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Letters
Preparation, properties, and X-ray structures
of 5,50-bi(8-aminoquinoxalyl)s: novel Wurster-type electron

donors with a heterobiaryl skeleton
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Abstract—The title electron donors were prepared by the double condensation reactions of 2,20,3,30-tetraamino-4,40-bis(1-pyrro-
lidinyl)biphenyl with 1,2-diketones. They adopt twisted conformations in crystal, yet the reversible two-stage one-electron oxidation
process suggests the planar geometries for the oxidized species. Depending on the nature of substituents on the pyrazine ring, this p-
system can be endowed additional features such as chiroptical properties or metal coordination ability.
� 2003 Elsevier Ltd. All rights reserved.
NR2R2N

through
bond

through space

rotation
(torsion angle θ )

π π

Scheme 1.
1,4-Phenylenediamines and benzidines (4,40-diamino-
biphenyls) have been known as the representative
Wurster-type redox systems.1 The former derivatives
possess stronger electron-donating properties and higher
stability in the oxidized form,2 and thus have been used
as versatile building blocks in developing functionalized
materials such as electroluminescent devices3 or non-
linear optical materials.4 In contrast, studies on the
latter are less explored although benzidine is a promising
p-system in constructing hole-transport materials5 or
bis(azomethine)-type pigments.6

From the viewpoint of switching phenomenon of or-
ganic redox systems,7 the benzidine skeleton is more
attractive since the external stimuli such as electric
potentials may alter the torsion angle of the biaryl
moiety,8 which in turn affects the physical properties of
the whole molecule by modifying the through-bond and/
or through-space interaction between the molecular
halves (Scheme 1): the through-bond interaction will be
maximized in the planar conformation (h ¼ 0� or 180�)
whereas the through-space interaction will be more
effective with the small torsion angle around the biaryl
axis (h6 90�). With these in mind, the title diamines 1
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with a scarcely examined 5,50-biquinoxalyl skeleton9

were designed as a new class of Wurster-type electron
donors that may undergo two-stage one-electron oxi-
dation as shown in Scheme 2.

It is likely that the twisted structure, either syn (h < 90�)
or anti (h > 90�), is preferred for the neutral 1 due to the
repulsive interaction between the annelated pyrazine
rings. In contrast, the oxidized forms (1þ� and 12þ) may
adopt the planar conformation to realize spin and/or
charge delocalization over the whole p-system.
Increased acidity of C(sp2)–H protons in the oxidized
form also favors the anti-planar conformation
(h ¼ 180�) in terms of the intramolecular C–H� � �N-type
hydrogen bonds.12 1-Pyrrolidinyl group but not Me2N
or H2N was chosen as the amino substituents on the
biaryl skeleton in order to assure strong electron-
donating properties for 1.13 Here we report their prep-
aration and redox properties as well as the detailed
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Figure 1. Molecular structure of 1c determined by X-ray analysis at

153K.
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molecular geometries determined by low-temperature
X-ray analyses. It is noteworthy that the additional
features, such as chiroptical properties or metal coor-
dination ability, can be endowed by the substituents on
the annelated pyrazine ring in 1.

2,20,3,30-Tetraamino-4,40-bis(1-pyrrolidinyl)biphenyl 28a

was prepared from 4,7-dibromobenzothiadiazole14 in
three steps and used as the common starting material in
this study. Condensation of this hexamine with glyoxal
3a (as 1,4-dioxane-2,3-diol) in AcOH or diacetyl 3b in
EtOH gave yellow and orange crystals of 1a and 1b in
4% and 41% yield, respectively (Scheme 3). A similar
reaction of 2 with (1R)-())-camphorquinone 3c is ex-
pected to produce three isomers, in which the quater-
nary methyl groups of chiral auxiliaries are directed
inward–inward, inward–outward, and outward–out-
ward, respectively. Experimentally the double conden-
sation in EtOH gave the inward–inward isomer 1c as a
major product in 37% isolated yield. Although the rea-
son for the preferred formation of 1c over the other two
is not clear at this moment, its structure could be
deduced by the independent preparation through Ni(0)-
catalyzed homo-coupling15 of the bromo-substituted
molecular half 5c (Scheme 3)16 and finally confirmed by
the X-ray analysis17 (Fig. 1). Reactions of 2 with 2,20-
pyridil (3d) and 1,10-phenanthroline-5,6-dione (3e)
proceeded smoothly in EtOH to give red and violet
crystals of 1d and 1e in 55% and 25% yield, respectively.

