapolate the optical
band gaps for infinite PTA polymers: PTA oligomers
124b-h (b), 125b-e (O), 126b-e (]), and 127b-e (9).

Table 6. Comparison of Longest Wavelength
Absorption Energies Emax (Corresponding to λmax)
Obtained from Oligomer Extrapolation or Directly
from Polymera

oligomers ECL

Emax (eV)
from oligomer
extrapolation

Emax
(eV) for
polymer

(E)-PA 1.8c 1.8 (1.4)b

(E)-PDA 115b-e, 116b-e 6,c 10e 2.3d,e 2.3/1.9g

(Z)-PDA 120b-e 2 3.6
(E)-PTA 124b-h, 125b-e 10 2.8 (2.5) 2.8f

(Z)-PTA 126b-e 8 3.0
TEE-PTA 127b-e 4 2.5

a ECL (i.e., number of repeat units) obtained from oligomer
extrapolation. Values in brackets are absorption edge energies.
b Ref 88a. c Ref 92a. d Ref 92b. e Ref 92c. f Ref 96e. g An absorp-
tion at λ ) 650 nm (1.9 eV) is ascribed to unusual solid state
effects; ref 92b,c.

Chart 14
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iso-PAs, iso-PDAs, etc. (Figure 7).99 A large selection
of expanded dendralenes containing the gem-DEE or
gem-TEE units has been prepared, such as 131a-
i,19a,66 132a-d,78 133a-c,79 134,79 and 135a-c,80 as
well as hybrid systems, such as 136a-d (Chart
15).79,100

Optical gaps (Emax) for the series 131b-i, 132b-
d, and 135a-c are plotted as a function of the
number of repeat units in Figure 8.101 The extra-
polated values for infinite polymers are collected in
Table 7.102 It transpires that the optical gaps are
significantly larger in the cross-conjugated oligomers
as compared to their linearly conjugated counter-
parts. Moreover, we observe again that oligomers
based on TEE repeat units provide the smallest
optical gaps.

The lower energy region of the absorption spectra
of tetrayne-based oligoenynes 136a-d is dominated
by the absorption pattern of the tetrayne moiety.79,100

Each tetrayne exhibits three identical absorptions at
λmax ) 405, 374, and 348 nm. These absorptions are
found at virtually identical energies for other
tetraynes such as 1,8-bis(4-tert-butylphenyl)octa-
tetrayne. No obvious energy shift (less than 1 nm) is
observed in the tetrayne absorptions as a result of
increasing the cross-conjugated chain length from
136a to 136d. However, the higher energy absorp-
tions resulting from the iso-PTA segments of the
molecules (ca. 330 nm) show a slight bathochromic
shift in the longer oligomers. Thus, with chain

Figure 6. Changes in the reduction potentials (vs Fc+/
Fc) measured for the monomer and oligomers of PTAs
128a-d in THF + 0.1 M Bu4NPF6: first (red circles),
second (green squares), third (blue triangles), and fourth
(black circle) reduction step. Reprinted with permission
from ref 69. Copyright 2004 Wiley-VCH.

Figure 7. Definition of dendralenes and expanded den-
dralenes, iso-PAs, iso-PDAs, iso-PTAs, etc.

Chart 15

Figure 8. Plots of Emax vs 1/n to extrapolate the optical
band gaps for infinite expanded dendralene polymers:
expanded dendralenes 131b-i (O), 132b-d (b), and 135a-c
([).

Table 7. Longest Wavelength Absorption Energies
Emax (Corresponding to λmax) and Effective
Conjugation Lengths ECL (i.e., Number of Repeat
Units) Obtained from Oligomer Extrapolationa

oligomers ECL

Emax (eV) from
oligomer

extrapolation

iso-PA dendralenes 2b 5.6b

iso-PDA 131b-i 9 3.9c (3.8)
iso-PTA 132b-d 10 3.5 (3.3)
iso-TEE-PTA 135a-c 3 2.8

a Values in brackets are absorption edge energies. b Ref 98.
c Corresponding to the wavelength at εmax/2 at the lower energy
tail of the absorption band; see ref 101.
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elongation, a merging ultimately occurs of the iso-
PTA absorption with that of the tetrayne moiety at
348 nm, affording a single, nondistinctive shoulder
for 136d.

6.3. Donor −Acceptor Functionalized DEE-PTAs
6.3.1. Influence of Lateral Functionalization

The effect of lateral aryl donor functionalization
can be ascertained by comparing the two PTAs 129
and 137,96b the first containing lateral silyl groups
and the second containing lateral anilino groups. The
degrees of polymerization (average number of mon-
omeric repeat units naverage) were determined by 1H
NMR signal integration. Comparison of their physical
properties reveals a significant enhancement upon

lateral donor functionalization, e.g., of the NLO
response. Thus, the solution state longest wavelength
absorption energy of 137 (Emax ) 1.6 eV) is substan-
tially reduced relative to that of 129 (Emax ) 2.0 eV).
The PTA 137 only gave one irreversible reduction at
-1.28 V (vs Fc/Fc+ in CH2Cl2), being anodically
shifted by +330 mV relative to the first reduction of
TEE dimer 88. Thus, the longer linear conjugation
length in 137 facilitates the first reduction relative
to 88. Moreover, as generally observed for anilino-
substituted TEE scaffolds, 137 undergoes reversible
oxidation centered on the anilino groups (E° ) +0.45
V, vs Fc/Fc+ in CH2Cl2) (Chart 16).

6.3.2. Influence of Spacer Units
The modulation of the electronic properties of PTA

oligomers by π-electron-deficient and -rich aromatic
and heteroaromatic spacer units has been tested in
a large variety of compounds.103,104 The extended DEE
dimers 138a-n and 139a,b represent examples of
such compounds.103c,e Insertion of spacers had a
profound influence on their molecular properties,
such as fluorescence behavior. Thus, whereas the
luminescence quantum yields of compounds 139a,b
and hybrid trimer 138j were below 5% in chloroform
(λexc ) 356 nm), hybrid derivatives 138a, 138e, 138g,
and 138i featured quantum yields between 20 and
50%. The yields were even increased above 50% in
hybrid trimers 138b-d, 138f, and 138h. Further-
more, the benzothiadiazole-containing compound 138k
shows by far the highest yield of 80%. An extremely

Chart 16

Chart 17
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enhanced emission is also observed for the quinoxa-
line derivatives 138l-138n (yields between 65 and
75%). Complexation of 138n with transition metal
ions leads to a red shift of the emission band and a
decrease in the fluorescence quantum yield. Thus, the
[Ni(138n)(ClO4)2] complex only shows a yield of 3%
(Chart 17).

