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Abstract: The optically and thermally
induced electron transfer pathways of
highly symmetrical (D3) hexaarylben-
zene systems with six triarylamine redox
sites have been investigated. Owing to
slightly different local redox potentials,
the radical trication could be selectively
generated by electrochemical methods.
This trication shows a strong interva-
lence charge-transfer band in the near
infrared (NIR) that was measured by
spectroelectrochemistry and analysed

using multi-dimensional Mulliken ±
Hush theory. Quantum chemical AM1
CI calculations indicate that there is no
optically induced concerted three-elec-
tron transfer that transforms the ground
state into a state in which all three

positively charged triarylamine moieties
change place with their neutral neigh-
bours. The potential energy surface of
the ground state was constructed by
using quadratic potentials. From this
potential surface it is apparent that there
is also no thermally allowed concerted
three-electron transfer pathway. In-
stead, three consecutive one-electron
transfer steps are necessary for this
process.
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Introduction

Herein we investigate the optically induced electron transfer
pathways that proceed in hexaarylbenzene derivatives with
six triarylamine redox moieties.
Electron transfer (ET) plays a fundamental role in chem-

istry[1] and biology.[2] Innumerable studies have been devoted
to intramolecular ET processes in biological, biomimetic and
completely artificial systems. The most basic aspects of
intramolecular ET were studied in so-called mixed-valence
complexes in which two metal redox centres with different
oxidation states are connected by a bridge which mediates the
ET by mixing donor and acceptor wave functions.[3±5] In
contrast to these well-known inorganic mixed-valence species,
much less is known about purely organic representatives in
which two organic redox-active moieties, such as hydrazines,
triarylamines or quinones, are bridged by a saturated or
unsaturated spacer.[6±22] This spacer mediates the ET by a
super-exchange mechanism where the electron is never
located vibronically at the bridge.[23]

The inorganic and organic mixed-valence species are
characterised by usually weak and broad absorption bands

in the NIR that are associated with an optically induced ET
(intervalence charge transfer, IV-CT). Analysis of this IV-CT
band within the framework of the Mulliken ±Hush theo-
ry[24±28] leads to an electronic coupling element which de-
scribes the coupling of two usually degenerate diabatic states
(�a and �b) in which the electron is localised at one redox site
or the other, respectively. Within this theoretical approach,
two diabatic states are coupled in a 2� 2 secular determinant
to give two adiabatic states �g and �e. Excitation from one
minimum of the lower potential energy surface (�g) to the
excited CT state (�e) gives rise to the observed absorption in
the NIR. From the transition moment (�eg) for this excitation,
the IV-CT energy (��max) and the dipole moment difference
between both diabatic states (��ab), one can calculate the
electronic coupling by using Equation (1).[29]

V� �eg�
~
max

��ab
(1)

The transition moment (�eg) can be obtained from the
integrated absorption band by using Equation (2). The dipole

�eg� 0.09584
������������������
���~�d�~
�~max

�
(2)

moment difference of the diabatic states (��ab) can either
be replaced by er, where r is the effective ET distance
estimated by the geometric distance of the redox centres (this
is a good approximation in the weak coupling regime only),[20]
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or can be calculated by purely adiabatic quantities by using
Equation (3) in which ��gg is the difference of adiabatic
dipole moment of the two minima and �eg is the transition
moment (generalised Mulliken ±Hush theory).[26, 28]

��ab�
�����������������������������������
���gg�2 � 4��eg�2

�
(3)

The theoretical analysis mentioned above is rather straight-
forward in simple one-dimensional ET systems. However, the
situation is much more complex if three or even more redox
sites are involved in a single mixed-valence species. Then, the
question arises whether two or more electrons can be
transferred in a concerted or stepwise manner. Very few
studies are available that report theoretical[30±34] or experi-
mental[21, 35±39] studies on multi-dimensional ET systems, but
these do not address the above-mentioned question. Quite
recently,[40] we have shown that in the case of the diradical
trication of the pseudotetrahedral tetrakis{4-[N,N-di(4-me-
thoxyphenyl)amino]phenyl}phosphonium ion (1�) the elec-
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tron transfer is stepwise both thermally and optically induced.
Herein, we apply a similar methodology to elucidate the
electron transfer pathways in symmetrical and asymmetrical
hexaarylbenzene derivatives with six triarylamine redox

moieties. These systems may be regarded as small dendri-
meric units. Dendrimers based on hexaarylbenzene moieties
have recently gained much interest because of their materials×
properties.[41±43] In addition, dendrimers comprising triaryl-
amine moieties[44±57] were studied for their hole-transport
properties and used as components in organic light-emitting
devices for example.

