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ABSTRACT: Orbital interaction between 2,7-pyrenylene and
two nitrogen redox-active centers effectively reduces the
energy difference between HOMO and HOMO−1, both of
which were distributed over the two nitrogen centers. In fact,
one- and two-electron oxidation of 2,7-bis(dianisylamino)-
pyrene 3 generated a persistent radical cation and a persistent
dication, respectively, and we succeeded in the isolation and
single crystal X-ray structural analyses of all three oxidation
states. The radical cation was considered as a spin and charge
delocalized mixed-valence compound with a semiquinoidal
structure. The dication was in an open-shell singlet state with a
small singlet−triplet energy gap. The molecular and electronic structures for all three oxidation states of 3 were studied in
comparison with the data reported for each oxidation state of closely related bis(triarylamine)s, of which structures were
determined by X-ray crystallography.

■ INTRODUCTION

Multistage organic redox systems have recently attracted
renewed interest not only in view of practical applications as
functional materials in molecular electronics, but also in view of
a fundamental understanding of molecular and/or electronic
structural changes upon each redox stage.1 Among these redox
systems, two-stage Wurster-type systems are known as well-
characterized compounds from both experimental and
theoretical viewpoints.2 Para-phenylenediamines (1), the
typical examples for the two-stage Wurster-type, are electron-
rich compounds, and thus can be readily converted by one-
electron oxidation into a stable semiquinone radical cation,3

which can be further oxidized into a stable quinone dication
(Figure 1).4 As a counterpart of 1, Kaim and co-workers
established that electron-deficient para-phenylenediboranes (2)
are considered as “mirror image” in terms of two-stage Wurster-
type redox systems (Figure 1).5 The validity of the B/N
analogy has been confirmed also in 4,4′-biphenylene-bridged
bis(triarylamine)s (5)6 and bis(triarylborane)s (6).7

In these two-stage redox systems, the importance of π-
conjugated bridges between two redox-active centers has also
been frequently discussed, and therefore, several kinds of π-
conjugated bridging units have been tested to clarify the
influence on the electronic communication between the redox-
active centers.1b,2a To extend the diversity of π-conjugated
bridging units, a promising strategy is the use of polycyclic
aromatic hydrocarbons (PAHs), which have characteristic
electronic structures depending on the presence of so-called
“edge state.”8 Pyrene is one of the simplest PAHs, and the
pyrene derivatives are recognized as versatile chromophores9 in
their application to organic optoelectronics due to the fact that

the selective functionalization of the pyrene core at bespoke
positions other than the usual 1-, 3-, 6-, and 8-positions has
become facilitated by the recent progress in synthetic organic
chemistry.10 In this context, we started investigating the
possibility of pyrene as a novel π-conjugated bridging unit
between nitrogen redox-active centers. In particular, 2,7-
disubstituted pyrene derivatives are intriguing because of the
existence of nodal plane in both the HOMO and LUMO
passing through C2 and C7 carbon atoms of pyrene core
(Figure 2a). In addition, the 2,7-pyrenylene moiety in 2,7-
bis(dianisylamino)pyrene (3)11 can be regarded as a planar-
constrained biphenyl unit tethered by two CHCH
groups, thereby closely relating to the compounds 5a. Prior to
our present studies on 3, 2,7-diruthenium metalated pyrene
derivatives were reported to be in a mixed-valence state for
their mono-oxidized forms,12 in addition to reports on the
mixed-valence states for bis(diarylamine) molecular systems
bridged by a bis(terpyridine)ruthenium(II) moiety and metal-
chelating 2,2′-bipyridines.13 In addition, the electrochemical
and spectroscopic propeties on pyrene derivatives with
dianisylamino-substituents at 1-, 3-, 6-, and 8-positions were
also demonstrated.14

Very recently, the isolation and characterization of radical
anion and dianion of 2,7-bis(diarylborano)pyrene (4) have
been reported by Marder and co-workers.15 Their strategy is
based on the theoretical prediction that an in-phase orbital
interaction between the LUMO+1 of the pyrene core and the
two vacant B 2p orbitals in 4 results in the delocalized
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distribution of LUMO over the entire molecule of 4, thus
leading to a charge-delocalized semiquinoidal (SQ) radical
anion and a closed-shell quinoidal (Q) dianion of 4. As has
been noticed independently by Marder and co-workers,9h we
have also noticed that an out-of-phase orbital interaction
between the HOMO−1 of the pyrene core and the two N 2p
orbitals results in the delocalized distribution of HOMO over
the entire molecule of 3 (Figure 2a). In addition, the HOMO−
1 of 3 was found to be of nonbonding character with large MO
coefficient at the two nitrogen redox-active centers, as a result
of orbital mixing with LUMO+1 of the pyrene core in an in-
phase fashion. As a consequence, the energy difference between
the HOMO and HOMO−1 is effectively reduced for 3, so that
the preference of open-shell diradical character for the dication
of 3 can be probably enhanced.
As shown in Figure 2b, similar in-phase and out-of-phase