Whereas DEE trimer 139b experiences a large
bathochromic shift of the longest wavelength absorp-
tion maximum relative to that of DEE dimer 139a
[λmax ) 407 nm, shoulder (139b), λmax ) 376 nm
(139a)], hybrid trimers 138a-c display about the
same longest wavelength absorption maxima, as well
as end absorptions, as 139a. Thus, benzenoid spacers
are less effective in transmitting π-electron delocal-
ization along the oligomeric backbone. In contrast,
introduction of the anthracene spacer in 138d brings
about a red shift of all bands in the UV/vis spectrum,
which in the longer wavelength region resembles the
characteristic spectrum of anthracene itself. This
enhanced conjugation reflects the small loss in aro-
maticity in going from the aromatic to the quinoid
resonance structure of this spacer. The same effect
has been observed for other systems. Thus, Müllen
and co-workers105 have shown that the incorporation
of anthracene spacers in conjugated polymers reduces
the band gap. Moreover, Anderson and co-workers106

found enhanced conjugation in anthracene-linked
porphyrins. Insertion of electron-rich heterocyclic
spacers as in thiophene derivative 138i and furane
derivative 138j results in very efficient π-electron
delocalization, changing the longest wavelength ab-
sorption maximum to 404 (shoulder) and 398 (shoul-
der) nm, respectively. While a pyridine spacer (in
138g) does not produce a bathochromic shift, the
pyrazine-spaced compound 138h experiences a long-
est wavelength absorption at λmax ) 392 nm (shoul-
der). Indeed, the benzenoid aromaticity is more
pronounced in pyridine than in pyrazine. Pyridine
derivative 138g represents an interesting example
of a molecular system, in which both the electronic
absorption and the emission characteristics can be
reversibly switched as a function of pH. Thus, pro-
tonation results in a large bathochromic shift of the
most intense electronic absorption band from λmax )
337 to 380 nm and a decrease in the fluorescence
quantum yield from 40 to 7% (λexc ) 356 nm).103c

The first reduction of the quinoxaline compounds
138l and 138n is substantially facilitated relative to
thefreespacerunits,by400and240mV,respectively.103e

These large anodic shifts likely originate from induc-
tive effects exerted by the two DEE units on the large
central spacer chromophore rather than from ex-
tended π-electron conjugation. This same effect is

observed for porphyrin-extended DEE dimers (vide
infra).

A long-chain oligomer (140) was prepared based on
the biphenyl spacer.103d This PTA retained the strong
emission behavior of 138b, displaying a fluorescence
quantum yield of 44% in chloroform; such compounds
could have potential in light-emitting diodes. It also
deserves mention that besides enhancing fluores-
cence properties, the DEE modules enhance the
oligomers’ solubility (Chart 18).

Pt-TEE molecular scaffolding has yielded PTA
oligomers with Pt(PEt3)2 as spacer units.107 Both
linear and nonlinear optical properties of the oligo-
mers 141a-f107c revealed an almost complete lack of
π-electron conjugation along the backbones; that is,
the Pt atoms act as insulating centers in these linear
systems. Thus, all oligomers display very similar UV/
vis spectra. The spectra reveal a strong metal-to-

Chart 18

Chart 19

Chart 20
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ligand CT band dominating the longer wavelength
spectral region. Both the maximum of this band and
the spectral end absorption shift only slightly to
longer wavelengths up to the tetramer, after which
saturation of the electronic properties occurs. Thus,
λMLCT moves from 436 (in monomeric 141a) to 442
(in pentameric 141e) nm and remains exactly at this
wavelength in hexameric 141f. In agreement with
inefficient π-electron conjugation along the linear
backbone, the UV/vis spectrum of polymer 142 in
CH2Cl2 closely resembles the monodisperse oligo-
mers, with λMLCT appearing at 446 nm. This insulat-
ing behavior of the Pt(PEt3)2 spacer units contrasts
with their ability to convey to some extent π-electron
delocalization in the macrocyclic complex 143.107a,b

The end absorption band of 143 is bathochromically
shifted relative to the dimer 144 and extends well
beyond 500 nm. Thus, electronic communication may
exist along the rectangular perimeter of 143.108 The
bathochromic shift may on the other hand simply be
a result of the existence of butadiyne links in 143
and the conformational constraints of a cyclic system
(Charts 19 and 20).

6.3.3. Donor−Donor and Acceptor−Acceptor
End-Functionalization

The PTA mono-, di-, tri-, tetra-, penta-, and hex-
amers 145a-f and 146a-f provide useful informa-
tion regarding the influence of donor-donor (D-D)
and acceptor-acceptor (A-A) substitution in the end
groups of PTAs based on the (E)-DEE repeat unit.96d

Compounds 145g and 146g (∼18 DEE units) were
studied as reference points for the infinitely long
polymers. The ECL was estimated from the longest
wavelength absorption maxima of the compounds in
each of these two series. The electronic properties of
the end caps were found to have a strong influence
on the ECL. Thus, the ECL of the A-A PTA oligomer
146g was determined to be n ) 10, being of the same
length as that found for silyl end-capped PTA oligo-
mers. Yet, the D-D PTA oligomer 145g exhibits a
much shorter ECL of only n ) 4. This decrease in
ECL is probably explained by the formation of strong
CT bands dominating the absorption properties.
Raman scattering measurements suggested an even
smaller value of n ) 3 for this PTA (Chart 21).

7. Porphyrin Derivatives
The strong electron-withdrawing effect of the DEE

unit (vide supra) was confirmed by its ability to alter
the electrochemistry of porphyrins, such as 147, in
porphyrin arrays.103a Compounds 148 and 149a,b
showed two one-electron oxidation and two one-
electron reduction waves, all of which were porphy-

rin-based as evidenced by comparison to the porphy-
rin derivative 147. Whereas all three compounds
were reversibly oxidized at similar potentials, reduc-
tions became significantly facilitated upon increasing
DEE substitution. Thus, attachment of two DEE
moieties to the porphyrin core in 149a shifts the first
one-electron reduction anodically by 350 mV when
compared with 147 lacking these substituents (Chart
22).