Results and Discussion

Synthesis : The cobalt-catalysed trimerisation of tolanes is a
well-known method for the synthesis of hexaarylbenzenes.[58]

In this way, highly functionalised dyes can easily be built up
from substituted tolanes. We started from bis{4-[N,N-di-
(4-methoxyphenyl)amino]phenyl}acetylene (2) which trimer-
ised in the presence of [Co2(CO)8] catalyst to afford the
symmetrical hexakis{4-[N,N-di(4-methoxyphenyl)amino]phe-
nyl}benzene (3) in 60% yield (Scheme 1); properties of 3
were preliminarily reported elsewhere.[21] The para positions
of the phenylamine groups were protected to guarantee
reversible redox behaviour. However, this compound suffers
from the disadvantage that the trication cannot be selectively
generated because the six redox potentials are too close and,
consequently, the comproportionation constants are too
small. For this reason, we synthesised a tolane with two
different triarylamine moieties: one in which the para
positions are again protected by methoxy groups and the
other triarylamine moiety in which the para-positions are
protected by methyl groups (4). These different substituents
lead to different local redox potentials of the two triarylamine
units and to a non-degeneracy of the diabatic potentials, which
now differ by�G0. This�G0 shift can be estimated by the shift
of the IV-CT band energy of 2 versus 4 in CH2Cl2 which is
290 cm�1.[59] [Co2(CO)8]-catalysed trimerisation of 4 gave two
regioisomers 5 and 6 in 20% and 60% yield, respectively,
which could be separated by flash chromatography
(Scheme 2). The ratio of yields corresponds exactly to the
statistical (1:3) formation of the 1,3,5 and 1,2,4 isomers.
Therefore, the electronic influence of the MeO- and Me-
substituents is confined to the triarylamine moieties and these
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Scheme 1. Synthesis of 3 by [Co2(CO)8]-induced trimerisation of 2.
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substituents have no influence on the regiochemistry of the
trimerisation with [Co2(CO)8].

Electrochemistry : The redox potentials of trimers 3, 5 and 6
were measured by cyclic voltammetry (CV) in CH2Cl2/0.1�
TBAH (see Figure 1). For trimer 3, a reversible unresolved
anodic wave was observed for the six consecutive redox
processes. In stark contrast, 5 and 6 had two reversible waves
corresponding to three one-electron redox processes close in
potential. This splitting into two sets of three one-electron
transfer processes is due to the potential tuning by the methyl
and methoxy substituents. Digital fitting[60] of the cyclic
voltammograms of 3, 5 and 6 with the assumption of
electrochemical and chemical reversibility gave the redox
potentials of the six redox processes (see Table 1).
In 5 and 6 we assume that the first wave covers the

oxidation steps of the three methoxy-substituted triarylamine
moieties, and that the second wave covers the three oxidations
steps of the methyl-substituted moieties. Interestingly, the
redox potentials of 5 and 6 differ only slightly. This is
surprising given the different positions of the methoxy-
substituted triarylamines and indicates that the differences
in electrostatic repulsion between the radical cation triaryl-
amine moieties within the 1,3,5-substituted 5 and the 1,2,4-
substituted 6 are much smaller than the redox potential shift
induced by the different substituents (MeO, Me) attached to
the triphenylamine units. The fact that there is a larger gap

(approximately 120 ± 150 mV) between the redox potentials
of M2�/M3� and M3�/M4� for 5 and 6 allows the selective
generation of the M3� triradical trication. The trications 53�

and 63� will be the focus of the following sections.

