
COMMUNICATIONS

2082 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4112-2082 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 12

Structural Dependence of Redox-Induced
Dimerization as Studied by In Situ ESR/UV/
Vis-NIR Spectroelectrochemistry:
The Fluoranthenopyracylene Oligomers**
Lothar Dunsch,* Peter Rapta, Niels Schulte, and
A. Dieter Schl¸ter

Reversible dimerization reactions of electrochemically
produced organic radical ions are used as a general model
for the explanation of charge injection in conducting oligo-
mers and polymers.[1±4] Our main interest in this field is to
investigate the driving force of dimerization in such structures.
While detailed electrochemical and spectroscopic studies of
conjugated compounds have been presented by several
groups,[5±11] the number of in situ spectroelectrochemical
investigations resulting in more direct information on the
structural situation during dimerization is limited and the
formation of � dimers has not been demonstrated by in situ
techniques. Furthermore, a variety of structures is needed to
understand the dimerization as a general reaction of oligo-
meric systems. Thus monodisperse organic compounds with
low molecular weight such as naphthalene diimides,[5] thian-
threnes,[6] bipyrrols,[7] bithiophenes,[8] and extended conjugat-
ed oligomers, for example, oligothiophenes,[9] oligophen-
ylenes,[10] and oligopyrroles[11] were used for such studies.

For structural studies of the reaction products at electrode
surfaces the spectroelectrochemical techniques (including
ESR/UV/Vis-NIR spectroscopy at different temperatures)
were applied.[12] The existence of both � and � dimers of
oligopyrrols after a charge-transfer reaction has been dem-
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onstrated.[7] We report here the oligomer-length dependence
of such dimerization reactions and the stabilization of charged
states in conjugated � systems.

While single-stranded oligomer chains are used to support
the general scheme of redox-induced dimerization, we have
used the recently synthesized unsaturated fluoranthene-type
structures with ladder topologies. Such molecules have
extended 2D � conjugation so can stabilize their charged
state better than single-stranded oligomers and are thus a
good model with which to study for the chain-length depend-
ence of oligomer dimerization reactions following an elec-
tron-transfer step. Furthermore, they carry solubilizing chains
which enable the study of single solvated molecules without
the interference of ordering phenomena.

Compounds 3a ±d (n� 1,2,4,6) were prepared according to
the literature (3a)[13] or from compounds 1 and 2 (Scheme 1).
In the latter case the main steps are Diels ±Alder reactions of
the bisdiene 1[14] with dienophiles 2 (n� 1,2), cheletropic
CO elimination, and dehydrogenation of the primary adducts
with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ).

The optical, redox, andmagnetic properties of the oligofluor-
anthenes 3 (Scheme 1) were investigated by cyclic voltamme-
try and in situ ESR/UV/Vis-NIR spectroelectrochemistry and
the structures of the products generated by the charge transfer
in solution were also determined spectroscopically.

The increase in the �-conjugation length of 3a ± 3d is
reflected by the bathochromic shift of the absorption bands
(Figure 1a): 3a �� 310, 429 nm, 3b �� 340, 496 nm, 3c ��
357, 546 nm, and 3d �� 370, 565 nm. The optical band gap for
infinite ladder-type polymer (n�� ),Eg� 2.05 eV, was found
by extrapolation assuming the linear dependence of the
evaluated optical gap (Eg) with the inverse of the degree of
polymerization (n�1; see Figure 1b; even though the first

Figure 1. a) Absorption spectra of 3a ± 3d in o-dichlorobenzene, b) de-
pendence of optical band widthEg (�) and of redox potentialE1/2 (�) on the
reciprocal chain length of the oligomer n�1.

indications that this linearity is not generally found in
conjugated systems were recently reported[15]). The electro-
chemical half-wave redox potentials of 3a ± 3d (Figure 1b) for

the first electron transfer (E1/2) correlate well with
the inverse of the oligomer length and the linear
extrapolation to n�� results in E1/2��0.9 V
(versus Ag/AgCl).
3a (n� 1) is electrochemically reduced in an

one-electron step at E1/2��1.65 V (versus Ag/
AgCl; Figure 2a). In the anodic back scan the
appearance of a full re-oxidation peak points to a
high stability of the generated anion radical. The
UV/Vis-NIR and the ESR spectra of 3a (Fig-
ure 3a) and its reduction products, measured
during cyclic voltammetry, show that the one-
electron reduction generates a radical anion with
optical bands in the visible (555 nm) and the NIR
(1390 nm) region. The intensity of the corre-
sponding ESR signal (inset in Figure 3a) corre-
late well with the above-mentioned optical bands
arising from transitions between the SOMO�
LUMO and HOMO�SOMO orbitals. The
analysis of the ESR spectrum gives the exper-
imental splitting constants 8aH� 0.28 mT and
4aH� 0.05 mT. Semiempirical AM1 (geometry)
and ab initio 6-31G* (spin distribution) cal-
culations indicate that the C6H4C12H25 sub-
stituents are twisted out of plane with a twist
angle of 85� and most of the spin density isScheme 1. Synthesis and structure of 3a ± 3d.
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Figure 2. Cyclic voltammograms of 3a ± 3d in 0.1� TBABF4/o-dichloro-
benzene at a platinum electrode and a scan rate of 200 mVs�1.

