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Abstract: Hexakis(dimethylamino)ben-
zene is anodically oxidized to its chemi-
cally stable dication in an electrochemi-
cally slow two-electron process. This

with earlier results for the bis(triiodide).
The sluggishness of the electron transfer
is related to structural changes during
oxidation: two noncoplanar polymeth-

C-C single bonds form. The thermody-
namics of the oxidation is characterized
by inversion of potentials and dispro-
portionation of a hypothetical radical

redox process was characterized by ine systems
cyclic voltammetry, chronoamperome-
try, chronocoulometry, and bulk elec-
trolysis with isolation of the bis(hexa-
fluorophosphate) of the dication. The
crystal structure of this dication salt
shows considerable distortion, in accord

cyclic
chemistry

Introduction

The oxidation chemistry of hexakis(dimethylamino)benzene
(HDMAB, 1), an extremely electron-rich aromatic com-
pound, has attracted interest over the years.'l Tt was
speculated that the dication of 1, 1>, might possess a triplet
ground state, which in turn would possibly provide a model for
compounds forming organic ferromagnetic materials.!!! The
dication, however, effectively avoids triplet formation or
formation of a delocalized antiaromatic 4 m-electron system
by distortion of the six-membered ring.” Consequently,
ferromagnetic materials, which require at least C; symmetry
of the basic unit, may not be derived from 1>*. The structural
change during oxidation, on the other hand, could make 1 an
interesting example for the study of distortion effects on
electron transfer.

Owing to its electron-richness, 1 was expected to be easily
oxidizable. Experimentally determined oxidation potentials
were, however, qualified as “more positive than one would
predict”.Pl This fact was explained by steric strain in the
twisted structure of the dication and consequently a decreased
stabilization exerted by the six electron-donating nitrogen
substituents.['
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cation. In contrast to earlier reports, no
particular destabilization of the dication
is assumed. Further oxidation of the
dication proceeds via a tri- to a tetracat-
ion in two steps. The tri- and tetracations
undergo chemical follow-up reactions.

compounds
electro-

Despite the structural characterization of the oxidation
product of 1 in the form of its bis(triiodide) 1>+(I5),, the
oxidation mechanism of the neutral compound has not been
described without contradictory details. In CH,ClL,/0.1m
tetrabutylammonium perchlorate an irreversible oxidation
(E=+0.32V vs. Ag/AgCl) was reported.’! Chemical oxida-
tion with iodine yielded 1>7(I5),, suggesting a two-electron
process.?l Thus, 1 would react similarly to 1,2,4,5-tetrakis(di-
methylamino)benzene (2), which also forms a dication upon
oxidation.”! Recently, slow two-electron oxidations were
described for 3,6-bis(dimethylamino)durene (3) and 9,10-
bis(dimethylamino)anthracene (4).°! Several other amino-
substituted benzenes and related compounds behave differ-
ently: N,N,N',N'-tetramethyl-p-phenylenediamine (5),¥! 1,3-
bis(diarylamino)benzenes,”! 1,3,5-tris(diisopropylamino)ben-
zene (6),[' as well as other triamino benzene derivatives,!!!'-14
hexaaminobenzene (7),I"] hexaazaoctadecahydrocoronene
(HOC, 8).,%!7 and bis- and tetrakis(dimethylamino)dibenzo-
thiophenes with an appropriate substituent pattern,['! all
undergo successive one-electron oxidation steps with clearly
separated potentials.

Two reports have appeared which also describe the primary
oxidation of 1 as a one-electron process. At fast experimental
time scales and 7= —50°C in CH,CI, or liquid SO,, Dietrich
and Heinze observed “monocation” formation at 4+0.66 V vs.
Ag/AgClL™ much more positive than described in the earlier
report.’l Chemical oxidation in the presence of acid and
irreversible electrochemical oxidation (cyclic voltammetry,
first oxidation potential at +0.50 V vs. a saturated calomel
electrode, ~+0.54V vs. Ag/AgCl) yielded a “radical cat-
ion”."1 On the other hand, in solution in CH,Cl, or 1,1,1,3,3,3-
hexafluoropropan-2-ol after the oxidation of 1 with TI™
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trifluoroacetate or 2,3-dichloro-5,6-dicyano-1,4-benzoqui-
none (DDQ), no ESR signal that could unequivocally be
assigned to the corresponding radical cation has yet been
detected.? In view of these not necessarily consistent results,
a first goal of the present study was to define the electron
stoichiometry of the primary oxidation step of 1. We also
attempted to complement such results by an electrochemical
characterization of the oxidation product.

Recently, the possibility of two-electron redox processes
involving organic compounds was debated,?'3] in particular
for cases where considerable structural changes during
electron transfer (ET) are expected. In this regard, we also
became interested in detailed mechanistic information for the

Abstract in German: Hexakis(dimethylamino)benzol wird
anodisch in einem langsamen Zweielektronenprozef3 zu sei-
nem chemisch stabilen Dikation oxidiert. Dieser Redoxprozef3
wurde durch Cyclovoltammetrie, Chronoampero- und Chro-
nocoulometrie sowie die priparative Elektrolyse charakteri-
siert, die zur Isolierung des Bis(hexafluorophosphats) des
Dikations fiihrte. Die Kristallstruktur des Dikationsalzes zeigt
in Ubereinstimmung mit fritheren Ergebnissen fiir das Bis-
(triiodid) erhebliche Strukturverzerrungen. Die Verlangsa-
mung des Elektronentransfers steht im Zusammenhang mit
strukturellen Verdnderungen wihrend der Oxidation (Bildung
zweier nicht-koplanarer Polymethinsysteme, die iiber zwei
lange C- C-Einfachbindungen miteinander verkniipft sind).
Die Thermodynamik der Oxidation zeichnet sich durch
Potentialinversion und Disproportionierung eines hypotheti-
schen Radikalkations aus. Im Gegensatz zu fritheren Arbeiten
wird keine ausgeprigte Destabilisierung des Dikations ange-
nommen. Die weitere Oxidation des Dikations verliuft iiber
ein Tri- zu einem Tetrakation in zwei getrennten Schritten. Das
Tri- und das Tetrakation gehen chemische Folgereaktionen ein.
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electrochemical oxidation of 1. Changes of molecular struc-
ture occurring in concert with an ET reaction may result in
large inner reorganisation energies A;,%* with a concomitant
decrease of the ET rate constant. Thus, the apparent positive
shift of the HDMAB oxidation peak potential may possibly
be controlled by kinetic properties and be due to a slow
(quasireversible) ET reaction rather than to a thermodynami-
cally unfavorable process. Several organic compounds bearing
amino nitrogen substituents show slow ET due to large
2,.162124271 Moreover, in the case of two-electron processes
with structural changes, inversion of potentials®! is known to
occur if the transfer of the second electron is thermodynami-
cally easier than that of the first. The present paper will
provide electrochemical evidence for kinetic control of the
HDMAB oxidation (quasireversible ET) and inversion of
potentials. It will also show that at least two further oxidation
states can be formed by electrochemical oxidation processes,
and will thus give a detailed mechanistic characterization of
the electrochemical oxidation of HDMAB.

