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Spectroelectrochemistry of 2,5,8,1 l-tetra-rm-butyl-p^n'-xanthenoxanthene 1 yields the UV/VIS
spectra of the corresponding radical cation l '+ and dication 12+. The bathochromic shift for the
dication 12+ relative to 1 and to the isoelectronic hydrocarbon anthanthrene (2) can be understood
by quantum mechanical calculations {ab initio, AM 1) of model structures.

Introduction
2,5,8,11 -T etra-fm -butyl-/?er/-xanthenoxanthene
1 has been oxidized at a Pt electrode in dichlorom ethane (D C M ) in tw o reversible one-electron
transfers via the radical cation 1 + to give the dica
tion 12+ [1], both being persistent on the tim e-scale
o f cyclic voltam m etry (CV ) (v > 5 m V s_1). In ad
dition, 1 + could be synthesized in larger scale by
anodic or chem ical oxidation o f 1 and characterized
by ESR and U V /V IS spectroscopy. Electrochem ical
oxidation o f unsubstituted /?er/-xanthenoxanthene
l a afforded charge-transfer com plexes o f the corre
sponding radical cation w ith the parent hydrocarbon
[2]. The dication 12+, however, w hen prepared from
1 by oxidation, decom posed already on transferring
the sam ple into the spectrom eter.
On the other hand, the spectroscopic investiga
tion o f the “heteroarom atic” com pound 1 and both
o f its oxidation products is o f interest for the follow 
ing reasons: (i) 1 is a potential d onor for conduct
ing charge-transfer com plexes. H eterocycles w ith S
[3], Se [3] or Te [4] as heteroatom s have been inten
sively investigated in this respect, sim ilar species
with oxygen, however, only scarcely [5]. (ii) The
dication o f the parent m olecule (la ) is isoelectronic
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w ith the arom atic hydrocarbon anthanthrene 2 [6],
whose U V/VIS spectrum has been known for a
long tim e [7,8]. We have therefore m ade efforts
to obtain the U V/VIS spectrum o f 12+ by spectroelectrochem ical m ethods, to com pare it w ith that of
anthanthrene 2 and to check the experim ental results
against quantum -m echanical calculations.
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Spectroelectrochemistry of 1 , 1 + and 12+
The U V /V IS spectra o f the system 1/1 +/ I 2+, as
recorded in a potentiodynam ic spectroelectrochem ical experim ent betw een 320 and 800 nm, are shown
in Fig. 1 in the potential region -4 0 0 m V < E <
+1400 mV (all potentials are referred to the standard
redox couple Fc/Fc+; Fc = ferrocene). Three charac
teristic dom ains can be distinguished. At potentials
below ca. 150 mV, the spectrum is that o f 1. Betw een
150 and 500 mV (Fig. la), this spectrum converts
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Fig. 1. (a) Spectroelectrochemistry of the system 1/1 + in the
region -400 mV < E < +500 mV (first oxidation wave in the
CV; the band at 534 nm grows with increasing potential); (b)
spectroelectrochemistry of the system 1 +/1 + in the region
+500mV < E < +1400mV (second oxidation wave in the
CV; the band at 621 nm grows with increasing potential).
The arrows in the spectra indicate increasing or decreasing
intensity with more positive potentials, the arrows in the
cyclic voltammograms show the potential region where the
corresponding spectra were recorded (FOC means Fc/Fc+
reference electrode).
into the known one o f the radical cation 1 + [1], Fi
nally, above 950 mV a new spectrum (Amax = 621
nm [log e = 4.35] w ith two shoulders at 670 and 730
nm; Fig. lb ) appears, w hich, according to CV ex
perim ents (see insets in Fig. 1), has to be attributed
to the dication 12+.
If the potential (after oxidation at +1400 mV) is
reverted to the region w here 1 +, and then 1, are
persistent, the spectra o f the radical cation and of
the starting com pound, respectively, are observed as

before. The oxidation o f 1 to 12+ is therefore chem 
ically reversible under the conditions used. This is
further confirm ed by the occurrence o f isosbestic
points during variation o f the potential.
The absorption of the dication 12+ is more intense
than that o f 1 + and 1; the strongest absorption m ax
imum is shifted bathochrom ically in passing from
1 to 1 + and 12+. The radical cation 1 + has an ab
sorption betw een the bands of 1 and 12+. The m ost
intensive absorption o f 1 +, however, is found in the
long-w avelength region at 940 nm (see also [9]).
The visible colour varies from yellow (1) through
purple (1 +) to blue (12+) [1].
The spectrum of 1 reveals a vibrational structure
as expected for extended arom atic system s; on the
long-wavelength side o f the band there is a steep
rise o f the absorption, on the short-w avelength side
the intensity gradually declines. This is sim ilar to
the spectrum of the unsubstituted p e r i-x anthenoxanthene l a [10] and indicates that the m olecular
structure in the excited state is not much different
from that in the ground state [11]. A lthough the
absorption band in the spectrum o f 12+ does not
show a discernible vibrational structure, the gradual
decreasing o f the m axim um on both sides allow s
to assum e a distinct change of the bonding in the
excited state relative to that in the ground state o f
this dicationic species.
Thus, the spectrum o f 12+ differs from that o f
the isoelectronic anthanthrene 2, w hich shows an
unsym m etrical longest-w ave length band w ith a
steep edge on the long-w ave length side [7, 8].
M oreover, dication 12+ absorbs about 200 nm more
bathochrom ically as 2 (m axim um o f the band). This
may be a consequence o f the higher electronegativ
ity of the two 0 +-atom s as com pared to that o f the
corresponding C -atom s in 2.