Spectroelectrochemistry : The radical cations of 5 and 6 were
investigated by UV/Vis/NIR spectroscopy using a spectroe-
lectrochemical set-up described elsewhere.[61] With this de-
vice, UV/Vis/NIR spectra can be measured, while the com-
pound under investigation is oxidised or reduced step-by-step
by applying an electrical potential to an optically transparent
gold minigrid working electrode, which is squeezed between
two quartz windows. The solution layer (100 �m) between
these quartz plates was completely electrolysed at each
potential applied, and the UV/Vis/NIR spectra were recorded
in transmission.
Upon oxidation, both compounds 5 and 6 showed a broad

band in the NIR spectra at approximately 7000 ± 7500 cm�1

(Figure 2). We assigned this band to an intervalence charge-
transfer (IV-CT) excitation of the radical cations M� ±M5�.
The band intensity is maximal for M3�, which can be
selectively generated owing to the large potential gap
between M3� and M4�. This IV-CT band disappears when
M3� is further oxidised to M6�. In addition, there is a very
intense band at around 13400 cm�1 which we assigned to a � ±
�* band of the localised triarylamine radical cation.[62±64] This
radical band is maximal forM6�. In general, the spectra for 5n�
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Scheme 2. Synthesis of 5 and 6 by [Co2(CO)8]-catalysed trimerisation of 4.
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Figure 1. Cyclic voltammetry of a) 3, b) 5 and c) 6 in 0.1� TBAH versus
Fc/Fc� in CH2Cl2 at 250 mVs�1. Experimental values: open circles.
Simulated values: solid lines.

and 6n� do not differ greatly in their shape, but mainly in the
intensity of the IV-CT band of 53� (�� 5140��1cm�1) and 63�

(�� 2940��1cm�1). In Figure 2, the IVCT bands of 53� and 63�

Figure 2. UV/Vis/NIR spectra of a) 53� and b) 63� in CH2Cl2/0.1� TBAH
measured in a spectoelectrochemical thin-layer cell. Gaussian fit as dashed
line.

are given together with their deconvolution by fitting with
Gaussian curves, which is assumed to be the proper band
shape for IV-CT bands with a width at half-maximum at the
high-temperature limit of ��1/2(HTL)� 47.94

�
� where � is the

Marcus reorganisation energy.[29] The optical data of the IV-
CT bands are given in Table 2. The observed bandwidths are
distinctly broader than the theoretical HTL value. This is
often observed, but in our case this may be a result of the
overlap of different bands at slightly different energies (see
below).

Theoretical analysis of the excited states : By applying a
similar methodology to that used with 1,[40] we will describe
the electronic coupling within the radical trications of 5 and 6
and analyse the experimental IV-CT bands accordingly. We
will first describe in detail the theoretical analysis for 53� ; we
will then only give the results for 63�, as its analysis is
analogous.

Table 1. Redox potentials of 3, 5 and 6 determined by cyclic voltammetry
in CH2Cl2/0.1� TBAHF versus Fc/Fc�.

Eo1�2(2
n�/2n�1�) Eo1�2(5

n�/5n�1�) Eo1�2(6
n�/6n�1�)

[mV][a] [mV][a] [mV][a]

M/M� 133 159 155
M�/M2� 176 216 215
M2�/M3� 214 256 260
M3�/M4� 252 404 382
M4�/M5� 287 456 448
M5�/M6� 314 516 505

[a] � 2 mV.

Table 2. Optical properties of the IV-CT band of 53� and 63�.

��max � ��1/2 ��1/2(HTL) � �eg ��ab V
[cm�1][a] [cm�1] [cm�1][b] [cm�1] [��1cm�1][c] [D][d] [D] [cm�1][e]

53� 7450 7050[f] 5100 4020 5140 5.9 34.1 530
63� 7040 6960[g] 5200 4000 2940 4.6 34.1 480

