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Abstract: Protonation-induced intramolecular cyclization reactions of new donor (D)—acceptor (A) and
D—A-D conjugated molecules 1-triarylaminoethynylanthraquinone (1-AmAq) and 1,5-bis(triarylaminoeth-
ynyl)anthraquinone (1,5-Am,Aq), respectively, were achieved. The former undergoes monoprotonation
with bis(trifluoromethanesulfone)imide acid (TFSIH) to give pyrylium salt [1-AmPyI]TFSI, whereas the latter
undergoes a novel double proton cyclization reaction to yield 1,5-bis(triarylamino)dipyrylium salt [1,5-
Am,Pyl,](TFSI), with a new pentacyclic backbone. This divalent cationic salt can be reduced to give the
neutral species 2,8-bis(triarylamino)benzo[de]isochromeno[1,8-gh]Jchromene ([1,5-Am,Pyl,]°), which main-
tains the planar pentacyclic backbone. The obtained condensed-ring compounds show unique optical,
electrochemical, and magnetic properties due to the extremely narrow HOMO—LUMO gap. In particular,
the dication [1,5-Am,Pyl,]?>" shows paramagnetic behavior with two spins centered on two triarylamine
moieties through valence tautomerization with the pentacyclic backbone.

Introduction

Donor (D)—acceptor (A) compounds are exciting materials,*
particularly for controlling electronic communication by external
stimuli,>~* such as protons, photons, and electrons. Because the
electronic structure of amolecule directly influencesits physical
properties,®> 7 the electronic properties can be employed to
achieve switching behavior in molecular devices.®®

We have previously described a new class of D—A molecules
comprising a 1:1 donor/acceptor formula, 1-RAq,*° 2 in which
R (= ferrrocenyl (Fc), phenyl, mtolyl, or p-tolyl) and Aq

(anthraquinone) undergo intramolecular cyclization to give
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pyrylium cations [1-RPyl]". This phenomenon can be used to
lower the energy of the lowest unoccupied molecular orbital
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Table 1. Crystal Data and Structure Refinement Parameters for 1-AmAgq, 1,5-Am,Aq, and [1,5-Am,Pyl,]°

1-AmAq 1,5-Am,Aq [1,5-Am,Pyl,]°
emplrlcal formula C35H25NO4 C53H42N206 C59H45C|2N206
crystal system triclinic monoclinic monoclinic
space group P1 P2,/c P2,/c
crystal size (mm) 05 x 02 x 0.2 03 x 02x 0.1 02 x 0.2 x 0.1
a(A) 9.752(2) 15.703(8) 19.183(4)
b (A) 11.925(3) 10.301(4) 12.104(2)
c(A) 12.577(3) 15.738(8) 21.435(4)
o (°) 102.896(2) 90.0 90.0
B () 107.463(4) 119.718(6) 111.302(2)
y (°) 95.645(2) 90.0 90.0
V (A3 1338.4(5) 2210.9(18) 4637.1(15)
z 2 2 4
formula mass 535.57 862.94 949.88
Peac (@ cm™3) 1.329 1.296 1.361
2 (Mo Ko A 0.71073 0.71073 0.71073
w (mm™1) 0.087 0.084 0.198
0 range (°) 3.09—-27.47 3.25—-27.43 3.16—27.50
total data collected 10 651 16 931 35773
unique data 5860 5009 10 600
observed data (I > 20(l)) 4329 3066 8027
R indexes [I > 20(l)] R, = 0.0475, wR, = 0.1386 R, = 0.0823, wR, = 0.1698 R, = 0.0912, wR, = 0.2545
goodness of fit 1.032 1.101 1.070

(LUMO), which allows intramolecular electron transfer, thereby
generating valence tautomers,*>* especially in compounds with
astrong donor, such as 1-FcAq.™ In addition, 1-RAQ undergoes
alcohol- and acid-induced reversible switching, as observed in
the near-infrared (NIR) absorption band for R = Fc and in the
luminescence emission band for R = Ph, m-tolyl, or p-tolyl.*®
We aso reported the double protonation of 1,5-bis(ferrocenyl)-
anthraguinone (1,5-Fc,Aq)*® to give a paramagnetic molecule
with unique optical properties, but its chemical structure must
be reinvestigated in light of the discovery of the cyclization
reaction of 1-FcAg™ at this stage.