Results and Discussion

Cyclic voltammetry (CV) of 1: HDMAB (1) is soluble in
CH;CN only in small concentrations. Cyclic voltammetric
signals in this solvent were weak. On the other hand, the
compound is easily soluble in CH,Cl,, but cyclic voltammo-
grams in dichloromethane electrolytes showed appreciable
effects of adsorption at the electrode (Figure 1). This is
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Figure 1. Cyclic voltammogram of hexakis(dimethylamino)benzene 1 in
CH,Cl,/0.1m NBu,PF,,v=1.0 Vs, ¢ =0.18 mM at a Pt tip electrode and at
ambient temperature.

probably due to the low solubility of the primary oxidation
product of 1 in CH,Cl,. Since adsorption would severely
hamper the detailed analysis of the cyclic voltammograms, we
settled on a 1:1 (v/v) mixture of CH;CN and CH,CI, as the
solvent for most of the ensuing experiments. In electrolytes
based on this mixture, after background subtraction, excellent
cyclic voltammetric signals could be obtained in which
interference of adsorption effects was minimized.

Cyclic voltammograms of 1 in CH;CN/CH,Cl/0.1m
NBu,PF, spanning the accessible potential window in the
positive potential region at various scan rates v and concen-
trations ¢ give an overview of the redox chemistry of the
starting compound (Figure 2a—c). The oxidation of 1 under
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of E} is observed with increasing ¢ (Table 1). The behavior of

10—
- E? (see Table 1 and discussion below) shows that this can not
sE be due to effects of uncompensated resistance. The half-peak
B width |E]—E},| is independent of ¢, but increases with v,
< r . . .
3 .r consistent with the hypothesis of a slow ET.
g
g sk . . .
© L Table 1. Peak potential features in cyclic voltammograms of 1.
TNV N I OV R A B R I v/IVs! E, IV |E)—E}, |/VE E} VR ES Vi
-1.5 -1.0 -0.5 0.0 0.5 1.0 ¢c=0.06 0.12 0.24mMm
0.02 -0.190 -0.182 -0.175 0.066 +0.361 +0.578
0.05 -0.177 -0.167 —0.150 0.067 +0.362 +0.589
N 3 b) 0.1 —-0.167 —0.154 —0.147 0.069 +0.360 +0.592
25+ 0.2 -0153 —-0.143 -0.129 0.073 +0.360  +0.600
B 0.5 -0137 -0.123 -0.109 0.067 +0.362 +0.613
< L 1.0 —-0.128 —-0.108 —0.092 0.077 +0.361 +0.616
2 I 2.0 —-0.103 —-0.092 —0.068 0.083 +0.363 +0.616
o 0 | 5.12 —-0.075 -0.063 —0.033 0.092 +0.364 +0.628
«E - 10.24 —-0.052 -0.039 -0.009 0.098 +0.371  +0.627
3 i 20.48 —-0.032  —-0.009 +0.025 0.105 +0383 40.635
_25’_| PN T O T S I vIVs! AE%/S [Vl AE?/"‘ [Vl EZ; A%
-1.5 -1.0 -0.5 0.0 0.5 1.0 ¢c=0.06 0.12 0.24mm
0.02 0.075 —[o] —0.522 —0.526 —0.541
r 0.05 0.080 —[o] —0.546 —0.555 —0.583
100 23N\ O 0.1 0.062 ] —0567 —0581  —0.597
B 1 0.2 0.063 —[o] —0.578 —0.590 —0.615
B 0.5 0.061 —[o] —0.597 —0.608 —0.632
< B 1.0 0.061 0.090 —0.607 —0.622 —0.651
2o JAVA: 2.0 0.063 0.082 —0.625 —0.635 —0.677
= r 6 5 5.12 0.075 0.077 —0.650 —0.659 —0.708
é i 10.24 0.078 0.076 —0.676 —0.679 —0.731
3 i 7 20.48 0.092 0.084 —0.702 —0.709 —0.753
100 T T T T A [a] Independent of ¢, mean values over data at ¢=0.06, 0.12, 0.24mm. [b] Not
-1.5 -1.0 -0.5 0.0 0.5 1.0

potential, E/V

Figure 2. Cyclic voltammograms of hexakis(dimethylamino)benzene 1 in
CH;CN/CH,Cl, (1:1, v/v)/0.1m NBu,PF,, variation of scan rate v and
concentration ¢. a) v=0.1Vs™, ¢=024mm, E =+0.166 (—), +0.466
(++++),+0.866 (----) V;b) v=1.0Vs,¢=0.06(----),0.12(----),0.24mm
(—); ¢) v=20 Vsl ¢=024mwm; Pt tip electrode, ambient temperature.

these conditions is characterized by three peaks, 1-3. An
increase in the concentration does not cause peaks to appear
or disappear (Figure 2b). All peak currents are proportional
to the concentration of 1.

In peak 1 primary oxidation occurs. At high scan rates in
particular, peak 1 broadens compared with peaks 2 and 3 and
decreases in relative height (v=20Vs™!, Figure 2c). This
indicates that electron transfer in peak 1 is relatively slow.
Also at high scan rates, reduction peaks4 and 5 become
clearly visible (related to oxidation signals 3 and 2, respec-
tively; Figure 2 c). For slower time scales (v =0.1 and 1.0 Vs,
Figures 2a and b), peak 4 disappears and peak 5 considerably
decreases in intensity. Simultaneously, reduction peak 6
increases. Reduction signal 7 is intense, but relatively narrow.
Signal 8 is only observed at lower scan rates and after passage
of peak 3. It is thus related to the product formed at more
positive potentials and may be due to some remaining
adsorption process. It is, however, strongly shifted from the
other peaks and does not interfere with their interpretation.

Peak 1 shifts to more positive potentials with increasing v,
as expected for a slow ET. Also, a shift to more positive values

224 ——

observed owing to absence of peak 4.
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Experiments with a switching potential of E,=+0.166V,
that is, one between oxidation peaks 1 and 2 (Figure 2 a, solid
line), reveal that peak 7 has to be assigned to the reduction of
the product generated in peak 1: peaks 1 and 7 form a peak
couple despite their considerably enhanced potential differ-
ence (AE,>04V at v=01Vs! AE,>06V at v=
2.0 Vs~!). The reason for this behavior will be discussed
below. Like E], peak potential E] depends on v and c.

Peak current function i}/\/vc (Table 2) decreases slightly
with increasing scan rate, again consistent with the hypothesis
of a slow ET. Peak current i] is proportional to the square root
of the scan rate for v>0.1 Vs~!, excluding involvement of
adsorption processes (Table 2). Only for small v does i}/\/vc
decrease; we attribute this to the long time delay between
passage of peaks 1 and 7 in these experiments. At small scan
rates a fraction of the primary oxidation product escapes
reduction on the reverse scan due to nonideal edge diffusion
into the bulk solution.

Voltammograms with E;=+0.466 V (Figure 2a, dotted
line) prove that peak 5 corresponds to the reduction of the
oxidation product formed in peak 2. Peak potential E? is
essentially independent of v and ¢, with AE%°=0.066+
0.009 V for scan rates up to v=>5.0 Vs~! (Table 1). Only for
v>5.0 Vs~! do the two peaks shift apart. The peak current
function i}/\/ve = (59 £6) Acm®s">V~"2mol™! (i} referred to
the current decreasing from peak 1; Table 2) is independent of
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Table 2. Peak current features in cyclic voltammograms of 1.

v /Vst NS i1 /vt NN
0.02 116 26 63 8.9
0.05 138 40 59 4.1
0.1 128 75 65 41
0.2 126 77 64 47
0.5 121 81 59 51
1.0 143 83 58 47
2.0 116 84 57 41
512 111 88 56 30
10.24 106 84 58 22
20.48 104 84 59 11

[a] In As"?cm?® V2 mol~!, independent of ¢, mean values over data at ¢ =
0.06, 0.12, 0.24 mM. [b] Determined with extrapolated current from peak 1
as baseline. [c] i§ referred to zero current.

v and c. Peaks 2 and 5 are assigned to oxidation and reduction
of two species related by a one-electron redox process with a
mid-point potential of E¥S = +0.33040.005 V. This process is
reversible at small v, becoming quasireversible at larger v.
Independence of AE%° on ¢ for v<10 Vs~ proves that
uncompensated iR drop may only obscure the voltammetric
curves above this scan rate.