orbital interactions between the LUMO and HOMO of the
biphenylene core and the two N 2p orbitals lead to the small
energy difference between the HOMO and HOMO−1 in 5a.
The similarity in the frontier orbitals between 3 and 5a entails,
to some extent, a resemblance between 2,7-pyrenylene and
4,4′-biphenylene π-conjugated bridging units.
In this article, we present the preparation, X-ray structural

elucidation, spectroscopic characterization and DFT-computa-
tional investigation of 2,7-bis(dianisylamino)pyrene 3, its
radical cation 3•+, and its dication 32+. The present
bis(diarylamine) molecular system is still rare case where the

isolation and single crystal X-ray structural analyses of all three
oxidation states have been successfully accomplished, such as
the vinylene-bridged bis(triarylamine) 7.16

■ RESULTS AND DISCUSSION
Compound 3 was obtained as yellow powder in 40% yield17

from commercially available dianisylamine and 2,7-dibromo-
pyrene10a by using the Palladium-catalyzed cross-coupling
amination reaction.18 Cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) of 3 in CH2Cl2 (0.1 M nBu4N

+BF4
−,

100 mV s−1) at 298 K showed two successive one-electron-
oxidation steps with clearly separated potentials [Eox

1 = +0.136
V, Eox

2 = +0.376 V, ΔE = Eox
2 − Eox

1 = 240 mV], suggesting, to
some extent, a resonance stabilization of the positive charge and
the unpaired electron in 3•+ (Figure S2, Supporting
Information). The ΔE value of 3 is comparable to those of

Figure 1. Para-phenylenediamine (1) and Para-phenylenediborane
(2) as two-stage Wurster-type redox systems, and the closely related
compounds 3−7.

Figure 2. Schematic drawing of the frontier Kohn−Sham orbitals for
(a) pyrene and 3 and (b) biphenyl and 5a at the B3LYP/6-31G* level
of theory. The HOMO and HOMO−1 of 3 originate from orbital
interactions between the two N 2p orbitals and the HOMO−1 and
LUMO+1 of the pyrene core, while the HOMO and HOMO−1 of 5a
from orbital interactions between the two N 2p orbitals and the
HOMO and LUMO of the biphenyl core.
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all-N-anisyl-substituted 5a (ΔE = 300 mV; in CH2Cl2 at r.t.
[0.1 M nBu4N

+BF4
−, 100 mV s−1])1b and 4 (ΔE = 280 mV; in

THF at r.t. [0.1 M nBu4N
+PF6

−, 250 mV s−1]),15 suggesting
that 2,7-pyrenylene has similar strength as the electronic
coupling unit to 4,4′-biphenylene. For comparison, electro-
chemical redox data of all compounds discussed here are listed
in Table 1.

To gain information about the electronic structure
corresponding to 3•+ and 32+, the UV−vis−NIR absorption
spectral change was monitored throughout the electrochemical
oxidation of 3 in CH2Cl2. In the oxidation process from 3 to
3•+ (Figure 3a), three bands appeared at 0.65 (λmax = 1900
nm), 1.77 (λmax = 700 nm), and 2.76 eV (λmax = 450 nm), and it
should be noted that the lowest-energy band shape was
considerably asymmetrical [the ratio of the bandwidth at half-
height of the high-energy side and the low-energy side
ν̃1/2(high)/ν̃1/2(low) = 2.36] (Figure S4, Supporting Informa-
tion), which is characteristic of the charge-resonance (CR)
intervalence (IV) band [Robin-Day’s class III].22 Hence,