In the present study, we report the synthesis and characteriza-
tion of new D—A and D—A—D molecules containing triaryl-
amine as the donor: 1-triarylaminoethynylanthraquinone (1-
AmAQq) and 1,5-bis(triarylaminoethynyl)anthraguinone (1,5-
Am,AQ), respectively. The former undergoes monoprotonation
to give a pyrylium salt, [1-AmPyl] TFSI, similar to 1-FcAqg.**
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The latter undergoes a novel double proton cyclization reaction
toyield a 1,5-bis(triarylamino)dipyrylium salt, [1,5-Am,Pyl,]-
(TFSI),, with a new type of pentacyclic backbone. This
divalent cation can be reduced to give the neutral species
2,8-higtriarylamino)benzo[ de]isochromeno] 1,8-gh]chromene ([1,5-
Am,Pyl,]% that preserves the planar pentacyclic backbone. The
obtained condensed-ring compounds with narrow HOMO—
LUMO gap show unique optical, electrochemical, and magnetic
properties. In particular, the dication [1,5-Am,Pyl,]>" shows
not diamagnetic but paramagnetic behavior, with two spins
centered on two triarylamine moieties. The synthesis, charac-
terization, X-ray structures, and chemical and physical properties
of the triarylaminoethynylanthraquinones and their protonated
products are described in this paper.

Results and Discussion

Synthesis and Characterization of 1-AmAq and 1,5-Am,Aq.
1-AmAq and 1,5-Am,Aq were synthesized by the Sonogashira
cross-coupling of 1-ethynyltriarylamine with 1-bromoanthraquino-
ne and 1,5-dibromoanthraguinone, respectively. Single crystals
of each were obtained by recrystallization from dichloromethane
(DCM)/hexane at 293 K, and their molecular structures were
determined by single-crystal X-ray diffraction analysis (Table
1). ORTEP drawings of both compounds are shown in Figure
1, in which D and A moieties are on the same plane.

Formation and Properties of [1-AmPyl] TFSI. The cyclocon-
densation reaction of 1-AmAq was performed using bis(tri-
fluoromethanesulfone)imide acid (TFSIH) as a proton source
(Scheme 1). The UV —vis—NIR spectral changes upon addition
of TFSIH in DCM displayed an isosbestic point similar to that
of 1-FcAq, and absorption peaks appeared at 474 and 846 nm
(Supporting Information, Figure S1), which were assignable to
HOMO (140) (triarylamine 7)—LUMO++1 (142) (pyrylium zz*)
and HOMO (140)—LUMO (141) (pyrylium z*) transitions,
respectively, based on time-dependent density functional theory
(TD-DFT) calculations. The latter is a typical intervalence
charge-transfer (IVCT) band for D—A conjugated molecules.
The spectral changes were accompanied by a solution color
change from yellow to deep red. The protonated product was
isolated and characterized by *H NMR and IR spectroscopy and
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Figure 1. ORTEP diagrams (50% probability, hydrogen atoms are omitted
for clarity) of 1-AmAq (top) and 1,5-Am,Aq (bottom).

by elemental analysis to determine atetracyclic pyrylium cation
structure, [1-AmPyl]*, similar to that of [1-FcPyl]* ** (Sup-
porting Information, Figure S2).

The cyclic voltammogram of [1-AmPyl]* in 0.1 M Bu,NCIO,—
CH,CI, displayed one reversible oxidation wave at +0.49 V vs
ferrocenium/ferrocene (Fct/Fc) and two reversible reduction
waves at —0.11 and —1.06 V (Supporting Information, Figure
S3). In contrast, the cyclic voltammogram of 1-AmAq showed
an oxidation wave at +0.25 V and reduction waves at —1.42
and —1.85V, indicating significant narrowing of the difference
between the oxidation potential and the first reduction potential
from 1.67 to 0.60 V upon protonation (Table 2, Figure 2, and
Figure S3).

Similarities between [1-AmPyl]" and [1-FcPyl]" were also
observed in terms of their chemical reactivities.*® [1-AmPyl]*
reacted readily with sodium methoxide in methanol to afford a
yellow neutral acetal compound, 1-AmPyl-OMe (Scheme 1),
which was characterized using NMR techniques: 'H NMR, $3C
NMR, COSY, HMQC, and HMBC methods (Supporting
Information, Figures $4 and S5). Upon formation of the acetal
derivative, the characteristic UV —vis—NIR absorption bands
at 490 and 840 nm disappeared (Supporting Information, Figure
$6). 1-AmPyl-OMe reversibly returned to [1-AmPyl]™ upon
treatment with TFSIH (Figure S6).