Shultz et al.18b,109 synthesized the cross-conjugated
bis-porphyrins 150 and 151 and studied their proper-
ties in comparison to other coupled porphyrins, such
as the m- and p-phenylene-bridged 152 and 153.
Electrochemistry shows that the first oxidation of
each porphyrin in 152 and 153 occurs at a nearly
identical potential; that is, a single two-electron wave
is observed, which indicates that interaction between
the radical cations is negligible. One might have
expected that the close proximity of the two porphy-
rins in the m-phenylene-bridged compound 152 would
have resulted in a redox splitting simply due to
electrostatic repulsion between the two radical cat-
ions. In contrast, the oxidation of the porphyrin rings
in 150 and 151 occurs at different potentials. This
splitting of the redox potentials is explained by a
communication between the two porphyrins mediated
by the gem-DEE unit and hence beyond simple
electrostatic repulsion (Chart 23).Chart 21

Chart 22

Chart 23
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8. Extended Tetrathiafulvalenes (TTFs)
TTF (154) is a reversible, two-electron donor

(Scheme 16) that has been widely exploited in both
advanced materials and supramolecular chemistry.110

Many structural variations of the parent TTF system
have been carried out during the last 30 years,
mainly with the aim of developing low temperature
organic superconductors.111 Yet, because of the three
reversible redox states of TTF, the possibility for
employing TTF in molecular sensors, switches, and
deviceshasalsoattractedanenormousfocusrecently.110a,112

The extension of π-electron conjugation in TTF by a
spacer is one important modification.113

Acetylenic scaffolding is a powerful tool for con-
structing extended TTFs based on DEE units. Bis-
(DEE)-TTF 155114 and DEE-TTFs 156-158115 pro-
vide recent examples of such extended TTFs.116

Compound 155 exhibits a longest wavelength ab-
sorption at λmax ) 453 nm (ε ) 61400 M-1cm-1),
whereas 156 shows an absorption at λmax ) 496 nm
(67500 M-1cm-1). Cyclic voltammetry of 155 reveals
a single two-electron oxidation at +0.78 V vs Fc+/Fc
in CH2Cl2, which signals that the two dithiafulvene
units are so far apart that they behave as indepen-
dent redox centers. In contrast, 156 is oxidized in two
one-electron steps at +0.18 and +0.39 V. These
cathodically shifted potentials indicate, interestingly,
that 156 is a much stronger donor than 155. Note
that CO2Me-substituted TTF is oxidized at 0.94 and
1.34 V vs SCE in CH2Cl2, corresponding ca. to 0.56
and 0.96 V vs Fc+/Fc (Chart 24).117

9. Bis( gem-DEE)s
The tetraethynyl-p-quinodimethane derivatives

107-109 described above represent examples of bis-
(gem-DEE)s. We will now focus our attention on other
derivatives containing different spacer groups and
outer substituents. Thus, Kim and co-workers118

prepared compounds 159-180 and investigated their
fluorescence properties. Most of these compounds

display two strong emission bands in the visible
region. However, the emission wavelength and fluo-
rescence quantum yields are very dependent on the
structure. Thus, fluorophores 170 (λem ) 461, 490 nm,
φF ) 0.39), 172 (λem ) 473, 498 nm, φF ) 0.49), 173
(λem ) 473, 501 nm, φF ) 0.31), 174 (λem ) 475, 506
nm, φF ) 0.35), and 176 (λem ) 522, 549 nm, φF )
0.34) show large Stokes shifts relative to those of the
less-conjugated fluorophore 180 [λem ) 392 nm, φF )
not detectable (n.d.)], and a substantial increase in
fluorescence quantum yield is observed because of the
extension of π-conjugation. Similarly, the wave-
lengths of the absorption and emission maxima of
169 (λem ) 413, 431 nm, φF ) 0.06), which lacks
extensive π-conjugation because of the meta linkage,
are shorter than those of 170, 172-174, and 176. The
presence of an electron-accepting substituent in the
core moiety of bis(gem-DEE) 171 (λem ) 560 nm, φF
) n.d.) diminishes its fluorescence drastically when
compared with 174. The incorporation of electron
donors, however, in the core moiety in bis(gem-DEE)
176 does not affect its fluorescence quantum yield
or emission lifetime. These units result in significant
red shifts in the absorption and emission wavelength
maxima of 176 and a slight increase in emission
lifetime, as compared to those of bis(gem-DEE) 174.
Incorporation of methyl groups as in 178 at the
vinylic positions results in a decrease in fluorescence
intensity (λem ) 454, 471 nm, φF ) 0.03). Bis-DEEs
170 and 172-174 display similar bright blue emis-
sions and reasonably good quantum yields. Appar-
ently, increasing the length of conjugation in the
π-system increases the quantum yield of fluorescence.
Very low quantum yields of 175 (n.d.) and 179 (n.d.)
are explained by intermolecular stacking interactions
even at low concentrations (Chart 25).

10. Dendrimers
π-Conjugated dendrimers based on bis(enediynyl)-

benzene units (181a-c) were prepared by Hwang
and Kim.119 The G1 (generation one) dendrimer 181a
shows an absorption maximum at λmax ) 433 nm (ε
) 22500 M-1 cm-1), whereas those of the G2 (181b)
and G3 (181c) derivatives are actually blue-shifted
with λmax at 415 (ε ) 61500 M-1 cm-1) and 418 (ε )
86000 M-1 cm-1) nm, respectively. Blue shifts in the
emission maxima of G2 and G3 were also observed.
The three generations feature strong bluish-green
dual fluorescence with emission maxima at 497
(181a), 468 (181b), and 469 (181c) nm. However, the
quantum efficiencies are considerably stronger for the
larger generation dendrimer, φ ) 0.38 (181a), 0.79
(181b), and 0.80 (181c) (Chart 26).

The related dendrimers 182 and 183 containing
peripheral p-dodecoxyphenyl substituents were re-
ported by Neckers and co-workers.120 The absorption
and emission maxima of 182 (λmax

abs ) 428 nm, λmax
em

) 485 nm) are red shifted relative to those of 183
(λmax

abs ) 347 nm, λmax
em ) 428 nm), which is a

consequence of the better conjugation via a para
linkage at the central benzene core than a meta
linkage. Moreover, the fluorescence quantum yield
is significantly higher for 182 (φ ) 0.51) than for 183
(φ ) 0.35).