assuming the delocalized (class III) IV behavior, the value of
the electronic coupling between two redox centers, V (ν̃max/
2), for 3 is estimated to be 2608 cm−1, which is slightly smaller
than that for all-N-anisyl-substituted 5a (3410 cm−1).1b To
further evaluate the spin distribution, we measured the ESR
spectrum of 3•+ generated by chemical oxidation with 0.5 equiv
of Magic Blue23 in CH2Cl2. The observed spectrum with five-
line hyperfine structure was well simulated by the presence of
two equivalent nitrogen nuclei (|aN| = 0.5 mT) and the
contribution from unresolved hydrogen nuclei, which were
incorporated in the line width of the spectral simulation (0.33
mT) (Figure S5, Supporting Information). In addition, the ESR
spectral shape remained unchanged in the measured temper-
ature range (193−293 K) (Figure S6, Supporting Information).
The present ESR data are consistent with delocalization of the
unpaired electron between two nitrogen redox-active centers,
thus supporting assignment of 3•+ to class III system. The
delocalized IV state of 3•+ can be supported also by time-
dependent density functional (TD-DFT) calculations for the
symmetrically charged structure of 3•+, which is preferentially
optimized at the UB3LYP/6-31G* level.24 The calculated
delocalized spin density distribution is also consistent with the
above-mentioned ESR observation (|aN|calc = 0.42 mT) (Figure
S7, Supporting Information), and furthermore, the lowest
energy absorption band at 0.65 eV belongs to the electronic
transition from β-HOMO [distributed on two N 2p orbitals in
an in-phase fashion] to β-LUMO [distributed on two N 2p
orbitals in an out-of-phase fashion], which is assignable to the
CR IV state (Figure S7, Supporting Information). Therefore, it
was confirmed that 3•+ is in a delocalized IV state like 4•−.
As shown in Figure 3b, further oxidation of 3•+ into dication

32+ was accompanied by rapid decrease of the CR IV band, and
instead, by continuous increase of two bands at 1.38 eV (λmax =
900 nm) and 1.62 eV (λmax = 765 nm), which are assignable to
a charge transfer excitation between two nitrogen redox-active
centers (1.22 eV ( f = 0.23)) and a charge transfer excitation
within a nitrogen redox-center (1.70 eV ( f = 0.46)),
respectively, judging from the TD-DFT calculations for the
optimized geometries of 32+ with an broken-symmetry (BS)
open-shell singlet (OSS) state (Figure S8, Supporting
Information). Note that, however, the computed transition

Table 1. Electrochemical Potentials (in V versus Fc0/+) by
Cyclic Voltammetry (Scan Rate: 0.1 V s−1) of 3 and Related
Compounds in CH2Cl2 (0.1 M n-Bu4BF4) at Room
Temperature

compd E1 E2 ΔE (= E2 − E1)

3 +0.136 +0.376 0.240
5aa +0.250 +0.550 0.300
5bb +0.250 +0.505 0.255
7c +0.08 +0.22 0.14
pyrened +0.868 +1.848e −
biphenylf +1.85e − −
stilbeneg +1.48 − −

aTaken from ref 1b. bTaken from ref 6a. cTaken from ref 16a;
measured in the presence of 0.1 M n-Bu4PF6 in CH2Cl2 and scan rate
is 0.05 V s−1. dTaken from ref 19; measured in the presence of 0.1 M
n-Bu4PF6 in SO2 at −52 °C and scan rate is 0.2 V s−1. eIrreversible.
fTaken from ref 20; measured in the presence of n-Bu4PF6 in CH2Cl2
at low temperature, high scan rate, and low substrate concentration (in
V versus Ag/AgCl). gTaken from ref 21; measured in the presence of
0.1 M n-Bu4ClO4 in CH3CN (in V versus Ag/AgCl).

Figure 3. UV−vis−NIR absorption spectra of the stepwise electrochemical oxidation of 3 in CH2Cl2 with 0.1 M nBu4NBF4 at 298 K: (a) 3 to 3•+;
(b) 3•+ to 32+.
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energies (1.11 eV ( f = 1.15) and 1.82 eV ( f = 0.45)) for the
closed-shell singlet (CS) geometry for 32+ have some similarity
to the observed lowest-energy bands. In this situation, we
cannot rule out the possibility that the electronic structure of
32+ is not well documented as a pure single configuration. In
fact, the single point CAS(2,2)/6-31G* calculation at the DFT-
optimized OSS geometry for 32+ showed that the fractional
occupation numbers of the HOMO and LUMO were estimated
to be 1.11 and 0.89, respectively, thus suggesting that the CS
configuration can be mixed to some extent.
The chemical oxidation of 3 was conducted by using

Ag[B(C6F5)4]
25 as an oxidant in CH2Cl2, and successfully, the

corresponding salts containing the weakly coordinating anion,26

3•+·[B(C6F5)4]
− and 32+·2[B(C6F5)4]