Protonation of 1,5-Am,Aq and Properties of the Products.
The protonation-induced cyclization reaction of 1,5-Am,Aq with
the acid TFSIH in DCM was monitored by UV—vis—NIR
absorption spectroscopy. As shown in Figure 3, the spectrum
changed in two steps, indicating that two protonation reactions
occurred sequentially. First, the band at 395 nm corresponding
to the anthraguinone moi ety decreased and the band at 495 nm,
characteristic of the pyrylium ring, grew along with several new
bands at 550—900 nm and a broad IVCT band at 1100—2200
nm with Ama = 1400 nm. Subsequently, the spectrum did not

12474 J. AM. CHEM. SOC. = VOL. 132, NO. 35, 2010

change, except that the intensity of the broad IVCT band at
1100—2200 nm increased further while retaining the same Apa.
The small bands at 690 and 760 nm were assigned to the
formation a s radical cation.'” The 1,5-Am,Aq solution turned
from deep red to greenish yellow after the addition of 2 equiv
of TFSIH.

The cyclization products of the mono- and diprotonated salts
[1,5-Am,Pyl] TFSI and [1,5-Am,Pyl,](TFSI), were synthesized
under an argon atmosphere by the addition of 1 and 4 equiv of
TFSIH in DCM, affording yields of 89% and 92%, respectively.
The formation of a pentacyclic compound was suggested by
the single-crystal X-ray crystallography of [1,5-Am,Pyl;]-
(TFSI),, athough the analysis was not sufficient because of
the instability of single crystals in ambient conditions (see
Supporting Information, including Figure S7, for details). The
FTIR spectra shown in Figure S8 (Supporting Information)
showed that the C=C stretching vibration of the acetylene
moiety at 2208 cm~* and the C=0 vibration of the quinone
moiety at 1670 cm™* observed in the spectrum of 1,5-Am,Aq
disappeared completely in the protonated product [1,5-
Am,Pyl,](TFSI),. These spectral changes indicate that both
ethylene moieties reacted with the proton, and the cyclocon-
densation reaction proceeded. The monoprotonated compound
[1,5-Am,Pyl]TFSI did not display a C=C stretching vibration
from the acetylene moiety due to the expansion of sz-conjuga-
tion, in agreement with the UV —vis—NIR results. The C=0
vibration of the quinone moiety was observed at 1670 cm™2, as
expected, with a decrease in intensity. The vibrations of the
TFSI™ ion were observed at 1351, 1195, 739, and 569 cm™2,
and the C=0 vibrations of the pyrylium moieties were observed
at 1594, 1525, and 1487 cm™* for both [1,5-Am,Pyl] TFSI and
[1,5-AmyPyl,](TFSl),. Theseresultsindicate that [1,5-Am,Pyl,]-
(TFSI), has a pentacyclic structure constructed by the two-step
cyclocondensation reaction of the acetylene moiety and the
carbony! group of the quinone moiety.

TD-DFT cdculations were performed for the monoprotonated
product [1,5-Am,Pyl]" and the diprotonated product [1,5-
Am,Pyl,]?", and the energies associated with excitation to the
lowest excited states were estimated (see Supporting Informa-
tion, Tables S1 and S2). The experimental excitation energies
to the lowest excited state matched those calculated for the
monocation [1,5-Am,Pyl]*. In contrast, the experimental and
calculated excitation energies to the lowest excited state for the
dication [1,5-Am,Pyl,]?>* showed some variations, especially
for the IVCT band, which may have been due to the existence
of several valence tautomeric forms (Scheme 2). The calcula-
tions indicated that the absorption peaks at 495 and 760 nm
(Figures 3 and 4) could be assigned to HOMO (226) (triaryl-
amine)—LUMO+2 (229) (pyrylium) transitions. The IVCT
bands for both [1,5-Am.Pyl]" and [1,5-Am.Pyl;]?>" were
ascribed to HOMO (226) (triarylamine)—LUMO (227) (pyry-
lium) transitions. The IVCT band of [1,5-Am,Pyl;]?" was
shifted to longer wavelengths relative to [1-AmPyl]* and
[1-FcPyl]* 191! because its pentacyclic structure possesses a
more extended sr-conjugated system compared with the tetra-
cyclic compounds. The lowering of the LUMO level in [1,5-
Am,Pyl,]?* relative to other reported protonated compounds'®—*2
was expected to produce more effective intramolecular charge
transfer.
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Scheme 1. Cyclocondensation Reaction of 1-AmAq
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Table 2. Electrochemical Data of 1-AmAq, 1,5-Am,Aq,
[1-AmPyI]", [1,5-Am,Pyl]*, [1,5-Am,Pyl,]?", and [1,5-Am,Pyl,]°