delocalized over the whole planar part of the molecule.
Therefore, the 12 splittings assigned to hydrogen atoms can be
attributed to the protons of the two naphthalene groups on
the periphery. A similar spin-density distribution was ob-
served in the case of the radical anion of 9,10-diphenylan-
thracene, where the assignment of the splitting constants was
determined unambiguously by using ENDOR splittings and
selective deuteration.[16]

In addition to the optical spectra of radical anions we
observed a new absorption band at 685 nm in the region of the
first electron transfer, which increased during the reduction
(Figure 3a). This can be attributed to a � dimer (3a ± 3a)2�

formed by a chemical follow-up reaction of the radical anion
3a .� as observed for short �-conjugated molecules.[7]

The oxidation of 3a is more complex than the reduction.
The cyclic voltammogram indicates the irreversible reaction
of a less-stable radical cation. The presence of the follow-up
products formed can be seen in the second cyclic voltammet-
ric scan (Figure 2b; a detailed analysis of the oxidation
products will be described elsewhere). According to recent
results on photophysical and electrochemical properties of
substituted 7,12-diphenylbenzo[k]fluoranthenes we can at-

Figure 3. Vis-NIR and ESR (insets) spectroelectrochemistry of 3a ± 3d
and their reduction products, the spectra were recorded simultaneously to
the voltammetric cycles (the potentials correspond to Figure 2a). a) 3a at
the first reduction peak, b) 3b at the first two reduction peaks, c) 3c at the
first two reduction peaks, d) 3d scan from �0.6 to �1.5 V.

tribute these products to a singly or doubly �-bound dimer,
formed irreversibly during the oxidation under elimination of
protons.[17]

In 3b (n� 2), the next higher homologue of 3a, the radical
anion is more stable and the cathodic formation of a stable
dianion is observed (Figure 2a). The cyclic voltammogram
shows two reversible one-electron reduction steps at E1/2�
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�1.24 V and �1.5 V. In the first reduction peak a stable
radical anion (inset in Figure 3b) formed in high yield was
detected by in situ ESR spectroscopy. The well resolved five-
line ESR spectrum with a very small coupling constant 4aH�
0.06 mT indicates a similar spin distribution to that in 3a .� .
The spin is preferably localized on the planar part of the
molecule which is larger than in 3a while the twisted
C6H4C12H25 substituents again do not conjugate effectively
with the planar part. The electrochemical reduction of such
structures containing the indeno[1,2,3-cd]fluoranthrene moi-
ety which form stable radical anions has been reported.[18] In
the UV/Vis-NIR spectrum a remarkable shift of the NIR
absorption of the radical anion 3b .� to the lower values
(1310 nm) and of the visible absorption to the higher values
(660 nm) in comparison to 3a .� (1390 nm and 555 nm) was
found. No reaction products of 3b .� were detected and no
changes with time were observed both in its optical and ESR
spectra even at 260 K. The absence of a follow-up reaction
supports a stabilization of the charged 3b and points to
negligible dimer formation. In the second reduction step a
new optical band at 1145 nm is found as expected for the ion
3b 2�.

Further extension of the �-system in 3c (n� 4) results in
four reversible reduction steps (Figure 2a). The first cyclic
voltammetric peak which is less cathodic than for 3a and 3b is
a superposition of two one-electron transfers with close half-
wave potentials (�1.1 V and �1.2 V) indicating that the two
electrons are transferred successively to the tetramer. A very
weak single-line ESR signal was recorded during the voltam-
metric scan in this potential region (inset in Figure 3c). The
tetramer exists as a dianion and only a minor amount of an
radical anion is formed by symproportionation of 3c with 3c2�

in the diffusion layer at the electrode. A new absorption band
at 730 nm and a very broad one in the NIR region (1200 ±
1800 nm) appear during the cathodic scan (Figure 3c) which
are attributed to the 3c2� ion. The extended � system of the
tetramer stabilizes the dianionic structure by minimizing the
interactions between the two negative charges and dimeriza-
tion is thus prevented.

The redox behavior of the hexamer 3d with the largest �-
system gives a broad cyclic voltammetric response. Several
successive one-electron transfers (similar to first two one-
electron transfers to the tetramer 3c) are detected (Figure 2).
No ESR signal was detected in this case (inset in Figure 3d).
The optical absorption band at 740 nm and the broad one in
the region 1200 ± 1800 nm (Figure 3d) are also attributed to
multicharged structures as for 3c. The ESR-silent doubly
charged structures are similar to the electronic state of a
bipolaron or a dication in a 1Ag singlet ground state carrying
two individual polarons.[19]

Summarizing the influence of the oligomer length on the
dimerization of the compounds 3a ± 3d (Scheme 1) as studied
by cyclic voltammetry and in situ ESR/UV/Vis-NIR spec-
troelectrochemistry, radical anions were found in the first
reduction step for structures 3a, 3b, and to a very small extent
for 3c. While 3a .� is in equilibrium with its �-dimer in
solution, 3b .� is already strongly stabilized and its dimeriza-
tion is negligible in the studied temperature range (260 ±
290 K). The extended �-conjugation in structures 3c and 3d

is found to be sufficient for stabilization of charges in the
molecule without dimerization. Thus, extension of the � sys-
tems in the homologous series described here disfavors
chemical dimerization. This finding is an indication that
dimerization in organic conducting polymers may not neces-
sarily be a general mechanism for the stabilization of radical
ions.