−, were separately isolated
as stable black and deep-blue solids, respectively, by tuning a
quantity of the oxidant. The isolated salts completely reproduce
the same absorption spectra in CH2Cl2 (Figure S9, Supporting
Information) as those for the electrochemically generated 3•+

and 32+ (Figure 3). Single crystals suitable for X-ray analyses
were obtained by slow diffusion of n-hexane into the
corresponding CH2Cl2 solution at −20 °C.27 In addition, a
slow evaporation from CH2Cl2/MeOH solution gave single
crystals of 3.21 The isolated salts were highly stable at ambient
conditions, and showed no spectral change for at least several
months in air at −20 °C. The structures of neutral 3, radical
cation 3•+, and dication 32+ are shown in Figure 4, and their
geometrical parameters are listed in Table 2. The neutral
molecule 3 possesses a crystallographic inversion center in the
crystal. As shown in Figure 4b, the crystal contains two
crystallographically independent radical cations 3•+(I) and
3•+(II), both of which are located on crystallographic inversion
centers, and separated by the [B(C6F5)4] anion, while the
dication 32+ does not lie on any symmetric centers and are fully
separated from adjacent dication molecules in a sandwiched
fashion by the two [B(C6F5)4] anions (Figure 4c). Turning
now to the structural change of the 2,7-pyrene bridging unit of
3 during the two-step oxidation, there exist clear difference
from that of “charge-reverse” analogue 4 during two-step
reduction. As shown in Figure 4d, concerning the dihedral
angle between the NC3 and pyrene planes, the distinct
reduction are not seen on the diaminopyrene 3, 3•+ and 32+

(31−43°), whereas the dihedral angle between the BC3 and
pyrene planes clearly decreases with increasing reduction
number on the diboranopyrene 4 (31.7°), 4•− (14.2°), and
42− (9.8°) as “charge-reverse” analogues, thus closely relating to
the structural change to the Q structure through the SQ one.15

This trend was also verified by the DFT optimized geometries
of 3 (34.8°), 3•+ (31.3°), and 32+ (32.7° for the CS state, 42.9°
for the BS-OSS state, and 45.8° for the triplet state). As is
apparent from Table 2, the straightforward shortening and
elongation of each bond lengths were not so evident in 3•+ and
32+, in contrast to the significant change in bond lengths of 4,
4•−, and 42−. For instance, the observed bond-length
alternation (BLA) of the biphenyl moiety in the pyrene core
(0.022−0.030 Å and 0.026 Å for 3•+ and 32+, respectively)
remains elusive,28 whereas the corresponding BLA clearly
increases with increasing reduction number of 4 (0.033 and
0.058 Å for 4•− and 42−, respectively).15 Nevertheless, judging
both from the DFT-computed BLA (0.025 Å) of 3•+ and from
the observed spin and charge delocalization in 3•+, it can be
safely said that the radical cation 3•+ adopts a SQ structure, also
in conjunction with the recently reported SQ structure for a
2,7-bisnitroxide-substituted pyrene derivative (BLA = 0.020

Å).29 On the other hand, the X-ray structure of 32+ resembles
the optimized BS-OSS structure rather than the optimized CS
structure on the basis of (U)B3LYP/6-31G* level. As a
consequence, the low BLA value can be considered as an
indication for diradical character of 32+. However, it should be
noted that, as for 32+, the experimental N−Cpyrene bond length
is actually closer to that calculated for the CS state than the
OSS one; the experimentally determined BLA (0.026 Å) takes
an intermediate value between 0.035 and 0.014 Å which were
estimated for the CS and OSS, respectively; the dihedral angle
between the NC3 and pyrene planes (33−34°) is also closer to
that optimized for the CS state than OSS one. Hence, again, we
cannot discard the possibility that the electronic structure of 32+

is virtually multiconfigurational one; alternatively, the possi-
bility that the present experimental observation is explainable
by an equilibrium mixture of the CS and OSS species.
Additionally, it should be noted that electron-donating N-anisyl
groups are substituted for 3 to stabilize the oxidized species by
mesomeric effect, while B-mesityl groups substituted for 4 to
protect the boron center by kinetic stabilization due to sterically
congestion. Hence, the twisted mesityl group hinders the
effective conjugation with the vacant B 2p orbital, in return,
leading to strengthen the conjugation between the vacant B 2p
orbital and the bridging pyrene π-face for the reduced species of
4. On the other hand, the oxidized species of 3 are expected to

Figure 4. ORTEP drawings of (a) 3, (b) 3•+·[B(C6F5)4]
− and (c) 32+·

2[B(C6F5)4]
−, as determined from X-ray structural analyses at 93 K,

and (d) side views of the dihedral angle between the NC3 and pyrene
planes. Crystallization solvent molecules (n-hexane for 3•+·[B-
(C6F5)4]

− and 32+·2[B(C6F5)4]
−) and hydrogen atoms are omitted

for clarity; boron, nitrogen, oxygen, and fluorine atoms are colored in
purple, blue, red, and green, respectively; the thermal ellipsoids are
shown at the 50% probability level.