Quantum Mechanical Calculations
In order to understand the bathochrom ic shift in
the spectrum of 12+ relative to the spectra o f 1 and
2, quantum m echanical calculations have been per
formed. The oxidation o f 1 to 12+ fo r m a lly cor
responds to the transition of a 24 7r-antiaromatic
into a 22 7r-aromatic system . A very sim ple model
com pound, which can be investigated w ith a b in itio
m ethods with a justifiable calculation expense, is
1,4-dioxin 3. This is an 8 7r-system, w hich w ould
produce the dication 3 2+, isoelectronic to benzene,
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upon oxidation. Figure 2 show s our calculation re
sults for benzene, 3, and 32+. The geom etrical data
theoretically predicted for 3 agree well w ith the ex
perim ental ones [12]. The dication 32+ has shorter
C -O - and longer C -C -b o n d s than 3 itself, which
indicates stronger delocalization o f the 7r-electrons
over the ring in 32+. The degenerate e jg H O M O
and e 2u LU M O orbitals o f benzene split in pass
ing to 32+ and becom e energetically lowered. M ore
im portant is the H O M O -L U M O gap. The energy
difference betw een the frontier orbitals o f 32+ is
distinctly sm aller as com pared to benzene (by 3.52
eV at H F /3 -2 1G, by 2.12 eV at AM 1, see Fig. 2). A l
though a sim ple H O M O -L U M O calculation cannot
be used as quantitative estim ate o f the excitation
energy, the shift o f the UV absorption is usually
predicted in good agreem ent w ith experim ental ob
servation. The calculations indicate a bathochrom ic
shift for 32+ with respect to 3.
Transferability o f the results obtained with the
m odel system 3 to 1 w as checked by A M I calcu
lations for 2 and the parent com pounds o f 1 and
12+ w ithout rm -b u ty l groups (la and la 2+, Fig. 2).
The A M I calculations also predict a bathochrom ic
shift for la 2+ relative to la and 2, the H O M O LU M O distance in l a 2+ being distinctly sm aller

eV

Fig. 2. Bond-lengths (in A)
calculated by AMI [19]
(3-2IG values are in ital
ics) and eigen-values of
the HOMO and LUMO or
bitals.

(5.29 eV) than in 2 (6.25 eV) and la (6.90 eV).
PPP-calculations [10] lead to the same conclusion.
The calculated bond lengths in the oxabenzene
unit in la (Fig. 2) agree well w ith the experim ental
ones for 1 itself [13]. T heir changes in passing from
la to la 2+ can sim ply be explained by the coeffi
cients of the respective H O M O , w hich are collected
in Fig. 3. The signs o f the coefficients rem ain un
changed in la and la 2+ for the bonds 0 1- C 2, C 2- C 3,
and C 3- C 4. Hence, the corresponding bond lengths
are scarcely varied on oxidation o f la to la 2+ (Figs.
2, 3). In contrast, the coefficients show antibonding
interaction for the bonds O '- C 6 and C4- C 5 in la
and reversed behaviour in l a 2+. In accordance w ith
this fact, the bonds O '- C 6 and C4- C 5 are shortened
significantly in passing from la to la 2+. The C 5C 6-bond in la 2+ is substantially longer than that in
la, since the bonding interaction is w eaker in la 2+
due to distinctly sm aller coefficients.

Conclusion
The experim ental and theoretical results pre
sented in this paper show' that the dication 12+ pro
duced by tw o-electron oxidation o f 1 has a de
creased H O M O -L U M O gap as com pared to the
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for l a 2+. Sim ilar observations have been reported
for tetraoxaporphyrine [ 14J and tetraoxaporphycene
[15] and their respective dications.
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Fig. 3. Eigen-values of the frontier orbitals and coefficients
of the oxabenzene unit of la and la 2+ (AMI [19]).
neutral m olecule 1. The arom atic character of 12+
is indicated by its stability and the bond length
equilibration expected from the m odel calculations
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