Experimental Section

Synthesis of 3d (n� 6): 1 (50 mg, 0.04 m�) and 2 (n� 2) (137 mg; 0.09 m�)
were heated under reflux in toluene (20 mL) for 48 h under nitrogen. After
cooling, neat DDQ (20 g, 0.09 m�) was added and the resulting solution
stirred for 30 min. The solution was then filtered through a short silica-gel
column and the solvent removed. The residue was purified by chromatog-
raphy on silica gel (eluent: hexane/toluene� 5/1) to give 3d (n� 6) as an
intensely purple powder (114 mg, 67%). 1H NMR (CDCl3, 500 MHz): ��
0.9, 1.4, 1.8, 2.7, 6.1, 6.6, 7.4 ppm; 13C NMR (CDCl3): �� 14.1, 19.7, 22.7, 24.5,
27.1, 29.4, 30.1, 31.9, 32.8, 35.7, 37.1, 37.4, 124 ± 142 ppm (aromatic C);
LD-MS: m/z 4250 [M�].

The cyclic voltammograms were obtained using platinum wire as working
and counter electrodes. An Ag/AgCl electrode served as reference, and the
cyclic voltammetric measurements were carried out in a glove box (oxygen
and water content below 1 ppm) with a Princeton Applied Research (PAR
270) universal electrochemical system. Ferrocene/ferricenium ion (Fc/Fc�

(E1/2(Fc/Fc�)� 0.44 V vs. Ag/AgCl) was used as an internal potential
marker. The scan rate was 200 mVs�1.

Laminated platinum-mesh electrodes were used in all spectroelectrochem-
ical experiments. Redox cycling of the solutions of the compounds under
study in simultaneous ESR and UV/Vis-NIR measurements[12] was carried
out in 0.1� tetrabutylammoniumtetrafluoroborate (TBABF4; Fluka, dried
under reduced pressure at 70 �C for 24 h and stored in a glove box) in o-
dichlorbenzene (Aldrich, doubly distilled under argon over calcium
hydride before use), the scan rate was 10 mVs�1. A silver wire served as
a pseudo reference electrode and a platinum wire as a counter electrode.
ESR spectra were recorded by the 300D X-Band ESR spectrometer
(Bruker, Germany), and UV/Vis-NIR spectra by the diode array UV/Vis-
NIR spectrometer system TIDAS (J&M, Aalen, Germany). A PG 284
potentiostat/galvanostat (HEKA, Lambrecht, Germany) was used for
these measurements.
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The last decade has seen a tremendous development in the
design and synthesis of self-assembled supramolecular archi-
tectures through metal-ion coordination.[1±3] Although exam-
ples have been reported in which chiral ligand units[2f,g, 4±11]

were used, only a few of these units bear additional inwardly
directed functional groups.[10a,c, 11] Therefore, our aim was to
design and synthesize a double-branched chelating ligand,
held together by a chiral core fragment bearing functional
groups.

As part of our approach, the feasibility of the proposed
metal ± ligand complexes was explored by force-field and
semiempirical calculations prior to ligand synthesis.[12] By
following this approach we designed ligand 1, which should
self-assemble to form dinuclear coordination complexes with
suitable metal ions (Figure 1). 5-ethynyl-2,2�-bipyridine (4 ;
Scheme 1) was prepared from 2-bromopyridine (2). A modi-
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RO
RO
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a: R = MOM
b: R = CH3
c: R = CD3

Figure 1. Energy-minimized structures (PM3-TM calculations) of the
complexes [Cu2{(Sa)-1a}2]2� (left) and [Zn2{(Sa)-1a}3]4� (right); only one
of the three possible stereoisomeric complexes is shown for each.
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Scheme 1. Synthesis of (Sa)-1a. a) tBuLi, THF, �78 �C, then ZnCl2,
�78�C�RT, 2 h; b) 2-chloro-5-trimethylsilylethynylpyridine, [Pd2(dba)3] ¥
CHCl3, tBu3P, THF, 83%; c) KF, MeOH, 97%; d) NaH, DMF, MOMCl,
80%; e) nBuLi, TMEDA, RT, 6.5 h, I2, �78 �C, 65%; f) Et3N, CuI,
[Pd2(dba)3] ¥ CHCl3, dppf, 50 �C, 78%. dba� trans,trans-dibenzylideneace-
tone; TMEDA�N,N,N�N�-tetramethylethylenediamine; dppf� 1,1�-bis-
(diphenylphosphanyl)ferrocene.
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