The Journal of Organic Chemistry Article

DOI: 10.1021/acs.joc.5b02425
J. Org. Chem. 2016, 81, 137−145

140

http://pubs.acs.org/doi/suppl/10.1021/acs.joc.5b02425/suppl_file/jo5b02425_si_004.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.5b02425/suppl_file/jo5b02425_si_004.pdf
http://dx.doi.org/10.1021/acs.joc.5b02425


prefer the delocalized structures including peripheral anisyl
groups, thus leading to an open-shell diradical character for 32+.
Here it is worth mentioning more explicit comparison of the

geometrical features in the present 2,7-pyrenylene-bridged
systems, 3, and other crystallographically clarified bis-
(diarylamine) systems, 5 and 7. Schematic drawings of
structural characteristics for three oxidation states of com-
pounds 3, 5, and 7 are depicted in Figure 5. First of all, it
should be noted that, out of these three bis(triarylamine)
derivatives, compound 3 undergoes the smallest structural
changes from neutral to dication states. In particular, the N−
Cpyrenyl bond length remains sparing at each oxidation state. For
3•+, both of two crystallographically independent radical cation
molecules, 3•+(I) and 3•+(II), adopt centrosymmetric struc-
tures, strongly suggesting the delocalized class III species of 3•+,
at least in the solid state. However, differences in geometrical
parameters between 3•+(I) and 3•+(II) are slightly large,
implying that solid-state packing arrangements sensitively affect
the molecular structures. In the case of 32+, BLAs of phenyl
rings in peripheral anisyl groups clearly displays SQ distortion,
in line with the shortening of O−Cphenyl bond lengths in their
anisyl groups. As described before, preference of open-shell
diradical character for 32+ is likely to be closely related to this
mesomeric effect by electron-donating N-anisyl groups. In
contrast, the geometrical change from neutral to radical cation
in the 4,4′-biphenylene-bridged bis(triarylamine) 5b is
conspicuous (Figure 5b).6a The torsion angle between two
phenylene rings in 4,4′-biphenylene moiety decreases from 37°
in 5b to 4° in 5b•+, in parallel with induction of the SQ bond

Table 2. Comparison of Bond Lengths (Å) Determined by
X-ray Structural Analyses at 93 K and the DFT Optimized
Bond Lengths for 3, 3•+ and 32+

bond 3 3•+(I) 3•+(II) 32+

a 1.4083(19) 1.410(7) 1.403(6) 1.403(2) [1.399(2)]a

b, b′ 1.4274(17),
1.4227(19)

1.428(7),
1.418(7)

1.431(6),
1.411(6)

1.396(2), 1.419(2)
[1.412(2), 1.416(2)]a

c, c′ 1.3957(19),
1.3959(19)

1.395(7),
1.398(7)

1.398(6),
1.399(6)

1.406(2), 1.407(3)
[1.404(2), 1.409(3)]a

d, d′ 1.391(2),
1.392(2)

1.389(7),
1.389(7)

1.382(7),
1.378(6)

1.392(2), 1.385(2)
[1.386(2), 1.383(2)]a

e, e′ 1.4384(19),
1.4394(18)

1.413(7),
1.434(7)

1.439(7),
1.448(7)

1.446(2), 1.443(3)
[1.440(2), 1.441(3)]a

f, f′ 1.4241(17),
1.4189(18)

1.436(7),
1.427(7)

1.433(6),
1.431(6)

1.429(3), 1.425(2)
[1.433(3), 1.428(2)]a

g 1.356(2) 1.345(8) 1.336(7) 1.349(2) [1.349(2)]a

h 1.416(2) 1.404(7) 1.405(6) 1.410(2)
BLAb 0.012(1) 0.022(5) 0.030(4) 0.026(1)
bond 3calc

c 3•+calc
d 32+calc (CS)

c,e 32+calc (OS)
d,e 32+calc (T)

d,e

a 1.426 1.401 1.396 1.424 1.430
c, c′ 1.404 1.411 1.416 1.404 1.402
d, d′ 1.400 1.393 1.389 1.399 1.400
e, e′ 1.439 1.442 1.443 1.440 1.439
f, f′ 1.427 1.433 1.438 1.431 1.429
g 1.362 1.359 1.358 1.360 1.361
h 1.422 1.412 1.405 1.420 1.423
BLAb 0.011 0.025 0.035 0.014 0.011

aAdditional bond lengths due to the asymmetric structure of 32+ in the
crystalline state. bBond-length alternation (BLA in Å) of the biphenyl
moiety in the pyrene core, that is defined by the difference between
the average of all c, c′, f and f′ bond lengths and the average all d, d′
and h bond lengths. cCalculated at the B3LYP/6-31G* level.
dCalculated at the UB3LYP/6-31G* level. eCS = closed-shell singlet,
OS = Open-shell broken-symmetry singlet, T = triplet.