[a] � 50 cm�1. [b] � 100 cm�1. [c] � 300��1 cm�1. [d] � 0.2 D. [e] � 20 cm�1.
[f] Calculated with �� ��max(53�)�R��G0. [g] Calculated with �� ��max(63�)�
R��G0.
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The set of diabatic (noninteracting) states, which were
coupled by the multi-dimensional Mulliken ±Hush formalism,
is given in Scheme 3. Because we will first deal with Franck ±
Condon excitations, the geometry of all these states is that of
the lowest energy diabatic state 1. In the states of Scheme 3,��
assigns a methoxy-substituted triarylamine radical cation in its
relaxed geometry, � is a neutral methyl-substituted triaryl-
amine in its relaxed geometry, � represents a neutral

methoxy-substituted triarylamine
centre in the geometry of a radical
cation triarylamine and � is a
methyl-substituted triarylamine
radical cation in the geometry of a
neutral triarylamine. While the dia-
batic state 1 is lowest in energy (all
radical cation centres adopt the
geometry of a triarylamine radical
cation), the states 2 ± 7 have the
state energy H�R��G0 (one rad-
ical cation centre is in the neutral
geometry and one neutral centre is
in the radical cation geometry)
where H is the diabatic potential,
R is an electrostatic repulsion which
arises because of two cationic cen-
tres being in the ortho position, and
�G0 is due to the different local
redox potentials of methyl- and
methoxy-substituted triarylamines.
The states 8 ± 10 only differ from
2 ± 7 in an additional repulsion R :
H� 2R��G0. The states 11 ± 13

and 14 ± 19 have the relative energy 2H� 2R� 2�G0 and
2H�R� 2�G0, respectively (two radical cation centres are in
the neutral geometry and two neutral centres are in the
radical cation geometry). Finally, state 20 is at energy 3H�
3�G0 (all radical centres are in the neutral geometry and all
neutral centres are in the radical cation geometry). These
20 diabatic states of Scheme 3 can be coupled in a 20� 20
secular determinant [Eq. (4)].

Scheme 3. All diabatic states of 53� and their corresponding diabatic site energies.
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Three different coupling elements can be distinguished: Vo
describes the coupling between states in which the hole is
transferred between two adjacent triarylamine centres (ortho
positions of the hexaarylbenzene), Vm is the coupling between
two states in which triarylamines in the meta position
exchange a hole and Vp refers to the coupling between states
in which triarylamines in the para positions exchange their
hole. Couplings between two states in which more than one
hole is exchanged vanish because the coupling operator is a
one-electron operator as directly follows from its definition,
[Eq. (1)].
Because Equation (4) is too complicated to be solved

analytically, we have to make some simplifications: 1) States
at 2H and 3H are omitted because there is no direct coupling
from the ground state into these states. (Forbidden) tran-
sitions into these states will only result in very weak IV-CT
bands at much higher energy than the IV-CT band observed in
the spectroelectrochemistry. 2) The meta coupling Vm is set to
zero because we expect it to be much smaller than Vo and Vp
owing to the meta conjugation path.[38] Vp also is set to zero
because it is expected to be smaller thanVo owing to the larger
effective ET pathway [see Eq. (1)] between the triarylamine
centres. Having performed these simplifications, determi-
nant 4 reduces to Equation (5) in which only the diabatic
states 1 ± 7 are coupled (the (omitted) matrix element indices
refer to the numbering of states in Scheme 3).

In this determinant, Vo is replaced by the effective coupling
integral V. The eigenstates of this determinant are

�1� 1³2(H�R��G0)� 1³2
���������������������������������������������������
�H � R� �G0�2 � 24V2

�
, �2��3�

�4� �5��6�H�R��G0 and �7� 1³2(H�R��G0)�
1³2

���������������������������������������������������
�H � R� �G0�2 � 24V2

�
.[65] The fivefold degeneracy of

the eigenstates at �2 ± �6 is due toVm being set to zero. Because
V is small relative to H�R��G0, �1	 0 and the six excited
states �2 ± �7 are approximately at the energy H�R��G0 in
which H refers to the Marcus reorganisation energy �. Thus,
for the determination of V from the IV-CT band using
Equation (1), we have to divide this equation by a symmetry
factor of

�
6 which is derived from the six (nearly) degenerate

excited states.[37]

For the 1,2,4-substituted isomer 63�, the theoretical analysis
is analogous. Therefore, only the relevant five diabatic states
at energy 0 and H�R��G0 are given in Scheme 4 as well as
the reduced determinant Equation (6) in which the same
simplification has been made as in the case of 53�.
The eigenstates of this reduced determinant [Eq. (6)]

are �1� 1³2(H�R��G0)� 1³2
���������������������������������������������������
�H � R� �G0�2 � 16V2