X-ray analysis showed that the tetrakis(2-pyridyl)
derivative 1d adopts syn-conformation in crystal
(h ¼ 44:5�, Fig. 2),17 which is in contrast to 1c with the
anti-geometry (h ¼ 133:3�). These results are indicative
of the rotational freedom of the p-framework in 1. Since
no special interaction seems at work between the pyridyl
substituents in 1d, preference of syn or anti conforma-
tion in the solid state may be largely affected by crystal
packing force but not by intramolecular interactions. It
is noteworthy that both of 1c and 1d are much more
flattened than the solid-state structure of parent 5,50-
biquinoxalyl 79 without amino substituents (h ¼ 74:1�)18
analyzed in this study.17 Detailed comparisons of bond
lengths showed that the values of 1c and 1d are close to
each other whereas they differ significantly from those of
7. As highlighted by underlines in Table 1, huge differ-
ences (0.024–0.045�AA) are observed in the benzidine
moiety (bonds c, d, d0, g, and i). Thus, bonds c, d, and d0

are longer in 1 than 7 whereas bonds g and i exhibit the
reverse order. Such differences can be best described by
considering the contributions from the polarized struc-
tures A and B shown in Scheme 4, which is consonant



Figure 2. Molecular structure of 1d determined by X-ray analysis at

153K.
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with the shorter CAr–NR2 bonds in 1 (bond h) than the
typical values (1.39–1.41�AA).20 The form B postulates
the through-bond interaction between two molecular
halves over the central biaryl bond, and increased p-
bond order of bond i can account for the less twisted
conformation in 1 than in 7. Since the polarized forms
are stabilized by electron-withdrawing groups on the
pyrazine ring, 1d exhibit huge differences more often
than 1c due to much contributions from A and B.

Bi(8-aminoquinoxalyl)s inherit the intrinsic redox
properties from benzidine, and 1a–d undergo reversible
two-stage one-electron oxidation (Table 2) despite the
twisted geometry for the neutral species. Slightly nega-
tive values of Eox

1 in 1b and 1c than others are due to the
electron-donating alkyl substituents on the pyrazine
ring. Electron-donating properties of 1 are similar to
that of N,N,N0,N0-tetramethylbenzidine (TMB; Eox

1 ¼
Table 1. Listing of bond lengths (�AA) in 1c,a 1d,a and 7 determined by X-ray

Compound a a0 b b0 c c0

1c 1.298 1.298 1.386 1.386 1:436 1.426

1d 1.328 1.320 1.365 1.376 1:449 1.426

7 1.314 1.305 1.370 1.370 1:413 1.419

aAveraged over the assumed C2 symmetry.
b Estimated standard deviations are 0.003–0.005, 0.006–0.007, and 0.004–0.0

Table 2. Redox potentials and spectral properties of new donors 1

Compound Eox
1 (V)a Eox

2 (V)a DE (V)b

1a (X¼H) +0.48 +0.64 0.16

1b (X¼Me) +0.37 +0.54 0.17

1c (X–X: bornene) +0.35 +0.53 0.18

1d (X¼ 2-pyridyl) +0.47 +0.68 0.21

1e (X–X: phenanthroline) +0.43e +0.63e 0.20e

aRedox potentials were measured in CH2Cl2 containing 0.1mol dm�3 nBu4N
bDE ¼ Eox

2 � Eox
1 .

cUV–vis spectra were measured in CH2Cl2.
d Fluorescence spectra were measured in CH2Cl2.
eDue to the low solubility of 1e, the peaks in voltammogram are ambiguou
fWeak.
gVery weak.
þ0:49V; Eox
2 ¼ þ0:76V; DE ¼ 0:27V; measured under

the similar conditions to Table 2), and noteworthy is the
similar DE for TMB and 1 (0.16–0.21V). Since the value
of DE is quite sensitive to the molecular planarity of
analyses at 153Kb

d d0 e f g h i

1:393 1.377 1.427 1.438 1.397 1.378 1.489

1:402 1:398 1.419 1.429 1:386 1.362 1:479

1:357 1:368 1.419 1.421 1:414 –– 1:503

05�AA in 1c, 1d, and 7, respectively.