For E;=+0.866 V and after passage through oxidation
peak 3, the remaining reduction peaks 4 and 6 are observed.
At scan rates v > 1.0 Vs, peak 4 is clearly present and again
indicates a one-electron redox step with quasireversibility
being noticeable at v >5.0 Vs~! (shift of E3, Table 1; AEY* ~
0.08 V; E¥*=140.584+£0.010 V). With decreasing scan rate,
peak 4 decreases in intensity and disappears at v<1.0 Vs~
The oxidation product formed in peak 3 undergoes an
irreversible chemical follow-up reaction. The shift of peak 3
to less positive potentials at v < 1.0 V's~! is in accordance with
this hypothesis (Table 1).

The scan rate at which peak 4 disappears is independent of
the substrate concentration. Consequently, the follow-up
reaction must be of first or pseudo-first order. Peak current
i3 in voltammograms of 1 is not further analyzed, since the
errors in separation of the current contribution of the third
electron transfer reaction are large.

The product of the chemical reaction is reduced in peak 6,
whose peak current function increases with a decrease of v
(Table 2). At scan rates below 0.1 Vs~ if/\/vc strongly
decreases. Possibly, a further chemical reaction becomes
dominant on this time scale, and in turn destroys the species
reduced in peak 6. The position of peak 6 depends on c. We
will not further discuss the behavior of peak 6 in detail here.

Chronoamperometry (CA) and chronocoulometry (CC) of 1:
The peak broadening observed for peak 1 precludes compar-
ison of the peak current functions of the oxidation peaks and
derivation of the electron stoichiometry for the oxidation of 1
from cyclic voltammograms. Potential step techniques such as
chronoamperometry and chronocoulometry, on the other
hand, usually investigate the electron transfer at a potential
which is in the mass-transfer limited current region.?®! Thus,
even systems with sluggish electron-transfer steps may be
rendered diffusion-controlled under these conditions because
of the increased driving force for the ET. Effects of

Chem. Eur. J. 1998, 4, No. 2
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quasireversibility become negligible, at least on longer time-
scales, and the relative numbers of electrons transferred in
successive steps can be determined.

CA and CC were used to characterize the oxidation of 1 at
potentials between peaks 1 and 2 (E=+0.166 V), between
peaks 2 and 3 (E=+0.466 V), and at potentials positive of
peak 3 (E=+0.866 V). The time scale was varied through the
pulse width 7. Table 3 gives results for the slope of the Anson
plot, O/ /fc, from CC experiments and the Cottrell constant,

Table 3. Chronocoulometric and chronoamperometric results for oxida-
tion of 1 at different values of E (in V).[2

EIV +0.166 +0.466 +0.866
T/s
01 /i
0.1 0.0515 0.0803 0.104
1.0 0.0522 0.0775 0.101
10.0 0.0576 0.0879 0.107
(OII)(QIVIE) b=t 0166 v
0.1 1.000 1.56 2.02
1.0 1.000 1.48 1.93
10.0 1.000 1.53 1.86
0(27)/Q(7)
0.1 0.40 £0.01 0.45+0.05 0.43 £0.04
1.0 0.42 £0.01 0.43+0.03 0.46 £0.03
10.0 0.49 £0.01 0.51+£0.02 0.59+0.03
il\/iclel 30.0 41.2 54.8
(VIS e 0160y 1.00 1.37 1.83

[a] Mean values from experiments at ¢ =0.06, 0.12, and 0.24mwm. [b] In
Cem®s™"?molL [c] In Acm’®s~?mol~!, mean values from all 7.

ivtce, from CA experiments. Both quantities should be
proportional to the number of electrons transferred,?! n.
Also, results for the ratio Q(27)/Q(r) from CC are shown. For
an ET without follow-up reaction, this ratio is expected to
approach 0.414."

With increasing potential, both the Cottrell constants and
the Anson plot slopes increase. If we divide the data by the
respective result at £E=+0.166 V, the relative values corre-
spond to a ratio of 1:1.48:1.91 (mean values over all 7, and
over CC and CA data). Since numbers of transferred
electrons must be integers, this result indicates that the n
values for the three successive oxidation steps form a ratio of
2:3:4. Hence, in the first electrochemical step two electrons
are transferred. In full accordance with the results of the CV
experiments, in each of the two further steps one electron is
exchanged. Consequently, while in peak 1 a dication 1?* is
produced, a trication 13+ and a tetracation 1** are formed in
peaks 2 and 3, respectively.

The Q(27)/Q() ratios in Table 3 are close to 0.414 for E=
+0.166 and +0.466 V at 7=0.1 and 1.0 s, but increase for £ =
+0.866 V and with increasing 7. This indicates that some
material generated at the potential of peak 3 disappears and
cannot be re-reduced in the second part of the CC experi-
ment. Again, this is in accordance with the CV data, indicating
a follow-up reaction coupled to the ET in peak 3: the
tetracation 1** is not stable at slower time scales. At =10,
some product may once more be lost due to edge diffusion
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into the bulk solution causing Q(27)/Q(7) to deviate from
0.414 even at E=+-0.166 and +0.466 V.

Preparative scale electrolysis and coulometry of 1: HDMAB
was anodically oxidized at potentials between peaks 1 and 2 in
preparative scale electrolysis experiments in both the CH;CN/
CH,Cl, mixture and in CH,Cl,. During electrolysis, the
solution turned from colorless to dark brown. The charge
passed during oxidation corresponded to 2 electrons per
molecule of 1 present in the starting solution, confirming that
a dication was formed.

During electrolysis in CH,Cl, a black solid precipitated. It
was identified as the bis(hexafluorophosphate) of the dica-
tion, 12+(PF;),, by 'H and “C NMR spectroscopic results
(both compared with results for the bis(triiodide) of 1>+2) as
well as elemental analysis. The limited solubility of the
dication in CH,Cl, is probably the reason for the adsorption
effects observed in the voltammograms of 1 in this solvent.

In CH;CN/CH,Cl, no precipitate formed. Peak 1 did not
appear in the CV of the oxidized solution: the starting
compound had completely disappeared (Figure 3). However,

100

current, i / uA

- 5

TN T T O T Y O T Y
-0.5 -0.25 0.0 0.25 0.5 0.75 1.0
potential, E/V

Figure 3. Cyclic voltammogram in solution of 1 in CH;CN/CH,Cl, (1:1,
v/v)/0.1M NBu,PFg, after electrolysis at +0.166 V; ¢(1) = 10mM in starting
solution; v=0.1 Vs™!; Pt tip electrode, T=17°C.

peaks 2 and 3 observed in the voltammogram of 1 were still
present. After the potential had been scanned to values more
negative than peak 7, peak 1 reappeared on the reverse
oxidation scan.

During preparative-scale reduction of the oxidized solution
the deep color disappeared, the precipitate redissolved in
CH,Cl,, and again 2Fmol™ of 1 were transferred. The
potential of the working electrode had to be set to rather
negative potentials (E~— 1.7V in CH,Cl, and ~—1.6V in
CH,CN/CH,CL,) to achieve reduction. In voltammograms,
after such a reduction peak 1 was already present during the
first oxidation scan. On the basis of these bulk electrolysis and
CV experiments we conclude that, while being electrochemi-
cally quasireversible (transfer of at least one electron is slow
compared with diffusional transport), oxidation of 1 to its
dication is chemically reversible, that is, the oxidation product
12+ is stable and can be reduced to the neutral starting
compound.