�
, �2�

�3��4�H�R��G0 and �5� 1³2(H�R��G0)�
1³2

���������������������������������������������������
�H � R� �G0�2 � 16V2

�
. Because V is small relative to

H�R��G0, �1	 0 and the four excited states are approx

Scheme 4. A selection of diabatic states of 63� and their corresponding
diabatic site energies.

imately at the energy H�R��G0. Again, for determining V
from the IV-CT band by using Equation (1), we have to divide
this equation by a symmetry factor of

�
4 which is derived

from the four (nearly) degenerate excited states.[37] Because V
is much smaller than H/4, we can directly estimate
R�210 cm�1 from the difference of the IV-CT energies
of 63� and 53� (��max(53�)���max(63�)	 (H�R��G0)�
(H�R��G0)�2R).
With Equation (1), the appropriate symmetry factors and

the experimental optical data of the IV-CT bands (Table 2) we
obtained V� 530 cm�1 for 53� and V� 480 cm�1 for 63�. In

Equation (1), ��ab has been
approximated by er in which r
is the effective ET distance
taken as the N�N distance
(7.11 ä, from an AM1 calcula-
tion)[*]. The couplings calculat-
ed in this way agree within
experimental error, which is

reasonable as the ortho couplings in 53� and 63� should be
approximately the same. This supports our simplifications
made in the reduction to determinants 5 and 6, which assumes
that V	Vo and all other coupling elements are much smaller.
TheV values obtained for 53� and 63� are about 40% of that of
tolane 2� (V� 1200 cm�1)[20] although the number of bonds
between the nitrogen centres is the same in the tolane and in
53� and 63�. These smaller couplings are due to the twisted aryl
substituents (see AM1 computations below) in the hexaar-
ylbenzene derivative, whereas the two phenyl rings in tolane
2� are coplanar.

[*] The effective ET distance in 53� and 63� was also estimated from an
UHF-AM1 calculation: We used the AM1-computed structure of 83�

and replaced four adjacent diphenylamine groups by hydrogen atoms.
This hexaphenylbenzene derivative 9� has only two triarylamine units
in the ortho position. The adiabatic dipole moment of 9� was computed
by an AM1-UHF calculation which gave 19.0 D. Therefore, the dipole
moment difference amounts to 28.5 D, which was calculated as the
vector difference of two 19.0 D dipole moment vectors oriented with an
angle of 60�. The 28.5 D refer to an ET distance of 5.9 ä, which is
somewhat smaller than the N±N distance. This is reasonable as the
value was derived from adiabatic dipole moment difference. We stress
that this short effective ET distance does not necessarily mean that the
hole or electron is transferred through space rather than trough the
central benzene ring.
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Bonvoisin et al.[38] investigated systems in which triaryl-
amine units are connected in the meta position to a benzene
ring such as 7. The radical cation 7� has an electronic coupling
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of 181 cm�1. Because the phenyl substituents in 7� are
presumably less twisted around the central benzene ring
owing to smaller steric hindrance than in 53�, the meta
coupling in our derivatives will be even smaller than 181 cm�1.
This strongly supports our assumption that the Vm value is
much smaller than Vo (approximately 500 cm�1) in our
systems.

Semiempirical calculations : AM1 calculations[66] gave a rea-
sonable estimate for the coupling integral in linear bis(tri-
aryl)amine systems by using Koopman×s theorem in which the
�(HOMO) ± �(HOMO� 1) energy difference of the neutral
compound refers to 2V.[20, 67] To estimate the coupling in the
trimers 53� and 63�,we used the D6-symmetric derivative 8
without any methoxy or methyl groups and in which all six
triarylamine centres are degenerate. Here, we have to use the
six highest occupied orbitals from a RHF AM1 calculation
(see Scheme 5). This orbital energy diagram was fitted by the

AM1 fitted

27.9 meV

31.1 meV

18.3 meV

29.9 meV

31.5 meV

17.5 meV

Scheme 5. AM1 calculated energy differences of the HOMOs of 8 and
fitted differences using Equation (7).

solutions of the 6� 6 secular determinant in Equation (7)
which gave the best fit for Vo�� 148 cm�1, Vm��64 cm�1

andVp�� 49 cm�1.Vm is positive and Vo and Vp have opposite
sign.