Scheme 16. Reversible Oxidations of TTF

Chart 24
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11. Polyelectrochromic gem-DEE Systems
Ito et al.121 recently prepared the novel polyelec-

trochromic systems 184-188 based on gem-DEEs
about a central core and outer azulenyl groups. The
cyclic voltammograms of 184 and 185 are character-
ized by two one-step, two-electron reduction waves.
The first cathodic peaks correspond to the reduction
generating the closed shell dianions. The second
peaks are attributable to the formation of a tetra-
anionic species. Spectroelectrochemical measure-
ments revealed a new absorption band in the near-

IR region for the dianions of 184 and 185 (λmax 844
and 885 nm, respectively), which is attributed to a
cyanine type structure (Scheme 17). Accordingly, the
color of the solutions of 184 (orange) and 185 (red)

Chart 25

Chart 26 Scheme 17. Reversible Reductions of 184121
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gradually changed to deep green during the electro-
chemical reduction. On further reduction of 184, the
band in the near-IR region gradually decreased.
Instead, a new absorption band at λmax 752 nm arose
and the solution turned light blue. The electrochemi-
cal reduction of the azulene-containing fluorenes 186
and 187 reveals three reversible single-electron
transfers, ultimately generating trianionic species
(Chart 27).

12. Cyclic Structures: Dehydroannulenes and
Expanded Radialenes

DEEs and TEEs have been incorporated into a
wide variety of cyclic molecules containing all-carbon
cores, such as dehydroannulenes and expanded ra-
dialenes. Mixed cycles hereof have been deemed
radiaannulenes. Moreover, it deserves mention that
DEE moeities were employed in one of the first
tether-directed syntheses of a C60 bis-adduct, i.e., a
macrocycle containing both DEE and C60 moieties.
For work on C60/DEE scaffolding, we shall go in no
further detail but refer the reader to ref 18a.

12.1. Dehydroannulenes
Annulenes are cyclic oligoenes formally containing

alternating single and double bonds (vinylogs of

benzene) and were first prepared by Sondheimer et
al.122 Upon formal insertion of triple bonds between
each pair of double bonds, expanded annulenes or
dehydroannulenes are obtained.6,37,38,77,123 Examples
are 1,5,9-tridehydro[12]annulene 189,123b,c 1,3,7,9,-
13,15-hexadehydro[18]annulene 51,6,38 and 1,3,7,9,-
13,15,19,21-octadehydro[24]annulene 190.77 The 1H
NMR spectrum of [12]annulene 189 provided experi-
mental evidence for the existence of a paramagnetic
ring current and the assignment of antiaromaticity
to this 4n π-electron system, whereas a diatropic ring
current exists in aromatic [18]annulene 51 (4n + 2
π-electron system). The presence of a planar perim-
eter in 51 is supported by the electronic absorption
spectrum, which shows a characteristic vibrational
structure with strong absorptions between λ ) 300
and 350 nm and an end absorption around 420 nm.
The longest wavelength absorption maxima of the
three dehydroannulenes are listed in Table 8. The

[12]annulene 189 exhibits intense absorptions at λmax
) 239 and 247.5 nm and a low intensity maximum
at 457 nm. The [24]annulene 190 is formally derived
from cyclooctatetraene by insertion of four butadiyne-
diyl units and, like this compound, appears to be
nonplanar. This follows from the general similarity
of the electronic spectrum to that of bis-DEE 63 and
very similar longest wavelength absorption
maxima: λmax ) 347 nm for 63 and λmax ) 352 nm
for 190. Moreover, the position of the single reso-
nance in the 1H NMR spectrum is not shifted upfield
for 190 as compared with linear models. However,
electron spin resonance studies suggest the genera-
tion of a planar structure (simple spectrum requiring
high symmetry) upon reduction of 190 to the monoan-
ion.77 The dianion obtained by further reduction
exhibits a proton chemical shift at a lower field than
expected for a localized system having two excess
electrons, which is an indication of a planar structure
for the dianion of 190 as well (Chart 28).

Compound 189 has a melting point of 95-95.5 °C.
It is extremely reactive with oxygen, both in solutions

Chart 27

Table 8. Longest Wavelength Absorption Maxima
(λmax) and Corresponding Energies (Emax) of
Dehydroannulenes6,60b,77,123b,126

compd solvent
λmax (nm)

[ε (M-1 cm-1)]
Emax
(eV)

189 isooctane 457 (177) 2.71
51 cyclohexane 405 (sh, 790) 3.06
190 ether 352 (45100) 3.52
196a pentane 614 (270) 2.02
196b pentane 453 (56000) 2.74
197a chloroform 566 (sh, 20600) 2.19
197b chloroform 533 (sh, 99000) 2.33

Chart 28
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and as a crystalline solid. However, in the absence
of oxygen, it is stable. Compound 51 is highly
unstable in the crystalline state; it decomposes within
a few hours at room temperature and explodes at ca.
85 °C. Compound 190 has an explosion point of ca.
130 °C.

The dodecadehydro[18]annulene 191 (Scheme 18)
was prepared by Diederich et al.124 This annulene

serves as a precursor to cyclo[18]carbon 192, since it
can lose three anthracene units in a retro-Diels-
Alder reaction upon laser pyrolysis. Compound 191
is aromatic according to 1H NMR criteria and is
among the most stable [18]annulenes ever reported.
Thus, it can be heated to 250 °C in the solid state
(sealed tube) without decomposition and is perfectly
stable to air.

The cycles 193a-c and 194a-c represent ex-
amples of cyclobutenodehydroannulenes prepared by
Diederich and co-workers125 by oxidative cyclization
of enediyne precursors. The formation of a mixture
of macrocyclic oligomers (193a-c) obtained in the
oxidative cyclization differs strikingly from the ex-
clusive formation of [18]annulene 51 in the cycliza-
tion of (Z)-1, as reported by Okamura and Sondhe-
imer.6 All three compounds are kinetically quite
stable, and crystals can be kept for weeks at room
temperature and ambient atmosphere without no-
ticeable decomposition. Similarly, the cyclic com-
pounds 194a-c were obtained upon oxidative cy-
clization, as mixtures of diastereoisomers. In this
series, the trimer is slightly unstable (Chart 29).