oxidation (V vs Fc*/Fc) reduction (V vs Fc*/Fc)

compound E%(ox1) E%(ox2) E¥(red1) E”(red2)
1-AmAq 0.25 —-1.42 -1.85
[1-AmPyIl* 0.49 -0.11 —1.06
1,5-Am,Aq 0.30 —-1.38 —-1.82
[1,5-Am,Pyl]*™ 0.26 0.44 -0.14 —0.68
[1,5-Am,Pyl ;%" 0.25 0.50 —0.06 -0.16

Cyclic voltammetry of 1,5-Am,Aq, [1,5-Am,Pyl]*, and [1,5-
Am,Pyl,]?" in 0.1 M BuyNCIO,—CH,Cl, revealed two revers-
ible one-electron reduction steps ascribed to the anthraguinone
(Aq) and its protonated moieties (Pyl™ and Pyl,?") (Supporting
Information, Figure S9). The reduction potentials were largely

-2.0
1-AmAq  [1-AmPyl]" 1.5-Am;Aq  [1,5-Am;Pyll* [1,5-Am;Pyl]*
1.5 -
= LUMO
w Lumo
2 104
w
=
2
T 05
£
2
4
0.0 — LUMO kulie LuMo
I ———=————
HOMO ™\ HoMo HOMO HOMO
0.5 — “HOMO.
1.0

Figure 2. Schematic potential diagrams for 1-AmAqg, 1,5-Am,Aq,
[L-AmPyI]*, [15-AmyPyl] ™, [1,5-Am,Pyl;)%", and [1,5-Am,Pyl,]° estimated
from the redox potentials measured by cyclic voltammetry.

0.7

—0Eq
—0.2-1.0Eq
—1.2-2.0Eq

Absorbance (a. u)
o

0.1 4

3
0.1
Wave length/ nm

Figure 3. UV—vis—NIR absorption spectra of 1,5-Am,Aq in dichlo-
romethane after each addition of TFSIH (bottom).

1-AmPyl-OMe

[1-AmPylTESI

shifted to more positive values according to the sequential
protonation steps (the shift in E” for the first reduction between
[1,5-Am,Pyl]" and 1,5-Am,Aq was 1.24 V, and that between
[1,5-Am,Pyl;]?" and [1,5-Am,Pyl]" was 0.08 V, Table 2),
indicating a lowering of the LUMO, as expected. The nonpro-
tonated form of 1,5-Am,Aq exhibited one reversible oxidation
wave at E¥ = 0.30 V vs Fc'/Fc, and both protonated forms,
[1,5-Am,Pyl]" and [1,5-Am,Pyl,]?", exhibited two oxidation
waves at E” = 0.26, 0.44 V and 0.25, 0.50 V, respectively. In
agreement with the UV —vis—NIR absorption measurements,
the HOMO—-LUMO gap estimated from the difference between
thefirst oxidation potential and the first reduction potential, AEY,
decreased with increasing z-conjugation (Figure 2). The AEY
values for [1,5-Am,Pyl]* and [1,5-Am,Pyl,]?t were 0.40 and
0.31 V, which were lowered by 1.28 and 1.39 V, respectively,
after cyclization.

The protonated products [1,5-Am,Pyl]TFSI and [1,5-
Am,Pyl,](TFSI), were found to be NMR-silent (see Supporting
Information, Figure S10), suggesting that they were paramag-
netic. The DCM solutions of [1,5-Am,Pyl|TFSI and [1,5-
Am,Pyl,](TFSI), showed similar EPR spectra with different
spin densities of 0.4 and 0.6 per molecule, respectively, based
on the reference, 4-hydroxyl-2,2,6,6-tetramethyl pi peridin-1-oxyl
free radical. Because [1-AmPyI]TFSI, a compound related to
[1,5-Am,Pyl]TFSI, was diamagnetic, an additional D (= tri-
arylamine) moiety was found to affect the formation of spins.
It should be noted that the appearance of peaks at 690 and 760
nm was assignable to zz-radicals'’ in the UV —vis—NIR spectrum
of [1,5-Am,Pyl|TFSI, but not in that of [1-AmPyl]TFSI, as
noted above (compare Figures 3 and S1), supporting the
difference in spin Sate between the two monocationic compounds.