Crystal structure of 12+(PFy),: X-ray crystallographic results
for the structure of 1** bis(trilodide) have already been
reported.?! Although the structure determination was carried
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out with crystals of only “mediocre”? quality, the main
features of the dication conformation could be described.
However, the data include some large temperature factors,
and the unit cell [a =16.243(5), b = 11.051(4), c =20.358(7) A,
B =112.02(3)°, Z =4] and the space group (P2/c) may not be
consistent. A C-centered cell may be an alternative to the
primitive one.

Since 1?*(PFg), was obtained in good quality crystals, we
reexamined the solid-state dication structure with the product
prepared electrochemically in the present work. As with the
structure described for 12*(I5),,? the benzene ring of the
dication in the bis(hexafluorophosphate) attains a twisted
conformation (Figure 4). The molecule is composed of two

€62

C63
Figure 4. Structure of the hexakis(dimethylamino)benzene dication in
12+(PF5), crystals.

nearly planar delocalized polymethine systemsB” consisting of
three carbon ring atoms and two N(CHj;), groups each. The
central carbon atom of each polymethine chain is substituted
by an additional N(CHj,), group. The angle between these two
systems is 34.37°. The bond distances in the two systems (N11-
C1-C2-C3-N31 and N41-C4-C5-C6-N61) are very similar
(Table 4). Electron delocalization results in considerable
shortening of the C—N bonds involved in the polymethine
systems. In contrast, the bond between one of the central
carbons in the polymethine chain (e.g., C2) and the attached
nitrogen (N21) is clearly longer. The two C—C bonds coupling
the polymethine moieties have single-bond character, as
shown by a C—C distance of 1.519 A. Bond lengths obtained
for the bis(hexafluorophosphate) are in good agreement with
AMI1-calculated distances (Table 4).1%

Table 4. Selected bond lengths in 12*(PF~), compared with X-ray
crystallographic results and AM1-calculated values for the bis(triiodide).?!

1>*(PF;), 12(15),2 caled?!
Cl-N11 1.329(4) 1.34(3) 1.337(0)
Cl-C2 1.411(4) 1.38(3) 1.439(1)
C2-N21 1.400(4) 1.43(3) 1.398(0)
C2-C3 1.435(4)
C3-N31 1.313(4)
C1-C6 1.519(4) 1.57(5) 1.526(2)
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Table 5). The peak potential E} is independ-
ent of v and ¢ up to v=10.24 Vs~L On the
other hand, Eg shifts to less positive values
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at low v, as observed before when starting
from 1, confirming the effect of a follow-up
reaction of the tetracation. Again, peaks 2—
5 allow the determination of mid-point
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05 1.0 potentials  (E*®=+40329+0.002, F*=

+0.582+0.009 V), which are in excellent
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agreement with those obtained from volt-
ammograms of 1. Only at high scan rates
does quasireversibility show up in both cases
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(indicated by increasing AE, and a shift of
E, above v=10.24 Vs™'). At low scan rates,
peak 4 disappears, again owing to an irre-
versible follow-up reaction of 1.
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Figure 5. Cyclic voltammograms of 1>+(PFg), in CH;CN/CH,Cl, (1:1, v/v)/0.1m NBu,PF,, c =
0.208mm: a) v=0.02 Vs, b) v=0.1Vsc) v=10Vs! d) v=5.0Vs' (oxidation cycles

to +0.466 V: - - - - to +0.866 V: ----; reduction cycles: —).

Cyclic voltammetry of 1>*(PFy),; oxidation: CV of solutions
of 1?*(PFy), in the CH;CN/CH,CIl, electrolyte (Figure 5)
confirms the mechanistic picture gained so far and gives
additional information. No current is observed in solutions of
the bis(hexafluorophosphate) of 1?* at a starting potential of
+0.166 V. At more positive potentials, the dication is oxidized
in two successive one-electron steps (Figure 5, broken and
dotted lines; AEZ° =0.068 + 0.005 V, AEY* =0.081 £0.017 V;

0.5 0.0
potential, £/ V

Table 5. Peak potential features in cyclic voltammograms of 12*.
vIVs! E}IV |E]—E],|/VEl EYVEL Vi
c=0.08 0.18 0.29mm
0.01 —-0.579 —0.602 —0.602 0.065 +0.361  +0.565
0.02 —-0.59 —0.610 -0.613 0.061 +0362  +0.572
0.05 —-0.609 —0.628 —0.633 0.062 +0364 +0.584
0.1 —0.616 —0.636 —0.643 0.063 +0.364  40.588
0.2 —0.627 —0.650 —0.657 0.063 +0.360  +0.596
0.5 —0.643 —0.662 —0.675 0.062 +0362  +0.604
1.0 —0.653 —0.666 —0.681 0.061 +0.360 4 0.606
2.0 —0.658 —0.676 —0.688 0.060 +0.362  +0.611
512 —-0.677 —0.687 —0.703 0.061 +0.367 +40.618
1024 —0.690 —0.714 —0.741 0.067 +0.372  40.623
2048  —-0.733 —-0.718 —0.734 0.069 +0.379  40.639
512 —-0.766 —0.764 —0.772 0.074 +0.391  40.642
v/Vs! AEYSIVIL AEY4VE EyV
c=0.08 0.8 0.29mm
0.01 0.068 — bl —0.155 —0.164 —0.167
0.02 0.067 — bl —0.139 —0.147 —0.147
0.05 0.070 — [l —0.119 —0.136 —0.122
0.1 0.067 — [l —0.104 —0.112 —0.107
0.2 0.064 — [l —0.087 —0.097 —0.089
0.5 0.068 — [l —0.065 —0.073 —0.068
1.0 0.062 0.074 -0.045 —0.053 —0.052
2.0 0.065 0.072 —0.031 —0.046 —0.039
5.12 0.072 0.068 —0.006 —0.033 —0.017
10.24 0.080 0.070 —0.002 +0.000 +0.014
20.48 0.095 0.095 +0.029 -+0.007 +0.017
512 0.119 0.108 +0.066 -+0.038 +0.070

[a] Independent of ¢, mean values over data at ¢ =0.08, 0.18, and 0.29 mm. [b] Not

observed owing to absence of peak 4.
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From the experiments with both 1 and
1>+(PFg), we calculate E°(1?*/1%) =
+0.330+0.005 V and E'(1P1%+) =
+0.58£0.01 V as the formal potentials of
the two consecutive one-electron transfer
reactions.

The baseline for i; is clearly defined in these voltammo-
grams, and for 0.05<v <10.24 Vs™! the current function i3/
\/ve can be determined to be (53+2) Acm3s"?V~1"2mol~!
(Table 6). From the peak currents i2 we calculated the

0.5 1.0

Table 6. Peak current features in cyclic voltammograms of 12*.