(Z)-TEEs were employed as building blocks for the
construction of stable, perethynylated dehydroannu-
lenes 195a,b,126 196a,b,126 and 197a,b.60b,127b Both
196a and 197b were found to have planar cores
according to X-ray crystallographic analysis, and
their electronic absorption bands show considerable
vibrational fine structure. In agreement with its
antiaromaticity, the per(silylethynylated) dehydro-
[12]annulene 196a featured a much lower HOMO-
LUMO gap (2.02 eV, Table 8) than the corresponding
aromatic dehydro[18]annulene 196b (2.74 eV), with
weak bands appearing between 490 and 620 nm,
leading to a characteristic magenta-purple color. In
the donor-substituted antiaromatic dehydro[12]-
annulene 197a, these weak bands are now completely
overlapped by an intramolecular CT transition with

absorption maximum λmax ) 518 nm (2.39 eV, ε )
35100 M-1 cm-1) and end absorption around 700 nm
(1.77 eV) (shoulder at 566 nm, Table 8). The dehydro-
[18]annulene 197b exhibits a CT absorption band
also at 518 nm, but with a much higher intensity
(ε ) 105200 M-1 cm-1), and a shoulder at 533 nm.
Clearly, both 197a and 197b are capable of mediating
π-electron donor-acceptor conjugation in a similar
fashion, but it is somewhat surprising that the
intensity of the CT band of 197a is significantly
weaker than that of 197b, even when the smaller
number of donor-acceptor conjugation paths is taken
into account. One might have expected the CT to be
more efficient in the [12]annulene, as the uptake of
electrons reduces the antiaromaticity, whereas, in the
case of [18]annulene, the uptake of electrons is
accompanied by loss of aromaticity (Chart 30).

12.2. Expanded Radialenes
Radialenes are a series of all-methylidene-substi-

tuted cycloalkanes of molecular formula CnHn.128

Upon formal insertion of ethynediyl or buta-1,3-
diynediyl moieties into the cyclic framework, the
carbon-rich homologous series of expanded radialenes
with the molecular formulas C2nHn and C3nHn, re-
spectively, are obtained.

Scheme 18. Formation of Cyclo[18]carbon upon
Laser-Induced Retro-Diels-Alder Reaction of
Dodecadehydro[18]annulene 191124

Chart 29

Chart 30
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The perethynylated [3]radialenes 198 and 199,
consisting of three gem-DEE units, were prepared by
Diederich and co-workers.129 The electronic absorp-
tion spectrum of 198 extends to an end absorption
around 620 nm with the longest wavelength band at
λmax ) 567 nm (Table 9). This band is thus remark-

ably red shifted relative to that of gem-DEE 24a
(246.8 nm). X-ray crystallographic analysis reveals
that the perethynylated core is nearly planar with a
maximum deviation of 0.046 Å out of the best plane.
The radialene is readily reduced in two reversible
one-electron transfers occurring at -0.52 and -1.09
V in CH2Cl2 (vs Ag/AgCl). The easy electron uptake
was recently explained in a theoretical study by an
aromaticity enhancement upon reduction (Chart
31).130

Geminally substituted TEEs are perfect building
blocks for the construction of perethynylated ex-
panded radialenes. The macrocycles 200a-c, 201a-
c, and 202a-d represent examples hereof.81,96b,126b

The absorption spectra of the expanded radialenes
were compared to those of their related TEE dimers,
which serve as models for the longest linearly con-
jugated π-electron fragment in the macrocycles.

Within each radialene series, the optical end absorp-
tion remained almost constant, and hence not de-
pendent on the ring size. The donor-substituted
radialenes 201a-c and 202a-d displayed strong CT
transitions (Table 9), with end absorptions extending
to 575 and 750 nm, respectively. The electron-
accepting ability of the cyclic core was also evidenced
electrochemically. The radialenes exhibit a strong
ability to accommodate electrons upon reduction.
Thus, in all three series, the first reduction occurred
at anodically shifted potentials relative to the refer-
ence TEE dimers; the shifts were observed as fol-
lows: +170-440 mV for 200a-c relative to 87,
+210-330 mV for 201a,b relative to 203,81 and
+240-320 mV for 202a-c relative to 88. Thus, the
radical anions of expanded radialenes are very stable,
in particularly those of the expanded [3]- and [4]-
radialenes, which might be due to some gain of
aromaticity upon reduction (Chart 32).130

X-ray crystal structure analysis of the expanded
[6]radialene 201b reveals that the cyclic core adopts
a nonplanar, “chairlike” conformation, with an aver-
age torsional angle of 57.2°.81 Each buta-1,3-diynediyl
moiety only deviates slightly from linearity. Thus, the
corresponding bond angles vary from 174 to 180°. The
six individual TEE units are almost planar, with
deviations up to only 0.03 Å from the mean plane.

The ethynediyl-expanded radialene 204, hybrid
radialenes 205 and 206, and cyclic bis-DEEs 207a-e
were prepared by Tykwinski and co-workers.66,131 The
absorption spectrum of [6]radialene 204 is conve-
niently compared to that of rotationally unencum-
bered, acyclic 208 (expanded dendralene). Compound
208 shows two low energy absorptions at λmax ) 283
nm and about 305 nm for cisoid and transoid ene-
yne-ene orientations, respectively. Structurally rigid
radialene 204 shows only one major low energy
absorption, at 286 nm, which is ascribed to the cisoid
ene-yne-ene conformation in this molecule. The UV/
vis spectra suggest that homoconjugation contributes
little to the overall π-electron delocalization in 204,
since this radialene has similar absorption charac-
teristics to acyclic 208.131a The similar absorption
energies predict virtually the same extent of overall
π-delocalization in the two molecules as a sum of
linear and cross-conjugation (Charts 33 and 34).

The major electronic absorption of hybrid radialene
205 is at λmax ) 293 nm and is hence slightly red
shifted (by 10 nm) relative to the same absorption in
204.131a This red shift is possibly the result of
increased planarity in 205. The absorption spectrum
has an additional low energy band around λmax ) 336

Table 9. Longest Wavelength Absorption Maxima
(λmax) and Corresponding Energies (Emax) of
Radialenes66,81,96b,126b,129,131

compd solvent
λmax (nm)

[ε (M-1 cm-1)]
Emax
(eV)

198 hexane 567 (41000) 2.19
200a hexane 451 (77200) 2.75
200b hexane 441 (107800) 2.81
200c hexane 446 (77700) 2.78
201a chloroform 505 (sh, 51100) 2.46
201b chloroform 499 (sh, 60200) 2.48
201c chloroform 508 (sh, 84600) 2.44
202a chloroform 646 (171000) 1.92
202b chloroform 636 (sh, 114000) 1.95
202c chloroform 630 (sh, 64400) 1.97
202d chloroform 609 (sh, 77600) 2.04
204 chloroform 286 (53600) 4.34
205 chloroform 336 (13200) 3.69
206 chloroform 336 (6200) 3.69
207a chloroform 333 (26000) 4.73
207b chloroform 331 (27800) 3.75
207c chloroform 329 (29500) 3.77
207d chloroform 329 (30500) 3.77
207e chloroform 328 (24500) 3.78