Although these couplings are distinctively smaller than
those observed experimentally, it is apparent that the ortho
coupling is the largest and dominates the coupling pattern.
Thus, the fact that we completely neglected Vm and Vp in the
previous analysis [Eqs. (5) and (6)] leads to V being an
effective coupling integral. The underestimation of the
computed couplings might be as a result of the twisting
between the central benzene ring and the six adjacent phenyl
substituents. The AM1-computed dihedral angle between
these benzene rings might be too large, thus, diminishing the
coupling.
We also performed CI calculations on the AM1-UHF-

optimised geometry of 83� (quartet state), which has D3

symmetry.[68] In the UHF-optimised geometry the cationic
(An2N�)benzene rings and the central benzene ring have a
dihedral angle of 62.8�, whereas the neutral (An2N)benzene
ring has an angle of 82.8�. We used a full CI within an orbital
window comprising of the three highest doubly occupied MOs
and the three singly occupied MOs. The ground state was
found to be a quartet state[69] followed by 19 excited quartet
states and 70 doublet states (see Scheme 6). As excitations to
the doublet states are forbidden by spin selection rules, we
only consider the quartet states in the following discussion.
Two sets, each comprising nine excited quartet states, refer

to single and double excitations, respectively, and one state
refers to a triple excitation. The transition moments to the
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Scheme 6. State diagram of the AM1 CI calculation on 83�. The arrows
indicate all excitations with significant transition moments. The splitting of
the states is exaggerated compared to their relative energy position.
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doubly and triply excited states
vanish because the transition
moment operator is a one-par-
ticle operator. Within the nine
singly excited states, only tran-
sitions to the E states are sig-
nificant: two allowed transi-
tions were found into the E
states out of a set of six singly-
excited states quite close in
energy (1.56 ± 1.58 eV). These
states refer to the six excited
states of the solution of secular
determinant 5, although their
relative order is different. The
transitions into the states at
1.56 ± 1.58 eV are caused by the
ortho couplings between the
diabatic states 1 and 2 ± 7. These
two transitions are the IV-CT bands observed experimentally.
As can be seen from the Coulson charge analysis of these
states (2 and 6, Scheme 7), 3� 1³3 e� are transferred by this
excitation from the three neutral triarylamine centres in the
ground state to the neighbouring positively charged triaryl-
amine centres.
The third transition into a singly excited E state (9) is at

much higher energy (2.45 eV) and is due to the para coupling
between the diabatic states 1 and 8 ± 10. Again, 3� 1³3 e� are
transferred by this excitation. The fact that the states at
2.45 eVare at considerably higher energy might be as a result
of Coulombic repulsion in the diabatic states 8 ± 10 which
raise the energy compared to states 2 ± 7. This repulsive
energy is estimated from the experimental IV-CT energies
to be approximately 2� 210 cm�1 (see above) and might be
exaggerated by the neglect of solvent influences in the AM1
computation.
As one can anticipate from its electronic origin, 3� 2³3 e�

are transferred in the doubly excited states, for example 11. In
the triply excited state 17, 3� 1 e� are transferred. In this
state, the positively charged triarylamine centres change
places with the neutral ones. This triply excited state refers
to a concerted optically induced three-electron transfer, which
is forbidden as a one-photon process.
In conclusion, our AM1-CI calculations suggest that the IV-

CT band of 53� only consists of excitations caused by ortho-
couplings and, consequently, Vobtained from the IV-CT band
analysis equals Vo with a good approximation.

Theoretical analysis of the ground state potential energy
surface : Now, the question arises whether there is a thermally
allowed concerted three-electron transfer in 53� in which all
positively charged triarylamine centres change places with
their neutral neighbours. To answer this question we coupled
the states 1, 2, 4, 6, 15, 17, 19 and 20 (see Scheme 3) in the
secular determinant [Eq. (8)] using quadratic potentials.
These eight diabatic states were selected as they are con-
nected by ortho couplings, which are by far the largest. The
resulting adiabatic states (their character is very similar to the
diabatic states in Scheme 3 (therefore, the numbering of states
is analogous; however, the charged triarylamines are in their
relaxed and neutral geometries) can be arranged in a
™reaction cube∫ diagram (Scheme 8) in which the edges refer
to one-dimensional ET processes between adjacent triaryl-
amine moieties (ortho coupling). The three-dimensional
concerted ET process refers to a path along the diagonal of
the cube (see Scheme 8). An analogous diagram can be
constructed using the adiabatic states 1, 3, 5, 7, 14, 16, 18 and
20.
The lowest energy solution of determinant 8 with R�

210 cm�1, �G0� 290 cm�1, Vo� 530 cm�1 and the reorganisa-
tion energy �� ��max�R��G0� 7050 cm�1 is plotted depend-
ing on the ET coordinates x and y� z in Figure 3. From this
potential energy surface, it is obvious that the concerted
three-electron transfer proceeds over a hilltop rather than
over a true saddle point, that is this path is thermally
forbidden. Instead, there are three consecutive one-electron
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Scheme 7. AM1 CI calculated Coulson charges grouped together for the central benzene ring and the
triarylamine moieties (TA) for the ground state (1) and the excited states (2, 6, 9, 11 and 17) of 83�.
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Scheme 8. Reaction diagram for the ET processes caused by ortho-
couplings in 53�. The edges of the cube refer to one-electron transfer
pathways between the indicated adiabatic states and the dashed line refers
to a concerted three-electron transfer pathway.

Figure 3. Ground state potential energy surface of 53� from the minimum
energy solution of Equation (8). The ET coordinates refer to Scheme 8.

transfer steps that lead from the starting point (adiabatic
state 1) to the adiabatic state 20. Whereas in Figure 3 the
saddle point between state 1 and 2 is a true transition state,
that between 2 and 20 is not because this is a (forbidden) two-
dimensional two-electron transfer and there is a lower energy
one-electron transfer pathway through state 19 (see also
Scheme 8).

Conclusion

In this study we have investigated the optically and thermally
induced electron transfer pathways of a highly symmetrical
(D3) hexaarylbenzene systems 5 with six triarylamine redox
sites and its isomer 6. Owing to slightly different local redox
potentials, we were able to generate the trication 53�

selectively by electrochemical methods. This trication has a
strong IV-CT band in the NIR that was subsequently analysed
using multi-dimensional Mulliken ±Hush theory. In combina-
tion with quantum chemical AM1 CI calculations, we were
able to demonstrate that there is no optically induced
concerted three-electron transfer that transforms the ground
state into a state where all three positively charged triaryl-
amine moieties change place with their neutral neighbours
because this transfer is forbidden as a one-photon process.
This corrects our earlier interpretation for the case of 8 in
which we assumed two-dimensional ET processes because of
the E and A symmetry of the excited CT states.[21]

We also constructed the potential energy surface of the
ground state of 53� by using quadratic potentials. From this
potential surface it is apparent that there is also no thermally
allowed concerted three-electron transfer pathway. Instead,
three consecutive one-electron transfer steps are necessary
for this process. The conclusions equally apply to 33�, which is
derived from 3 and has an even higher symmetry (D6). These
fundamental findings might have implications for many
symmetrical ET systems that can also be found in nature.
For example, the photosynthetic reaction centres of both the
purple bacteria Rhodopseudomonas viridis[70, 71] and that of
the cyanobacteria Synechococcus elongatus[72] have pseudo-C2
symmetry with two ET branches. It is currently our goal to
elucidate which basic structural factors are necessary to
promote concerted two-dimensional ET processes.

Experimental Section

1,3,5-Tris[N,N-di(4-methoxyphenyl)-4-aminophenyl]-2,4,6-tris[N,N-di-
(4-methylphenyl)-4-aminophenyl]benzene (5) and 1,2,4-tris[N,N-di(4-me-
thoxyphenyl)-4-aminophenyl]-3,5,6-tris[N,N-di(4-methylphenyl)-4-amino-
phenyl]benzene (6): Tolane 4 (100 mg, 0.17 mmol) was dissolved in dry
methylcyclohexane (5 mL) under a nitrogen atmosphere and was heated to
60 �C. Dicobaltoctacarbonyl (12 mg, 0.04 mmol) was added, and the
mixture was heated at reflux (ca. 101 �C) for 3 h. The solvent was
evaporated, and the residue was purified by flash chromatography (solvent
gradient petrol ether/CH2Cl2 2:1
CH2Cl2
CH2Cl2/MeOH 50:1). The
products were dissolved in ethyl acetate and precipitated by dropping into
an excess of petroleum ether to afford compounds 5 (20 mg, 20% yield)
and 6 (60 mg, 60% yield) as colourless solids.