VIVST RN BBt il i )i izl
0.01 63 43 96 14 0.94 0.68
0.02 59 43 94 27 0.88 0.72
0.05 56 42 91 37 0.88 0.76
0.1 54 42 92 39 0.90 0.78
0.2 52 43 92 39 0.96 0.82
0.5 51 45 92 36 1.00 0.88
1.0 52 44 92 32 1.00 0.85
2.0 51 45 93 27 1.05 0.89
5.12 56 46 93 22 1.06 0.82
10.24 53 46 92 19 1.17 0.86
2048 50 45 92 16 1.30 0.90
51.2 46 48 89 14 1.43 1.04

[a] In As"?cm?®V~"2mol~!, independent of ¢, mean values over data at ¢ =
0.08, 0.18, 0.20, 0.21, 0.29mMm. [b] Determined with extrapolated current
from peak 2 as baseline.

diffusion coefficient of 1** in CH;CN/CH,Cl, as D(1?*) =
8.2 x 1076 cm?s~'. The peak current ratio /i3 in voltammo-
grams of 17* with E; = +0.466 V is 1.0 +- 0.1, independent of v
(0.05<v<10.24 Vs™), confirming stability of 1°* on the
timescale used. Peak current i3 can be estimated if we use the
extrapolated current decreasing from peak 2 as the baseline.
A ratio of i3/i2=0.8+0.1 is found, in accordance with the
assumption of two one-electron transfers in peaks 2 and 3.
Oxidative cyclic voltammograms of 12+ were simulated on
the assumption of two quasireversible electron transfers (E)
and an irreversible follow-up chemical (C) reaction (EEC
mechanism) under linear diffusion conditions. Figure 6 shows
simulations with this model and the corresponding experi-
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Figure 6. Experimental and simulated cyclic voltammograms of 1>* (PFg), in CH;CN/CH,Cl, (1:1, v/v)/0.1m
NBu,PF; symbols: experimental data, solid lines: simulated data, E°(1>*/13*) = +0.331 V, E°(13/1*) =+ 0.582 V,
ko,=02cms™, k,=01cms™, a,=a,=0.5, k=15s"!, D=82x10"°cm?s™!; conditions in experiments:
¢=0.08, 0.18, 0.29mwm (left to right), v=0.02, 0.2, 2.0, 20.48 Vs~! (top to bottom), A =0.071 cm?; number of
collocation points N=9, spline collocation,’!! expanding simulation space,”” EEC mechanistic model
(CVSIMPY); additional for curves with v=0.02 Vs~!, broken line: simulation with DigiSim including edge
diffusion®'! and reaction of 1°* [E(C)EC mechanistic model, rate constant for reaction of trication: k=0.07 s7'].

mental curves for three concentrations of the starting dication
and for scan rates varying over three orders of magnitude
(0.02-20.48 Vs).

Considering the wide range of experimental parameters
used, the experiments can be reproduced by the simulations

(Figure 5, solid lines). Peak 7
shifts to more negative, peak 1
to more positive potentials
upon an increase in v (Table 5)
and at the same time peak 1
broadens considerably. Again,
a shift of E] to more negative
potentials with increasing c is
noted. The variation of E with
¢ that was observed in voltam-
mograms of 1, on the other
hand, is smaller under these
conditions. The half-peak po-
tential of peak 7 (Table5) is
almost independent of c¢ as
well as v up to 1024 Vs—L
The peak current function of
peak 7, i)/\/vc, does not de-
pend on v. It is therefore con-
firmed that no adsorption ef-
fects are present under the
conditions employed here. No
decrease of i}/y/vc at small v is
observed. The diffusional loss
of 12+ that we observed start-
ing from 1 at slow scan rates
can no longer occur, since
now 12 is the starting species.
However, now ig, on the re-
verse scan shows
linear dependence on /v at
slow scan rates. Simulations of
the dication reduction voltam-
mograms will be described be-
low.

a non-

Chronoamperometry and chronocoulometry of 12+ (PFg),:
Oxidative CA and CC experiments (Table 7) in solutions of

Table 7. Chronocoulometric and chronoamperometric results for redox
reactions of 1?* at different values of E (in V).l

rather well. Only at small v does edge diffusion tend to EIV +0.466 +0.866 ~1.134
influence the experimental curves. At v=0.02 Vs~! the fit T/s

between experiment and simulation can indeed be increased N

if we consider the contribution of nonlinear diffusion. Still, 0.1 0.022 0.042 0.055
peak 3 in the simulations is too intense compared with the L0 0.023 0.042 0.052
experiments. This indicates a slow reaction of 13*, and as a 10.0 0.027 0.048 0.057
matter of fact, simulations of the E(C)EC mechanistic scheme (O (QINEC) - 0166 v

(rate constant for the reaction of the trication: k=0.07 s7!) 0.1 1.000 1.90 2.49
further improves the fit at the slowest scan rate shown. Thus, 1(1)'8 1'888 1;2 ;gé

at scan rates above 0.02 Vs~! the EEC mechanism with two ’ ’ o '
quasireversible ETs provides a good model for the oxidation Q(ZT)/Qéfl) 462001 066001 051 005
of 1. Atv < 0..02 Vs~!, however, an additional reaction of 1>+ Lo 053 i 00 0:8610:02 029 i 010
has to be considered. 10.0 0.69 +0.04 0.95 +0.04 0.61 +0.08
Cyclic voltammetry of 12*(PFg),; reduction: Initially, peak 1 il\/ic! 10.6 215 223

is not present in cyclic voltammograms of 1>*. After the (iII)(i/1€) - v0166v 1.00 2.03 2.10

reduction occurring in peak 7, however, oxidation of 1 is
observed in peak 1 under cyclic voltammetric conditions

228 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998
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[a] Mean values from experiments at ¢ =0.08, 0.18, and 0.24mmM. [b] In
Cem®s™"?mol. [c] In Acm’s"?mol~!, mean values from all 7.
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12+ (PFg), are consistent with the stepwise formation of 1+
and 1** during oxidation (the ratio of electrons transferred
was 1:2 for potentials of +0.466 and + 0.866 V, respectively),
including the hypothesis of the follow-up reaction of the
tetracation (increase of Q(27)/Q(r) with 7 for E=+0.866V,
Table 7). Reduction of 1?* also corresponds to the transfer of
two electrons according to the Anson slopes and Cottrell
constants.

Thermodynamic stability of the oxidation products of 1: The
quasireversible two-electron redox process 1="1?*+2e"
occurs in peak 1, and under the conditions employed in this
work the two steps were not separable. Compared with
oxidation peak 1, reduction peak 7, corresponding to the
reverse reaction 1> —1, is strongly shifted to negative
potentials; this suggests inversion of the formal potentials
characterizing the two one-electron processes 1=1"+e"
and 1'" =12 +e~; that is, the one-electron redox potential
of 1, E°(1/1'*), is more positive than E°(17/1>%). In a cyclic
voltammogram starting from 1 (see Figure 2, for example), an
electrode process could only occur if the electrode potential
were positive enough to trigger reaction 1 -1 +e.

We could find no experimental evidence to decide whether
a hypothetical radical cation 1'* is at all stable, since as soon as
it were formed, it would be further oxidized, either hetero-
geneously at the electrode or by homogeneous disproportio-
nation according to Equation (i). This equilibrium is shifted to

217 = 1+12F (i)

the right if inversion of potentials occurs. On the reverse scan,
reduction starts from 1?* and can only be observed if the
electrode potential is negative enough for the step 12*+
e~ —1'" to be feasible. Inversion of potentials results in rather
negative values of E]. Again, either heterogeneous reduction
or disproportionation of the hypothetical radical cation occurs
and yields 1.