Chart 31

Chart 32
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nm. For 206, an intense absorption is seen at λmax )
280 nm and a weaker at 336 nm.66

Tykwinski and co-workers131b investigated the char-
acteristics of enyne macrocycles 207a-e as a function
of ring strain. These molecules can also be regarded
as cyclic expanded dendralenes. X-ray crystallo-
graphic analyses reveal that the planarity of the
conjugated portion of the macrocycles in the solid
state varies considerably and is not associated di-
rectly with decreasing ring size. The angles between
the planes C1-C2-C3-C4 and C5-C6-C7-C8 pro-
vide an estimate of the planarity. For the most
conformationally flexible macrocycle 207e, with two
crystallographic independent molecules A and B, the
twist angle is greatest for molecule A at 22.2(2)° and
somewhat smaller for molecule B at 12.3(7)°. The
twist is approximately equal for 207c and 207d at
3.36(19) and 2.82(13)°, respectively. Macrocycle 207b
is quite distorted out of planarity as a result of the
small alkyl bridge in the molecule, with an angle of
8.22(16)°. Despite the considerably increased ring
strain of 207a, the twist angles at 7.0(2) and 6.2(2)°
for the two crystallographically independent mol-
ecules A and B, respectively, are greater than those
angles in either 207c or 207d. Increased twist and
bond strain in the conjugated portion of 207a is
necessary for the accommodation of a small ethanediyl
bridge and the two exo-methylene moieties in this
macrocycle. The longest wavelength absorption
maxima for the five cycles are collected in Table 9.

Tobe et al.132 prepared the expanded radialenes
209a-d with bicyclo[4.3.1]decatriene units.133 In

negative mode laser desorption time-of-flight mass
spectra, these expanded radialenes exhibited peaks
assignable to the corresponding cyclo[n]carbon anions
(n ) 18, 24, 30, and 36) formed by the stepwise loss
of the aromatic indane fragments (Scheme 19) fol-
lowed by isomerization of the resulting vinylidenes
(210a-d) (Chart 35).

12.3. Radiaannulenes
Recently, the new family of all-C macrocycles 212-

218 was reported.127 These molecules can, from a
structural viewpoint, be regarded as hybrids between
dehydroannulenes and expanded radialenes and
were therefore called radiaannulenes. The X-ray
crystal structure of radiaannulene 212 shows a
virtually planar macrocyclic framework with a mean
out-of-plane deviation of 0.040 Å and a maximum
deviation of 0.091 Å. Strain in the 16-membered ring
is expressed by bending of the three buta-1,3-
diynediyl moieties with CtC-C(sp) angles as low as
169.2° and by a deviation of the C(sp)-C(sp2)-C(sp)
angles at the exocyclic ethylene units from ideally
120° to ca. 111°. Most strain occurs, however, at the
macrocyclic CtC-C(sp2) angles with a bending from
ideally 180° to ca. 164° (Chart 36).

The anilino-substituted monocyclic perethynylated
radiaannulenes also display intense intramolecular
CT bands in chloroform that disappear upon acidi-
fication, and similar UV/vis spectra are obtained for
the protonated compounds. Position and intensity of
the CT band are affected by the number of peripheral
donor groups. Thus, the CT band of dianilino-
substituted 212 is rather weak (λmax ) 588 nm, ε )
31900 M-1 cm-1) and detectable only as a shoulder.
In contrast, hexaanilino-substituted 213 features a

Chart 33

Chart 34

Scheme 19. Formation of Cyclo[n]carbons in
Negative-Mode Laser Desorption Time-of-Flight
Mass Spectrometry from Expanded Radialenes
209a-d132

Chart 35
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split CT band (λmax ) 521 nm, ε ) 106100 M-1 cm-1

and λmax ) 615 nm, ε ) 99900 M-1 cm-1), being much
more intense and bathochromically shifted. The end
absorptions of both compounds, however, are nearly
identical (around 700 nm, 1.77 eV). Introducing two
4-nitrophenyl acceptor groups in 215, while keeping
four peripheral anilino donor groups, does not affect
the position of the longest wavelength maximum of
the split CT band as compared with hexa-donor-
substituted 213. The end absorption, however, shifts
substantially to ca. 800 nm (1.55 eV) in 215. The
intramolecular CT can be further assessed by deter-
mining the quinoid character of the anilino ring. On
the basis of the bond lengths from the X-ray crystal
structure analysis, an average value δr ) 0.0245 is
calculated for the two anilino groups of 212, indicat-
ing considerable quinoid character of the rings and
signaling the existence of intramolecular CT in the
ground state.

The compounds 219-225 served as precursors for
the radiaannulenes.127 A comparison of the UV/vis
spectra of acyclic TEE trimer 220 and radiaannulene
213 reveals a significant difference. On one hand, the
longest linear π-conjugation pathways in both com-
pounds are identical, and the optical end absorptions
occur at similar wavelengths (around 700 nm, 1.77
eV). On the other, however, the lowest energy band
with CT character in acyclic 220 appears at λmax )
486 nm (ε ) 98800 M-1 cm-1), whereas hexaanilino-
substituted 213 features a split CT band at λmax )

521 and 615 nm. Hence, the fact that the acetylenic
core of 213 is a better electron acceptor (as expressed
by the bathochromic shift of the CT band) is a special
feature of the macrocyclic scaffold. A similar effect
was also observed for the anilino-substituted ex-
panded radialene 202a, which displays a pronounced
macrocyclic π-conjugation effect when compared with
acyclic TEE dimer 88 possessing the same longest
linear π-conjugation pathway (Chart 37).81

Dehydroannulene 197b, expanded radialene 202a,
and radiaannulene 213 are all macrocyclic TEE
trimers with the same number of peripheral anilino
donor groups. Nonetheless, their UV/vis spectra
display profound differences. The longest wavelength
CT absorption shifts bathochromically from λmax )
518 nm in 197b (with a shoulder at 533 nm) to 615
nm in 213 and to 646 nm in 202a, while at the same
time, the optical end absorption also shifts from
around 700 nm (in 197b and 213) to around 750 nm
(in 202a). Furthermore, the exceptionally high molar
extinction coefficient of the CT band of radialene
202a (λmax ) 646 nm, ε ) 171100 M-1 cm-1, Table
9), when compared with 197b, is noteworthy. Clearly,
the capability of macrocyclic TEE scaffolds to mediate
CT interactions depends much on the arrangement
of the TEE moieties in the macrocyclic all-carbon
perimeter.