Compound 5 : 1H NMR (400 MHz, CD2Cl2, 25 �C): �� 6.99, 6.84
(AA�, BB�, 2� 12H; arom.), 6.89, 6.76 (AA�, BB�, 2� 12H; arom.), 6.72,
6.60 (AA�, BB�, 2� 6H; aminophenyl), 6.67 (AA�-BB�, 12H; amino-
phenyl), 3.72 (s, 18H; methoxy), 2.25 ppm (s, 18H; methyl); 13C NMR
(100.6 MHz, CD2Cl2, 25 �C): �� 155.7, 146.3, 145.7, 145.9, 141.8, 140.6,
140.6, 135.9, 134.5, 132.8, 132.7, 132.1, 130.1, 126.0, 124.1, 122.6, 120.6, 114.9,
55.7 (C-9), 20.8 ppm.

Compound 6 : 1H NMR (400 MHz, CD2Cl2, 25 �C): �� 6.99, 6.84 (m, 3�
AA�, 3�BB�, 24H; arom.), 6.89, 6.76 (3�AA�, 3�BB�, 24H; aroma.),
6.72, 6.60 (3�AA�, 3�BB�, 12H; aminophenyl), 6.67 (3�AA�-BB�, 12H;
aminophenyl), 3.72 (3� s, 18H; methoxy), 2.25 ppm (3� s, 18H; methyl);
13C NMR (100.6 MHz, CD2Cl2, 25 �C): �� 155.8, 155.8, 146.3, 146.3, 145.7,
145.7, 145.9, 141.8, 141.8, 140.6, 140.6, 140.6, 140.6, 140.6, 140.6, 135.9, 135.8,
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135.8, 134.6, 134.6, 134.5, 132.8, 132.8, 132.7, 132.7, 132.1, 132.1, 130.1, 130.1,
126.0, 126.0, 124.1, 124.1, 122.6, 122.5, 120.7, 120.6, 114.9, 55.7, 20.8 ppm;
HRMS (FAB, PI, mixture of both isomers): m/z calcd for C126H108N6O6

(1802.28): calcd 1800.8330; found: 1800.8247.

Cyclic voltammetry and spectroelectrochemistry : The electrochemical
experiments were performed in dry, nitrogen-saturated CH2Cl2 with 0.1�
tetrabutylammonium hexafluorophosphate (TBAH) as supporting electro-
lyte and 0.001� substrate. The potentials were referenced against ferrocene
(Fc/Fc�). Digital fits of the experimental cyclic voltammograms were done
with DigiSim[60] with the assumption of chemical and electrochemical
reversibility of all processes. For spectroelectrochemical analysis, the
solution of the CVexperiments was transferred into a thin-layer cell[61] that
comprised two quartz windows in between which was squeezed a gold mini-
grid working electrode. The optical path length was 100 �m. The cell design
has been described elsewhere.[61] The UV/Vis/NIR spectra were recorded
with a Perkin ±Elmer lambda-9 spectrometer in transmission mode.

Semiempirical calculations : Using the AM1 hamiltonian implemented in
the MOPAC97 program package,[66] we optimised the structure of 8 in D6

symmetry. This high symmetry was imposed because triarylamines are
known to have a planar coordinate nitrogen,[73] while AM1 predicts a
pyramidalised nitrogen that would lead to symmetry lowering (C3) for 8.
The trication 83� was optimised at the UHF level as a quartet state within
D3 symmetry. Based on this geometry we performed a CI calculation with
an active orbital window comprising the three highest doubly and the three
highest singly occupied orbitals. This CI corresponds to a CISDT. The CI
calculation gave a quartet ground state followed by a set of degenerate
doublet states only 0.0008 eV higher in energy. Thus, one can expect 83� to
be a mixture of quartet and doublet states even at low temperature. For
each excited quartet state there is a set of two excited doublet states very
close in energy. However, the discussion of excited state properties is
restricted to the quartet states only.
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