Inversion of potentials implies!?’! that the energetic differ-
ence between the first (here radical cation 1'") and the second
oxidation stage (in the present case 12*) is smaller than the
one between the starting compound 1 and 1-". Evans and
Hul?! have related inversion of potentials in the case of
hydrocarbon reduction to the facts that a) both electron-
transfer products (radical anion and dianion in their case) are
stabilized if they attain their own structure as compared with
the situation in which they retain the structure of the neutral
starting compound and b) this effect is much stronger for the
product of the second ET than that of the first. In the present
system, inversion of the redox potentials could be explained
by the fact that 1 undergoes considerable structural changes
during oxidation. Although X-ray analysis of 1>+ (PFg ), yields
the structure of the dication in the solid state only, it has been
shown that at least for the corresponding bis(triiodide) the
dication has a twisted structure in solution t00.?! The solution
NMR spectra of the dication salts are almost identical and it is
thus reasonable to assume the same relation for the solid-state
and solution structures of the bis(hexafluorophosphate) of
1. In such a twisted conformation, stabilization can be
expected as a result of the formation of two polymethine

Chem. Eur. J. 1998, 4, No. 2
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systems in the dication,*! which is confirmed in the solid state
by the bond lengths (C; —Ny; and C;— Ny, shortened compared
with C,—N,,) and at least for 12+ (I5), in solution by dynamic
NMR results.?”! Therefore, we propose that stabilization of 1>+
through structural changes makes its formation from 1+
thermodynamically easier than the formation of 1'* from the
neutral starting species 1. As a result, the order of the formal
potentials of successive oxidation states linked by two
sequential ETs (commonly separated by about + 0.4 VB!) is
reversed. This is in direct contrast to the earlier reasoning,!'*
which assumed a destabilization of the dication. Energetic
stabilization of polymethine systems by delocalization has
been characterized as between that of aromatic compounds
and polyenes.©*?!

In accordance with the conclusion from Equation (i)
considering inversion of potentials, an ESR spectrum un-
equivocally assigned to 1" could not yet be detected in
solution.?”! Electronic spectra also confirm a shift of Equili-
brium (i) far over to the right-hand side. The UV/Vis
spectrum (Figure 7) of neutral 1 does not show a maximum

LT

absorption / arb. units

T T.T

| S 1 L 1 Lot
300 400 500 600 700 800 900
A/nm
Figure 7. UV/Vis spectra of 1, ¢c=0.255mm (- - - -), of 1>, ¢=0.136 mm
(+++), and of a mixture of 1 and 1?*, ¢(1) =c(1**)=0.182mm (—), in
CH;CN/CH,CI, (1:1, v/v).

in the accessible range of wavelengths (230 <1 <800 nm) in
CH;CN/CH,(Cl, (1:1), while the dication has a spectrum with
two clearly defined maxima [A,,,, =334 nm, ¢=(1.3+0.1) x
10%; Apax =334 nm, ¢ =(7.24+0.7) x 10°] and a weak shoulder
around 620 nm [e=(1.54+0.2) x 10°]. The spectrum of an
equimolar mixture of 1 and 1>* is an exact superimposition of
the spectra of hexakis(dimethylamino)benzene and its dicat-
ion. At least in the wavelength range investigated, no
additional bands show up. This makes presence of a radical
cation in substantial concentrations rather unlikely.

In this context it is interesting to note that potential
inversion has also been observed to various degrees in the
case of pyridyl-substituted cyclobutanes.*¥ In a 1,3-bismethy-
lenecyclobutane/bicyclo[1.1.0]butane system the redox proc-
ess was characterized as an ECE-type sequence.’¥ In these
cases, however, only a single polymethine unit was contained
in the molecule, while in the present example of 1> two such
units are linked.

In contrast to the case of 1 and 1%+, the stability of 13+ and
14+ follows the normal pattern: oxidation becomes more
difficult with increasing positive charge on the ions. We have
no experimental information on the structure of these higher
oxidation products of 1. Normal ordering of potentials,
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however, suggests that structural changes accompanying these
oxidation steps are of minor importance. Possibly the central
(CH;)N, groups in the two polymethine moieties, which are
not included in the delocalized systems of the dication
(nitrogen atoms N21 and NS51 in Figure 4), now bear the
additional charge(s).

Determination of E°(1/12*): Recently, Hu and Evans?!
showed that the mean value of the E° of an inverted two-
electron system is accessible from potentiometric experi-
ments. The equilibrium potential of an indicator electrode is
determined in the presence of various concentrations of the
two redox partners. In their case, one partner of the redox
couple was used as the starting compound, and the other one
was generated by electrolysis. The amount of product formed
was determined from the charge passed through the electrode.
The resulting E° characterizes the overall thermodynamics of
the two-electron system.

In the case of 1 and 1>*, both redox partners are stable and
can be prepared in pure form. Thus, E°(1/1*") = [E°(1/1") +
E°(1++/1%)]/2 is accessible from equilibrium potential meas-
urements in solutions with various ratios [1]/[1?*], which were
prepared by mixing stock solutions of the two species. Results
are plotted in Figure 8 versus the ratio xp. = [124]/([12*] 4 [1])

L o
0.3 -
Z -0.351-
R B
= I
=1 L
2 04
a L
§ I o
_0‘457\\'\I\l|\\\l|\l\\|\l\\|\
0.0 0.25 0.5 0.75 1.0
xdlumun

Figure 8. Equilibrium potential of a Pt tip electrode in solutions of 1 and
12+ in CH;CN/CH,Cl, (1:1, v/v)/0.1m NBu,PF; as a function of xp.. (see text
for definition); symbols: data from three independent experiments;
theoretical curves for E°(1/1%*) = —0.366 V, solid line: n =2, dotted line:
n=1.

and compared with a theoretical curve (solid line) calculated
according to Equation (1) (derived from the Nernst equation,

RT 1
E=E'1/1*)—— In(—-1.0) 1)
nF X

n=2, T=298 K, R being the gas constant and F the Faraday)
with E%(1/12*) = —0.366 V. Good agreement is found for a
series of independent experiments. A theoretical curve with
n=1 (dotted line) does nor fit the experimental data well.
Only at the extreme limits of small and large xp.. does scatter
of the experimental data occur, probably due to uncertainties
in the concentration of the two redox partners. The results
provide an estimate of the overall redox potential 1—12* +
2e.

Kinetics of electrode reaction 1=1>": The peak potential
difference between peaks 1 and 7 and the dependence of the
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half-peak width |E,—E},| (Tablel) on the scan rate
indicate that, in addition to inversion of the formal potentials,
the overall redox process is kinetically slow. Two fully
reversible ET processes would result in a peak potential
difference of 29 mV with E=E’%1/1**) even if the formal
potentials were inverted, and a half-peak width of 29 mV.
Furthermore, for reversible ETs, the peak potentials E| and
E] were expected to be independent of v.

Sluggish ET may be brought about by a structural change of
the molecule during the redox reaction, concerted with at
least one of the heterogeneous steps.?! This would corre-
spond to a large inner reorganization energy A; during the
oxidation. It has recently been shown that effects of 4; and
those of a bond dissociation concerted with the ET on the
activation barrier are similar for one-electron transfer proc-
esses.’>37 The present case of a two-electron system, how-
ever, is much more complicated due to the larger number of
alternative reaction pathways. For example, the structural
change could be nonconcerted with any of the electron
transfers and happen either at the radical cation or the
dication stage, or it could be concerted with either of the ET
steps. Furthermore, considerable changes in the molecular
structure may occur during both of the two ET processes.
Finally, even the two ETs may be concerted into a single
elementary reaction. A detailed kinetic analysis of the
reaction 1=1** 4+ 2e~ must therefore await further theoret-
ical development.B®!