Bicyclic radiaannulene 218 with its electron-ac-
cepting C50 core features the most intense and the

Chart 36

Chart 37
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most bathochromically shifted CT absorptions of all
macrocyclic TEE derivatives prepared so far. Its UV/
vis spectrum displays two intense maxima at λmax )
558 nm (ε ) 176700 M-1 cm-1) and λmax ) 698 nm
(ε ) 85900 M-1 cm-1). The end absorption reaches
850 nm (1.46 eV), which is the lowest energy one
known for TEE oligomers. Even expanded [5]- and
[6]radialenes with C50 and C60 cores and 10 or 12
peripheral anilino groups, respectively, do not feature
such low energy CT transitions and optical end
absorptions. This observation is interpreted as strong
evidence for particularly efficient electronic com-
munication within the bicyclic core of 218.

The bicyclic octaanilino-substituted radiaannulene
218 shows three well-separated, one-electron reduc-
tion steps at -0.99, -1.36, and -1.78 V vs Fc+/Fc in
THF. Remarkably, these potentials are less negative
than those measured for hexaanilino-substituted
macrocycles, which already indicates that the bicyclic
all-C core has exceptional electron-acceptor proper-
ties. Two irreversible oxidation peaks for the anilino
groups are observed at +0.48 and +0.57 V. Bicyclic
radiaannulene 217, lacking anilino donor groups,
displays an extremely low first reduction potential
at -0.83 V. This is the lowest value (i.e., less
negative, relative to Fc+/Fc) observed for any mac-
rocyclic TEE oligomer and is even lower than the first
reduction potential of buckminsterfullerene C60 (-1.02
V under comparable conditions69,134), which is con-
sidered as a very good electron acceptor.

12.4. Benzo-Fused and Other Annelated
Dehydroannulenes

Benzannelated dehydroannulenes have attracted
for decades the interest of several groups with respect
to the extent of delocalization in the macrocyclic
ring.135 In other words, the question was raised and
answered to what extent annulenoid macrocyclic
conjugation can compete with the strong benzenoid
conjugation when the macrocycle is fused to benzene,
naphthalene, and other benzenoid aromatic ring
systems.

We shall limit our coverage of this extensive topic
to some recent studies of benzannelated octadehydro-
[14]annulenes. Thus, these annulenes were prepared
with the prospect to elucidate the degree of aroma-
ticity in comparison to the parent octadehydroannu-
lene 226. Compounds 227-231 provide examples
hereof.136,137 Table 10 lists the alkene proton chemical

shifts for these compounds and the 1,2-dihydro
analogue 62 where the cyclic conjugation is broken
by an ethanediyl bridge. It transpires that the alkene
protons of 226 are significantly downfield shifted
relative to those of 62, which signals the presence of
a diatropic ring current. Upon benzannelation, the
alkene protons shift upfield. The shift becomes more
and more significant as the number of fused benzene
rings increases from one (227 and 228) to two (229
and 230). Thus, benzannelation reduces aromaticity
in the annulene circuit, a finding that confirms the
pioneering work by Staab and co-workers on other
benzannelated dehydroannulenes.135a-c,e Studies of
the thieno[14]annulenes 232 and 233 also provide
useful information. Thus, from NMR spectroscopy,
it appears that the thiophene ring in 232 retains
more of its benzenoid ring current as compared to a
related acyclic analogue than did the thiophene ring
in 233. In 233, the increased double bond character
at the site of fusion results in an increase in the [14]-
annulenic circuit in comparison to that in 232. Thus,
the resonances of each of the alkene protons of 233
(δ ) 7.60, 7.58, 7.02, and 6.97 ppm) appear more
downfield than those of 232 (δ ) 6.93 and 6.32 ppm)
with a less pronounced macrocyclic diatropicity (Chart
38).

Chart 38

Table 10. Alkene Proton Chemical Shifts (ppm)a of
Dehydro[14]annulenes136

protonb 226 227 228 229 230 62

H1 7.77 7.03 6.72
H2 7.77 7.16 6.72
H11 7.39 6.73 6.74 6.37 5.79
H12 7.92 7.41 7.24 7.01 6.17

a Solvent: CD2Cl2. b For numbering, see Chart 38.
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The fusion of [14]dehydroannulene to any cyclic
π-system offers the opportunity to elucidate the
(relative) aromaticity of the latter, such as of fer-
rocene in comparison to benzene. Bunz and co-
workers138 studied the ferrocene-based dehydro[14]-
annulene 234. The alkene protons in the annulene
ring appear at δ 6.75 and 6.21 ppm, which is upfield
shifted relative to those of 227. Consequently, a
benzene ring disturbs the aromaticity of the fused
dehydro[14]annulene less than a ferrocene ring. In
other words, ferrocene is more aromatic than benzene
by this measure. Using again the alkene protons in
the dehydroannulene ring as sensors, the aromaticity
of CpCo-complexed cyclobutadiene was elucidated in
a study on molecule 235.138b,c The alkene proton
chemical shifts appear at δ 6.52 and 6.18 ppm, and
according to the applied criterion, CpCo-complexed
cyclobutadiene is accordingly more aromatic than
both ferrocene and benzene.

Srinivasan et al.139 prepared the [6.6]metacyclo-
phane 236 with DEE bridges. X-ray crystallographic
analysis reveals that the structure is nearly planar.
In the 1H NMR spectrum, the intra-annular protons
appear as a singlet at δ 7.82 ppm, that is, more
deshielded than the rest of the aromatic protons,
which resonate at δ 7.15 and 7.4 ppm. The alkene
protons appear as a singlet at δ 6.05 ppm (Chart 39).

Hopf, Haley, and co-workers140 synthesized [2.2]-
paracyclophane 237 with an additional bis-(Z)-DEE
bridge connecting the two benzene rings. Comparison
of the electronic absorption spectrum to that of 227
and related acyclic counterparts reveals the presence
of “global” transannular delocalization between the
two aromatic decks (Chart 40).