kmax (nm) (log e)c kem (nm)d

449 (3.71), 279 (4.49) 530

424 (3.94), 280 (4.88) 546

411 (4.12), 284 (4.94) 541

477 (4.13), 301 (4.89), 257 (4.74) 596f

547 (3.67), 341 (4.61), 258 (4.75) ––g

PF6 and are reported in V versus SCE (scan rate 100mVs�1).

s.
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cation–radical species,21 the similarity in DE suggests the
planar structure for 1þ� as in the case of TMB. This is
the indication of the redox-assisted control of the biaryl
torsion angle in 1 although confirmation by the struc-
tural analysis on the oxidized form has been still un-
successful due to the difficulty in obtaining the pure salt
of 1þ� and/or 12þ.

Newly prepared donors 1a–e are stable colorful crystals,
and all of them show broad absorptions in the visible
region (Table 2). They are assigned to the intramolecu-
lar charge-transfer (CT)-type absorptions from the
HOMO mainly localized on the benzidine unit to the
LUMO and/or NLUMO that has large coefficients in
pyrazine units. This idea is supported by the red-shifted
absorption maximum in 1d and 1e with low-lying vacant
orbitals due to the electron-withdrawing nitrogen het-
erocycles attached on the pyrazine ring. Compounds 1a–
c emit green fluorescence, and its apparent intensity is
weakened in 1d. Phenanthroline derivative 1e is nearly
nonfluorescent. These results are in accord with the
increased intramolecular CT nature22 of the excited state
in 1d and 1e.

Besides the general features of 1 described above, the
substituents on the pyrazine ring can endow this p-
skeleton with additional properties. For example, the
chiral auxiliaries in 1c lead the axial chirality to be (S)
for all molecules in crystal (Fig. 1). The CD spectra of
solid-state sample (KBr disk) and CH2Cl2 solution are
similar with a characteristic negative couplet centered
270 nm. This result indicates that the major conformer
of 1c in solution may also adopt (S)-configuration
about the biaryl axis. In this way, the distal asymmetric
centers can control the chiroptical properties of the bi-
aryl framework. Although the mol CDs (De) in 1c are
not spectacular ()24.2 at 278 nm, +10.1 at 259 nm in
CH2Cl2), the couplet in the spectrum clearly shows the
through-space exciton-type interaction between the
molecular halves since the molecular half 6c only
exhibits positive Cotton effect (De þ 15:6 at 286 nm) but
not couplet. Another interesting feature is the metal
coordination ability23 of the pyridine containing deriv-
atives 1d and 1e. Preliminary studies show that 1e acts
as a ditopic ligand at the two phenanthroline units.
Thus, the complexation of 1e with Ru(2,20-bipyri-
dyl)2Cl2 proceeded smoothly to give the complex 84þ

(PF�
6 )4 as a green powder in 92% yield, whose structure

was deduced by 1H NMR and ESI–MS spectra and
elemental analysis.24 Studies on the intramolecular
interaction between two metal centers in 84þ as well as
further examinations on metal complexation of 1d and
1e are now under way.

In summary, we have succeeded in developing a new
class of heterobiaryl-type electron donors 1 with a ro-
tational freedom. X-ray analyses on neutral donors 1c
and 1d indicate the through-bond interaction across the
biaryl axis whereas the through-space interaction caused
the exciton-type chiroptical activity in 1c; both interac-
tions would be modified as a function of the torsion
angle around the biaryl axis. This study has provided a
unique prototype for further examinations of switching
phenomenon of organic redox systems by controlling
the torsion angle25 upon input of external stimuli.
Supplementary material

Crystallographic data (excluding structure factors) for
the structures in this paper have been deposited with
the Cambridge Crystallographic Data Centre as sup-
plementary publication numbers CCDC 218192-
218194. Copies of the data can be obtained, free of
charge, on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: +44 (0)-1223-336033 or
e-mail: deposit@ccdc.cam.ac.uk).
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