The EPR spectrum of [1,5-Am,Pyl,](TFSI), a 100 K (Figure
5) showed a strong, broad signal at g = 2.003, which isatypical
indication of s radical formation. At room temperature, the
spectrum included 27 line spectra, which were assigned to
hyperfine interactions resulting from the central N atoms and
hydrogen atoms on the phenyl rings in the two triarylamine
moieties.’” This assignment was supported by simulated EPR
spectra (Figure S9) with input consisting of the following
experimental conditions. hyperfine coupling constants from the
experimental data, the number of N atoms (two equivalent
nitrogen atoms with a coupling constant of 0.235 mT), and the
number of H atoms (12 equivalent hydrogen atoms with a
coupling constant of 0.071 mT) (see scheme in Supporting
Information, Figure S11). The simulated EPR spectra reasonably
matched the experimental spectra. These results indicated that
the spin density was distributed across two triarylamine moieties
as aresult of the (double) electron transfer from the electron-
donating triarylamine moieties to the highly electron-accepting
pentacyclic skeleton. The spin density value (0.6) per molecule
uniformly distributed on two nitrogen atoms suggests that the
paramagnetic tautomer was 30%, in equilibrium with the
diamagnetic tautomer as shown in Scheme 2. The static
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Scheme 2. Cyclocondensation Reaction of 1,5-Am,Aq
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magnetic susceptibility measurements obtained using a SQUID
magnetometer also demonstrated the paramagnetic nature of
[1,5-Am,Pyl,)(TFSI), with similar spin density (Supporting
Information, Figure S12).

Preparation of the Neutral Form [1,5-Am,Pyl,]° by Reduc-
tion of [1,5-Am,Pyl,](TFSl),. The spectral results described
above confirmed that lowering the LUMO alowed intramo-
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Figure 4. HOMO and LUMO energies calculated by the DFT method for
1-AmA(Q, 1,5-Am,Ad, [1-AmPyl]*, [1,5-Am,Pyl]*, [1,5-Am,Pyl,)?*, and
[1,5-Am,Pyl,]°.
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[1,5-Am,PyL)(TFSI),

lecular electron transfer. Because the dicationic sat [1,5-
AmyPyl,](TFSI), was NMR-silent, had poor crystallinity (as
noted above; see Supporting Information, including Figure S7),
and underwent reversible two-step, one-electron reduction, we
attempted to synthesize the neutral compound by chemical
reduction to identify the exact structure of the protonated
product.

The neutral compound [1,5-Am,Pyl,]° was prepared by
treatment of [1,5-Am,Pyl;](TFSI), with lithium tetracyano-

At100 K
(a)
& L L Il
318 320 322 34
At203K
(b)
3205 321 3215 22 3225

Field/ mT

Figure 5. EPR spectra of [1,5-Am,Pyl,](TFSI), in CH,Cl, solutions at
(a) 100 K and (b) room temperature.
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Figure 6. ORTEP diagram (50% probability, hydrogen atoms are omitted
for clarity) (top) and *H 2D-COSY NMR spectra (bottom) of [1,5-
Amzpylz]o.

quinodimethane (LI[TCNQ]) to give a product in 51% yield
that was characterized by ESI mass spectroscopy, *H and 2D-
COSY NMR and XRD measurements, and elemental analysis.
The H and 2D-COSY NMR spectra of [1,5-Am,Pyl,]° in DMF-
d; revealed that the molecular structure of the neutral form was
consistent with the pentacyclic structure, as shown in Figure 6.
It should be noted that this compound was highly unstable in
most solvents except DCM and dimethylformamide (DMF)
under dark conditions.

Single crystals of [1,5-Am,Pyl,]° suitable for X-ray analysis
were obtained by recrystallization from DCM/hexane at 293 K
under an argon atmosphere in the absence of light. An ORTEP
diagram of [1,5-Am,Pyl,]° is shown in Figure 6, and its three-
dimensional packing structure is shown in Figure 7. The
pentacyclic structure of the molecule was determined, and the
plane of the pentacyclic moiety (C37 to C54, O5, and O6) was
found to be paralel to the phenyl ring (C31-C32—C33—
C34—C35—C36) of one of the triarylamine moieties. The phenyl
ring (C13—C14—C15—C16—C17—C18) of the second triary-
lamine made a dihedral angle of 37° with the pentacyclic ring,
possibly dueto interactions with DCM solvent molecules (Figure
7). The high planarity of the pentacyclic ring and the adjacent
two benzene rings was consistent with an expansion of the
sr-conjugated system upon cyclization. The C—C bond lengths
in the pentacyclic moiety were in the range of 1.338(4)—1.450(4)
A, and bond lengths of C41—05 and C46—06 were 1.378(3)
and 1.382(3) A, respectively, suggesting an additional expansion
of the m-conjugated system upon cyclization. To the best of
our knowledge, thisis the first example of neutral pentacyclic
compounds in which the oxygen atoms are components in the
flat extended sz-conjugated six-membered ring.