13. Cages
Much work has been devoted to the synthesis of

carbon-rich cages as precursors for buckminster-
fullerene C60 and three-dimensional carbon net-
works.4,141 The cages 238 and 239 contain (Z)-DEE
linkages with labile substituents.142 Thus, exhaustive
decarbonylation of 238 or elimination of indane
fragments in a retro-[2+2]-cyclization from 239 can
provide access to macrocycle 240 (C60H6). In laser
desorption mass spectra of 238 and 239, ions corre-

sponding to C60H6
•- were indeed observed. Moreover,

base peaks for C60
•- ions were observed with associ-

ated fragment ions resulting from the loss of C2 units
(C58

•-, C56
•-), which indicates a likely fullerene struc-

ture for the ions corresponding to C60 and the
involvement of 240 in their formation by a polyyne

Chart 39

Chart 40

Chart 41

Chart 42

Chart 43
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cyclization mechanism.143 Rubin et al.141,144 prepared
the cage 241 containing two double bonds in each
polyyne bridge. In the ion cyclotron resonance mass
spectrum (negative mode) of 241, partial dehydroge-
nation down to C60H14

- was observed (Charts 41-
43).

Smaller segments of C60, such as corannulene, have
also been targeted from DEE-based precursors. Thus,
pyrolysis of the geminal DEE 242 provided corannu-
lenes 243, as well as other polycyclic aromatic
hydrocarbons (Scheme 20).145

14. DEEs in Supramolecular Chemistry

14.1. Donor −Acceptor Complexes
Perfect planarity makes it possible for tetrakis-

(phenylethynyl)ethene 31a to form highly ordered 1:2
stoichiometric donor-acceptor π-complexes in the
solid state with electron deficient molecules, such as
2,4,7-trinitrofluoren-9-one 244 and (2,4,7-trinitrof-
luoren-9-ylidene)malonitrile 245.70b,d The interplanar
separation between molecules 31a and 244 within
the complex [31a‚2442] and between 31a and 245
within the complex [31a‚2452] is 3.39 and 3.33 Å,
respectively. In solution, relatively weak 1:1 com-
plexes with each of these two acceptors are formed,
with association constants of 7.9 and 31.5 M-1,
respectively, at 300 K in CDCl3. Addition of both 244
and 245 to solutions of 31a resulted in instantaneous
color changessthe yellow solution of 31a turning
orange-red on addition of 244 and green on addition
of 245. The observed color change is a result of the
appearance of intermolecular CT absorption bands
in the visible region of the spectrum with maxima
at ca. 520 (shoulder, 31a‚244) and 630 (31a‚245) nm.
TEE 31a exhibits an intense blue fluorescence
[λmax(emission) ) 445 and 470 nm, λexc(excitation) 410
nm], which is quenched upon addition of 244. The
complexation between 244 and 245 with the related
molecules 246-249 was also studied.70d The following
association constants were determined between 244
and 246-249: 1.6, 10.3, 9.9, and 1.6 M-1, respec-
tively. Between 245 and 246-249, the association
constants are 3.2, 27.8, 29.6, and 2.2 M-1, respectively
(Charts 44 and 45).

14.2. Control of Bergman Cyclization
König and Rütters146 prepared the bis(crown ether)

functionalized DEE 250 and studied the binding of
alkali metal ions and how this complexation affected
the ability to undergo the Bergman cyclization.147 On
treatment with sodium hexafluorophosphate, two
sodium cations are bound, whereas with potassium
ions a sandwich complex is formed. The thermal
reactivity of the DEE moiety toward cyclization was
investigated by differential scanning calorimetry. At
lower temperatures, an endothermic process was
observed corresponding to melting (250, 360 K; 250‚
2NaPF6, 390 K; 250‚KPF6, 420 K). At higher tem-
peratures, an exothermic dip occurred, which may
indicate beginning of the cyclization process: at 415
K for 250, at 430 K for 250‚2NaPF6, and at 442 K
for 250‚KPF6. The energy evolved corresponded to
160, 155, and 162 kJ/mol, respectively. These large
values suggest a radical process. The reaction is
possibly initiated by the cyclization process forming
the diradical, which can then further polymerize with
the enediyne moiety of unreacted material. Indeed,
the process was found to be irreversible. The in-
creased thermal stability of the metal complexes
might originate from their presumable more rigid
conformation. Electrostatic repulsion of the sodium
ions in 250‚2NaPF6 and the intercalation of the large
potassium ion in 250‚KPF6 could hinder the approach
of the triple bonds for cyclization (Chart 46).

14.3. Macrocyclic Ligands
Campbell et al.148 prepared the macrocycle 251

containing two pyridine coordination sites (Scheme

Scheme 20. Generation of Corannulenes by
Pyrolysis of 242145

Chart 44

Chart 45

Chart 46
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21). Adding this macrocycle to cis-[(TfO)2Pt(PEt3)2]
in CH2Cl2 over a period of 2 days gave after slow
evaporation of the solvent crystals of the complex
252. This material was thermally very stable and
decomposed only at temperatures higher than 245
°C. X-ray crystallographic analysis reveals that the
macrocycle adopts a boatlike conformation in the
assembly.

15. Conclusions
Since the pioneering investigations of Sondheimer

and Bergman and their co-workers, a large selection
of conjugated scaffolds based on the DEE unit has
been prepared. The construction of these novel one-
and two-dimensional structures, which often extend
to multinanometer-sized dimensions, has greatly
benefited from two types of synthetic reactions:
oxidative acetylenic coupling introduced by Glaser
more than 120 years ago and refined by Eglinton149

and Hay150 and co-workers in the 1960s and the
diverse and efficient Pd-catalyzed cross-coupling
protocols invented over the past 30 years. Investiga-
tions of DEE-based structures have been rewarding
from both fundamental and technological viewpoints.
On one hand, they have greatly enhanced our fun-
damental understanding of π-electron delocalization
in linear and cyclic systems. On the other, they have
led to new “war heads” for antitumor drugs and
produced novel advanced materials with exceptional
optoelectronics properties that could find future use
in practical devices. The latter perspective is quite
realistic in view of the often remarkable thermal
(kinetic) stability of DEE-based scaffolds, contrasting
their high thermodynamic instability. Both the syn-
thesis and the properties of DEE-based structures
have been comprehensively reviewed for the first
time in this article, which we hope expresses the clear

take-home message that many more exciting findings
in this area remain to be made in future research.
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