Figure 5. Schematic drawings of structural characteristics for three
oxidation states of compounds 3, 5 and 7 on the basis of X-ray
structural analyses. Data for 5b and 5b•+, 5a2+ and the neutral to
dication of 7 are taken from refs 6c, 6a, and 16, respectively. The value
shown at the tip of an arrow from each phenyl ring designates the
bond-length alternation (BLA in Å) for the phenyl ring, and the value
shown at the bottom of a bold arrow designates the BLA of the
biphenyl moiety in each pyrene core.
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alternation of the 4,4′-biphenylene moiety upon one-electron
oxidation of 5b (BLA = 0.031 Å), and again, the
centrosymmetric structures suggests the delocalized class III
species of 5b•+, at least in the solid state. On the other hand,
the Q deformation is not so strengthened for the 4,4′-
biphenylene moiety in dication 5a2+ with diradical character,
whereas the SQ bond alternation of phenyl rings in the
peripheral anisyl groups is clearly confirmed.6c However, the
N−Cbiphenyl bond lengths for 5a2+ [1.379(6) and 1.387(7) Å]
were obviously short as compared with the N−Cpyrenyl bond
lengths for 32+ [1.399(2) and 1.403(2) Å], thus suggesting the
weakeness of diradical character of 5a2+. In the vinylene-bridged
bis(triarylamine) 7, radical cation 7•+ adopts an asymmetric
structure in the solid state, although the counteranion is
positioned right above the middle of the cation (Figure 5c).16a

A SQ bond alternation is observed only for one of two
triarylamine redox centers, suggesting an asymmetric charge
localization as is seen in class II mixed-valence system. On the
other hand, the diamagnetic dication 72+ takes a centrosym-
metric structure in the solid state, and the bond alternation in
the vinylene-bridge for dication 72+ is considerably reduced,
although a Q deformation (BLA = 0.058 Å) in the phenylene
moieties directly connected to the vinylene-bridge is observed
in parallel with a SQ deformation in the peripheral anisyl
groups.16b

To support the diradical character of 32+, the magnetic
properties of 32+ were examined by the ESR spectroscopy and
magnetic susceptibility measurements by using the SQUID
magnetometer. The powder sample of 32+ also displayed a ESR
signal with no definite fine-structure and moreover the intensity
integral I for the observed signal increases with increasing
temperature (T), and the singlet−triplet energy gap (ΔES−T)
was estimated to be −2.92 kcal mol−1 from fitting with the
singlet−triplet model equation24 for the IT versus T plot
(Figure 6). Corroboration for a diradical character of 32+ with a
thermally accessible excited triplet state was provided by the
SQUID measurements for the powder sample in the temper-
ature range between 2 and 350 K at 0.1 T (Figure 7). An
increase of the χMT value above 200 K was observed, and again,

the energy gap ΔES−T for 32+ was obtained to be −2.58 kcal
mol−1 from the best fitting with the singlet−triplet model
equation,30 clearly indicating that the energy gap ΔES−T
determined by SQUID measurements is in good agreement
with that determined by the ESR measurements. In addition,
the S−T gap by the DFT-based BS approarch31 was evaluated
to be −1.43 kcal mol−1 at the UB3LYP/6-31G* level, which is
in good accordance with the experimental values. As a
consequence, the estimated S−T gap for the present dication
32+ was comparable to that of the dication of 4,4′-biphenylene-
bridged bis(trianisylamine) 5a2+ (−2.8 kcal mol−1). Taking
account of the clear difference between the N−Cbiphenyl bond
lengths in 5a2+ and the N−Cpyrenyl bond lengths in 32+, this
similarity would be quite interesting.