Simulations for an EE reaction with inversion of potentials,
a fast (diffusion-controlled) homogeneous disproportionation
reaction of 1'*, slow ET kinetics for both steps, and potential-
dependent transfer coefficients a, however, already show that
the overall shape of the voltammograms in the system 1/1**
can be reproduced. Simulations of an ECE process were less
successful. Formulation as an EE reaction implies that
structural changes are concerted with one or both electron
transfers. In particular, the fact that at large scan rates the
half-peak widths of peaks 1 and 7 are different, with peak 1
being more drawn out than peak 7 (see Tables 1 and 5 and
Figure 2c), shows up in the simulations. Also, a concentration-
dependent shift of the peak potentials, probably due to the
influence of the second-order disproportionation, can be seen
in these simulations. Future work will be directed at providing
a more quantitative picture of the two-electron oxidation of 1.

Oxidation mechanism of 1 and comparison with other amino-
benzenes: Hexakis(dimethylamino)benzene 1 was oxidized in
three steps in the CH;CN/CH,Cl, electrolyte, yielding di-, tri-,
and tetracations (Scheme 1). The experimental data prove
oxidation in a quasireversible two-electron step and two
faster, successive separate one-electron steps with follow-up
reactions at the tri- and tetracation stages. The two voltam-
metric peaks corresponding to the primary redox reaction are,
however, separated by more than 0.5V, because of the
combined effects of inversion of the formal potentials
(thermodynamics) and the sluggishness of at least one of the
electron transfers (kinetics).

Dietrich and Heinze also observed a three-step oxidative
cyclic voltammogram of 1 in liquid SO, and CH,Cl,, but at
much more positive potentials than in our work
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Scheme 1. Oxidation mechanism of hexakis(dimethylamino)benzene in
CH;CN/CH,Cl,.

(+0.31, +0.56, and +1.64V vs. fc/fct, recalculated from
values vs. Ag/AgCl with the ferrocene potential given in
ref. [4]). Surprisingly, for increasing E their data correspond
to two separate one-electron transfers followed by a two-
electron process.?” This result can be reconciled with our data
if we assume that in their system 1> was present as the
starting compound (possibly due to oxidation by the solvent
SO,). Indeed, the E° values for their first two steps are almost
identical to the formal potentials for tri- and tetracation
formation determined in the present work. Their third wave
would then correspond to hexacation formation. The poten-
tial of this wave lies outside the potential window accessible in
CH;CN/CH,Cl, under the conditions used in the present
work, precluding formation of such a highly charged species.

N,N,N',N'-Tetramethyl-p-phenylenediamine (5), one of the
best-investigated aromatic amino compounds as regards its
electron transfer properties, is oxidized in the CH;CN/CH,Cl,
electrolyte at E°=—0.292 +0.002 and E°= —0.343 +£0.003 V
in two one-electron steps via its radical cation (Wurster’s
Bluel*l) to its dication [values in pure acetonitrile: —0.206
and +0.378 V,P1 —0.207 and +0.373 V (recalculated vs. fc/fc*
from ref. [7]), —0.27 and +0.33 V;[ for a recent investigation
of solvent effects on E°(5/5"), see ref. [41]]. The mean value
of these two formal potentials, E°(5/5%7) = [E*(5/5") + E*(5*/
5°+)]1/2=+10.026 V, can be compared to E°(1/1>*) = —0.366 V,
since both E° describe an overall two-electron process. 1 is
oxidized considerably more easy than 5.

Another compound suitable for direct comparison with 1
with respect to the oxidation potential is 1,2,4,5-tetrakis(di-
methylamino)benzene (2). The formal potential for the two-
electron oxidation of 2 in acetonitrile is —0.266 V vs. fc/fc*,5!
0.1 V more positive than E°(1/1?*). Comparison of the
oxidation potentials of 1, 2, and 5 reveals that that of 1 is
not unusually high.

It is interesting to note, however, that in contrast to most of
the other dimethylamino-substituted benzenes or their deriv-
atives, 1 shows both inversion of potentials and a small
heterogeneous electron transfer rate. As such its electro-
chemical behavior is indeed different from most similar
compounds, for example 5—8. In the absence of quantitative
kinetic data for the oxidation of 1, the reason for this
difference will be discussed qualitatively here. It does appear
that this behavior is not simply related to the fact that a
structural change occurs at all during oxidation, or that steric
strain occurs in the oxidation product.

One would expect strong steric effects in the HOC dication
8%+ because of the ethano bridges linking the nitrogen atoms
in this coronene derivative. Dication 8%+ is described as having
an essentially planar C,N, core,l'” but forms two polymethine
moieties. The central six-membered ring now consists of two

Chem. Eur. J. 1998, 4, No. 2

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

C; units with short C—C bonds. The units are connected by
two long C-C single bonds. These structural features are
similiar to 1?*. In contrast to the HDMAB dication, however,
the polymethine systems in 8* are held coplanar by the
ethano framework. In contrast to 8, the C—C bond lengths in
the HOC dication are no longer equal. Consequently, there is
indeed a considerable change of the molecular structure in
going from 8 to 8%+, but confined to the planar core ring. The
cyclic voltammogram of 8 shows four reversible one-electron
peak couples and none of the effects discussed for 1. 1,2.4,5-
Tetrakis(dimethylamino)benzene (2), on the other hand,
shows inversion of potentials: its two-electron oxidation peak
could not be separated into two one-electron signals.P! Tts
voltammogram was not analyzed with regard to the kinetics of
the ET,P but its peak potential separation is clearly increased
above the 29 mV expected for a reversible system, indicating
slow heterogeneous ET.

The main difference between the systems 1/1>* and 2/2** on
the one hand and 8/8 on the other is the fact that the
structural distortion in 1** and 2** (compared with 1 and 2,
respectively) is out-of-plane and that the polymethine systems
are no longer coplanar but tilted relative to each other. We
suggest that this particular feature of the structural change
during ET contributes to stabilization of 1" and 2** compared
with hypothetical dications with a structure not much differ-
ent from the neutral parent (i.e. with parallel polymethine
units), and may be responsible for the effects which we
observe experimentally. In particular, stabilization explains
the inversion of potentials in these cases. Dication 8+ does not
have this stabilizing feature, and its polymethine units must
remain coplanar. Thus, normal ordering of potentials is
observed. This hypothesis could possibly be tested through
detailed analysis of the redox properties of other polyamino-
benzenes with various degrees and types of steric restraints.

In future experiments, we will therefore extend our experi-
ments to HDMAB derivatives with cyclophane-type rings
linking two nitrogen atoms in meta positions to those with a
NH(CH,;) group replacing one dimethylamino substituent,
and to those with two hexaaminobenzene moieties linked by
aliphatic spacer units (see for example ref. [42]).

Experimental Section

General: Hexakis(dimethylamino)benzene was synthesized according to
published procedures from 1,3,5-trichloro-2,4,6-trinitrobenzene via 1,3,5-
triamino-2,4,6-trinitrobenzene and hexaaminobenzene.[*! Elemental anal-
yses were performed in the Chemisches Zentralinstitut (Universitit
Tiibingen). Nuclear magnetic resonance spectra were recorded on a
Bruker AC250 spectrometer.