■ CONCLUSION
We have reported the isolation, crystal structures and electronic
structures for all three oxidation states of 2,7-pyrenylene-
bridged bis(trianisylamine) 3. The present work elucidated the
similarity and difference between the present compound 3 and
other crystallographically clarified bis(triarylamine) analogues
56 and 7:16 (1) the orbital interaction between the HOMO−1
and LUMO+1 of pyrene core and two pairs of N 2p orbitals in
3 resulted in the small energy gap between the HOMO and
HOMO−1, both of which are distributed over two nitrogen
centers, and the similar orbital interaction between the HOMO
and LUMO of biphenyl core and two pairs of N 2p was also
expected for 4,4′-biphenylene-bridged bis(triarylamine) 5; (2)
the spin and charge in 3•+ and 4•− are delocalized over the
entire molecular backbone despite of the difference in their SQ
structural change; (3) the dication 32+ has an open-shell singlet
diradical character with a thermally readily accessible triplet
state at room temperature, probably originating from the
relatively small energy gap between HOMO and HOMO−1 in
3. Interestingly, the dication 5a2+ is also regarded as a similar
open-shell singlet diradical species,6c despite of the clear
difference between the N−Cbiphenyl bond lengths in 5a

2+ and the
N−Cpyrenyl bond lengths in 32+. The preference of the diradical
character for both 32+ and 5a2+ is rather likely to be closely
related to the SQ deformation in the peripheral anisyl groups.
In contrast, for dication 72+, the bond alternation in the

Figure 6. IT versus T plot [I is the observed ESR intensity integral for
32+·2[B(C6F5)4]

−], and the best theoretical fit [the equation in the
inset] to the data (broken red line; see text).

Figure 7. Plot of χMT versus T for 32+·2[B(C6F5)4]
− at 0.1 T. The

broken line represents the best theoretical fit [the equation in the
inset] to the data.
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vinylene-bridge is considerably reduced, and it should be noted
that 72+ was found to be in the closed-shell singlet state,
although a SQ deformation in the peripheral anisyl groups is
clearly observed.16b

■ EXPERIMENTAL SECTION
General Information. All the purchased reagents were of standard

quality, and used without further purification. All the purchased
solvents were purified, dried, and degassed by standard procedures.
Column chromatography was performed with silica gel (neutral (pH
7.0 ± 0.5) spherical grain 40−100 μm in diameter). 1H and 13C NMR
spectra were measured by a commercial 400 MHz FT-NMR
spectrometer. Chemical shifts of NMR spectra are determined relative
to internal tetramethylsilane (TMS) standard (δ), and are given in
parts per million (ppm). UV−vis−NIR absorption spectra were
obtained with a commercial optical absorption spectrometer.
Fluorescence spectra were recorded on an commercial absolute
photoluminescence quantum yield measurement system.
Electrochemical Measurements. The redox properties were

evaluated by cyclic voltammetry and differential pulse voltammetry in
CH2Cl2 solution at 298 K with 0.1 M tetra-n-butylammonium
tetrafluoroborate (TBABF4) as supporting electrolyte (scan rate 100
mV s−1) using a commercial electrochemical analyzer. A three-
electrode assembly was used, which was equipped with a platinum disk
(2 mm2) and a platinum wire as the working and counter electrodes,
respectively, and Ag/0.01 M AgNO3 (acetonitrile) was used as the
reference electrode. The redox potential were referenced against a
ferrocene/ferrocenium (Fc0/+) redox potential measured in the same
electrolytic solution.
Spectroelectrochemical Measurements. Spectroelectrochemi-

cal measurements were carried out with a custom-made optically
transparent thin-layer electrochemical (OTTLE) cell (light pass length
= 1 mm) equipped with a platinum mesh and a platinum coil as the
working and counter electrodes, respectively, and Ag/0.01 M AgNO3
(acetonitrile) was used as the reference electrode. The potential was
applied with an commercial electrochemical analyzer.
ESR Measurements. ESR spectra were recorded on a commercial

X-band ESR spectrometer, in which temperature was controlled by a
commercial variable-temperature unit in the range of 193−293 K.
Magnetic Susceptibility Measurements. The magnetic suscept-

ibility of polycrystalline samples of 3•+ and 32+ were measured by a
commercial SQUID magnetometer in the temperature range 2K and
350 K at a constant magnetic field of 0.1 T. The raw data were
corrected for both the magnetization of the sample holder alone and
the diamagnetic contribution of the sample itself. The estimation of
the diamagnetic contribution was done by using the Pacault method.32

The temperature dependence of the molar magnetic susceptibility
(χM) for 3•+ is shown in Figure S11 in the SI. At high-temperature
region, the χMT value for 3•+ is in good agreement with the theoretical
value of 0.375 emu K mol−1 expected for isolated 1/2 spins. On the
other hand, the χMT value gradually decreased with decreasing
temperature, indicating the intermolecular antiferromagnetic inter-
actions. According to the spin polarization rule, the intramolecular
spin−spin interactions in 3•+ are expected to be antiferromagnetic.
DFT Calculations. Quantum chemical calculations were performed

with using a hybrid Hartree−Fock/density functional theory (HF/
DFT) method (B3LYP).33 Full geometrical optimization for 3, 3•+,
and 32+ was carried out and furthermore, their local minimum
structures were confirmed by performing subsequent frequency
analyses. Excitation energies for 3, 3•+, and 32+ were examined on
the basis of the time-dependent density functional method (TD-
DFT)34 with the same functional. All the computations employed the
6-31G* basis set.35 All these computational approaches are
implemented in Gaussian 09 package of ab initio MO calculation.36

Synthesis of 3. A mixture of 2,7-dibromopyrene (181 mg, 0.50
mmol), 4,4′-Dimethoxydiphenylamine (316 mg, 1.38 mmol), Pd-
(dba)2 (8.0 mg, 0.014 mmol), P(tBu)3HBF4 (15 mg, 0.052 mmol),
and NaOtBu (144 mg, 1.50 mmol) in toluene (10 mL) was stirred
under an argon atmosphere at 110 °C for 19 h. After evacuation of the

solvent, the residue was dissolved in dichloromethane and washed with
brine. The organic layer was separated and dried over Na2SO4. After
evaporation of the solvent, the crude product was chromatographed on
silica gel (hexane/dichloromethane = 4/5 as eluent), and recrystallized
from chloroform/ethanol to give 3 (132 mg, 40%) as a yellow solid:
mp >300 °C; 1H NMR (400 MHz, CDCl3) δ = 3.82 (s, 12H), 6.86 (d,
J = 8.8 Hz, 8H), 7.13 (d, J = 8.8 Hz, 8H), 7.66 (s, 4H), 7.69 (s, 4H);
13C NMR (100 MHz, CDCl3) δ = 55.5, 114.7, 118.2, 120.3, 126.1,
127.0, 131.2, 141.5, 146.0, 155.5. Anal. Calcd for C44H36N2O4: C,
80.47; H, 5.52; N, 4.27. Found: C, 80.27; H, 5.58; N, 4.03.

Synthesis of 3•+·[B(C6F5)4]
−. Compound 3 (13.1 mg, 0.02 mmol)

was dissolved in dichloromethane (10 mL), and Ag[B(C6F5)4] (19.5
mg, 0.022 mmol) was added into the solution of 3 until the intensity
of the lowest energy charge-resonance band (Figure 3a in the text)
reached at its maximum by monitoring the absorption spectrum of the
solution. The resulting solution was filtered through a syringe filter,
and the filtrate was then concentrated (to about 2 mL) under vacuum.
Three mL of n-hexane was layered directly over the filtrate, and it was
stored at around −20 °C for 1 day to afford black crystals. The
elemental analysis of this compound did not fit within 0.4% of the
calculated values for the proposed formula probably due to the loss
and/or the nonstoichiometric inclusion of n-hexane molucules.

Synthesis of 32+·2[B(C6F5)4]
−. Compound 3 (13.1 mg, 0.02

mmol) was dissolved in dichloromethane (10 mL), and Ag[B(C6F5)4]
(35.0 mg, 0.04 mmol) was added into the solution of 3 until the lowest
energy charge-resonance band (Figure 3b in the text) completely
dissapeared by monitoring the absorption spectrum of the solution.
The resulting solution was filtered through a syringe filter, and the
filtrate was then concentrated (to about 2 mL) under a vacuum. Five
mL of n-hexane was layered directly over the filtrate, and it was stored
at around −20 °C for 1 day to afford deep-blue crystalline powder.
The elemental analysis of this compound did not fit within 0.4% of the
calculated values for the proposed formula probably due to the loss
and/or the nonstoichiometric inclusion of n-hexane molucules.

X-ray Analysis. Data collections were carried out on a commercial
X-ray diffractometer using multilayer mirror monochromated Cu Kα
radiation (λ = 1.54187 Å) from a rotating anode operating at 40 kV
and 30 mA, and equipped with a hybrid pixel array detector. The
samples were placed directly into a nitrogen stream at −180 ± 1 °C.
The data were corrected for Lorentz and polarization effects. The
structure was solved with the CrystalStructure crystallographic
software package37 using direct methods, and expanded by using
Fourier techniques, and refined by full-matrix least-squares mini-
mization by using SHELXL-97.38 The non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were included in the
refinement but restrained to ride on the atom to which they are
bonded. The crystals of 3•+·[B(C6F5)4]

− and 32+·2[B(C6F5)4]
−

contain n-hexane molecules, which were used as one of the mixed
solvents. The n-hexane molecules in the crystal of 3•+·[B(C6F5)4]

−

were partly disordered and treated properly.
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