Solvents and supporting electrolytes: Dichloromethane was predried over
CaCl,. It was distilled from P,Os5 and then K,COj;, and passed through an
AlLO; column (diameter: 2 cm, length: 15 cm; neutral alumina, dried at
140°C and cooled under argon). Acetonitrile was predried over CaCl,. It
was distilled from P,Os, NaH and again P,Os, and passed through an Al,O;
column as described above. Tetra-n-butylammonium hexafluorophosphate,
NBu,PF, was prepared from NBu,Br and NH,PF; or recycled as described
before.*l It was used in a concentration of 0.1M in the respective solvent.
The electrolyte was degassed by three freeze — pump — thaw cycles before it
was transferred into the electrochemical cell under argon.
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Electrochemical experiments: All electrochemical experiments were
performed with a Bioanalytical Systems (BAS, West Lafayette, IN, USA)
100B/W electrochemical workstation controlled by a standard 80486
personal computer (control program version 2.0). For electroanalytical
experiments a Metrohm Pt electrode tip (Filderstadt, Germany) was used
as working electrode. The electroactive area of the Pt disk was determined
from cyclic voltammograms, chronoampero- and chronocoulograms of
ferrocene (fc) in acetonitrile, CH,Cl, and a 1:1 (v/v) mixture of these
solvents to be A =0.071 4+0.007 cm?, with diffusion coefficients D for fc in
CH,;CN (24 x10% em?s )% and CH,Cl, (2.32 x 107% cm?s7!).11 The
value of D in the solvent mixture was calculated as the mean value of the
values in the pure solvents. The counterelectrode was a Pt wire of 1 mm
diameter. A single-unit Haber —Luggin double-reference electrodel*’! was
used. The resulting potential values refer to Ag/Ag* (0.01m in CH;CN/0.1m
NBu,PF;). Ferrocene was used as an external standard. Its potential was
determined by separate cyclic voltammetric experiments in the respective
solvent, and all potentials were then rescaled to E°(fc/fc™) (+0.093 V in
CH,CN, +0.211V in CH,Cl,, and +0.134 V in the CH;CN/CH,Cl,
electrolyte, all vs. Ag/Ag"). All potentials in the present paper are reported
relative to the fc/fc* standard“! in the respective solvent.

For cyclic voltammetry, chronoamperometry, chronocoulometry, and
potentiometry a gas-tight full-glass three-electrode cell was used; its
assembly for the experiments has been described previously.l* The cell was
purged with argon before it was filled with electrolyte. Except for the
potentiometric determinations, background curves were recorded before
adding substrate to the solution. These were later subtracted from the
experimental data with substrate. The automatic BAS 100B/W iR-drop
compensation facility was used for all experiments.

For preparative electrolyses working and counterelectrodes were nets of
Pt/Ir 90/10 (Degussa, Hanau, Germany), separated by a glass frit. The
reference electrode was identical to the one described above. The cell was
fitted with an additional Pt tip electrode (see above) to record cyclic
voltammograms. This cell was also gas-tight and its temperature could be
held constant. It was purged with argon prior to being filled with
electrolyte.

Numerical simulations*! were performed with our CVSIM package® on a
CONVEX C3860 mainframe computer. The programm uses spline
orthogonal collocation®! with the expanding simulation space optionl*
and was extended to accommodate the electrode reaction mechanisms
encountered in the present work. In particular the possibility of using a
potential-dependent transfer coefficient a for quasireversible ET processes
was included, according to Equation (2). Additional simulations to include
edge diffusion (empirical procedure as given in ref. [21]) and trication
reaction used the commercial simulator Digisim.[%!

da
a:aoJF(E*EO)E @

Preparative electrolysis of 1; preparation of 1*(PFg),: A 0.1M solution of
NBu,PF, in CH,Cl, (20 mL) was placed in the working electrode compart-
ment of the electrolysis cell. The counterelectrode compartment was filled
with the same electrolyte. After inserting the double-reference electrode
with the Haber—Luggin capillary and stabilizing the cell temperature at
17°C, 1 (67.4 mg, 0.2 mmol) was dissolved in the electrolyte in the working
electrode compartment and a cyclic voltammogram was recorded with the
tip electrode. Then the solution was electrolyzed at E=-+0.289 V, until the
primary oxidation peak of 1 in the voltammograms had disappeared. A
charge of 39.4 C (expected for n=2:38.6 C) had passed. A precipitate had
formed in the working electrode compartment. It was filtered off and dried
at ambient temperature and 5 x 1072 mbar to yield 52.5 mg 1?*(PFg),
(42%). C\gHseF,N¢P, (626.47): caled C 34.51, H 5.79, N. 13.42, F 36.39;
found C 34.26, H 5.64, N, 12.71, F 37.02; '"H NMR (200 MHz, [Ds]DMSO,
TMS): 6=3.07 (s); '"H NMR (200 MHz, CD,Cl,, TMS): 6=3.15 (s)
(12+(I5),: 3.30 (s) in CD,Cl,, see ref. [2]); *C NMR (200 MHz, [D4]DMSO,
TMS): 6 =44.09 (CH,), 144.05 (ring carbon atoms) (127(I5),: 6 =44.08,
143.92 in [Dg]DMSO, see ref. [2]).

Potentiometric determination of equilibrium potential E°(1/1?*): The
equilibrium potentials®! of solutions containing both 1 and 1+ were
determined as the rest potentials of a Pt electrode in the electrolyte. Typical
experiment: Two stock solutions were prepared, one with 3.91 mg and the
other with 39.48 mg of 1>*, in the electrolyte [CH;CN/CH,Cl,, 1:1 (v/v) with
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0.1m NBu,PF,]. Compound 1 (0.48 mg) was dissolved in the electrolyte
(20 mL). Several portions of the dication solutions were added, and each
time the rest potential was determined with the BAS 100 B/W. Determi-
nations with a fixed concentration ratio of 1 and 1?* were repeated until the
rest potential stayed constant. Between the determinations the solution was
stirred for 2 min. The rest potential was plotted versus the concentration
ratio xp. = [12*])/([12*] + [1]). The value of E°(1/1>*) follows as the point of
inflection of the plot or from comparison with curves calculated from
Equation (1).

UV/Vis spectra: A recording spectral photometer Specord M 500, Zeiss,
Jena (Germany), was used with 1cm pathlength quartz cuvettes. The
reference was the pure solvent and the concentrations were chosen such
that the extinction was between 0.1 and 0.15. The extinction was plotted vs.
the concentration and the extinction coefficient determined from the slope
of the resulting straight line.

Crystal structure determination: Crystals of the dication bis(hexafluor-
ophosphate) were obtained by slow diffusion of diethyl ether into a
solution of the salt in acetonitrile. The X-ray data were collected with an
Enraf—Nonius diffractometer. Crystal data are reported in Table 8. The
data were collected with 6 ranging from 5.6 to 65; there were 4912
reflections, of which 4489 with 1>20 have been used for the structure
determination. The structure was solved by direct methods® and refined

Table 8. Crystal data and structure refinement for 12+,

formula CsH3F,NgP,
M, 626.47

T 293(2) K
Aradiation 1.54056 A/Cug,
crystal system/space group orthorhombic/Pbca
unit cell dimensions:

a 18.972(2)

b 12.6050(14)

c 22.8100(12)

1% 5454.8(9) A3

V4 8

Pealed 1.526 Mg m-?
absorption coefficient 2.408 mm™!
F(000) 2592

0.6 x 0.2 x 0.15 mm
0<h<22, -1<k<14,-23<I1<0

crystal size
index ranges

reflections collected 4912

independent reflections 4489 [R(int) =0.0346]
reflections observed 3285

criterion for observation > 20(1)

absorption correction none

data/restraints/parameters 4489/0/347

by the full-matrix least-squares method.’s! Refinement of the model with
anisotropic temperature parameters and the hydrogen atoms calculated on
ideal positions led to an R value of 0.085, with highly disordered PF; ions.

Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-100296.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK (Fax: int. code + (44) 1223226-
033; e-mail: deposit@ccdc.cam.ac.uk).
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