On the basis of the structure of [1,5-Am,Pyl,]° deduced by
H 2D-COSY NMR and single-crystal X-ray analysis, we

Figure 7. [1,5-Am,Pyl,]° molecule showing planarity (top) and its three-
dimensional packing structure viewed along the b-axis (bottom).

concluded that double protonation of the ethynyl moieties of
1,5-Am,Aq induced intramolecular cyclization by annulation
of the carbonyl and ethylene groups to give a pentacyclic
dipyrylium salt of [1,5-Am,Pyl,]?" (Scheme 2).

Conclusion

We described the synthesis, characterization, chemical prop-
erties, and physical properties of the new D—A and D—A—-D
molecules 1-AmAq and 1,5-Am,Aq, respectively. The former
undergoes monoprotonation to give a pyrylium salt, 1-AmPyl ",
which is similar in structure to 1-FcAg. The latter undergoes a
novel double proton cyclization reaction to yield the 1,5-
bis(triarylamino)dipyrylium salt, [1,5-Am,Pyl,](TFSI),, with a
new pentacyclic backbone by way of the monoprotonated
product [1,5-Am,Pyl]TFSI. This divalent cationic salt can be
reduced to give aneutral species, [1,5-Am,Pyl,]°, with retention
of the pentacyclic backbone. The obtained condensed-ring
compounds showed unique optical, electrochemical, and mag-
netic properties due to the very narrow HOMO—LUMO gap.
In particular, the dication [1,5-Am,Pyl,]?>* showed paramagnetic
behavior with two spins. These findings should be useful in
designing novel functional molecular systems as well asfor the
synthesis via protonation reactions of novel molecules having
unusual physical properties.

Experimental Section

General Method. Solvents and reagents were used as received
from commercial sources unless noted otherwise. 4-Ethynyl-N,N-
bis(4-methoxyphenyl)aniline was prepared by a procedure described
in the literature.™® Anhydrous solvents were obtained as guaranteed
grade from Kanto Chemicals Ltd. and used after freeze—pump—thaw
treatment unless noted otherwise. Triethylamine was dried by reflux
over KOH, didtilled under nitrogen, and degassed by freeze—pump—
thaw treatment. Hexane and dichloromethane were distilled from
CaH, under nitrogen and degassed by freeze—pump—thaw treat-
ment. All syntheses were performed under an atmosphere of dry
nitrogen or dry argon unless otherwise indicated.

NMR Measurements and Mass Spectrometry. H and 13C
NMR, H 2D-COSY NMR, *H—*C HMBC, and *H—C HMQC
spectra of samples in chloroform-d; and DMF-d; were collected

(18) Lambert, C.; Noll, G.; Schmdzlin, E.; Meerholz, K.; Brauchele, C.
Chem.—Eur. J. 1998, 4, 2129-2135.
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with an AL-400 (JEOL), ECX400(JEOL), or DRX500 NMR
spectrometer (Bruker). ESI-TOF mass spectra were recorded with
an LCT time-of-flight mass spectrometer (Micromass).

UV—Vis—Near-IR Spectroscopy in Solution. Samples for
UV —vis—NIR spectroscopy in solution were prepared under an
argon atmosphere. UV —vis—NIR spectra were recorded with a
V-570 spectrometer (JASCO). Quartz cells with a path length of
0.1 cm were utilized to observe absorption in the UV region.

Single-Crystal X-ray Analysis. Single crystals of 1-AmAq, 1,5-
Am,Aq, and [1,5-Am,Pyl,]° were mounted on a loop, and data
were collected with a Rigaku AFC10 diffractometer with the Rigaku
Saturn CCD system equipped with arotating-anode X-ray generator
that emits graphite-monochromated Mo Ko radiation (4 = 0.7107
A). An empirical absorption correction using equivalent reflections
and Lorentzian polarization correction was performed with the
program Crystal Clear 1.3.6. The structures were solved with the
program SHEL X S-97*° and refined against F? using SHELXL-97.2°
Pertinent crystallographic data for compounds 1-AmAq, 1,5
AmyAq, and [1,5-Am,Pyl,]° are given in Table 1.

DFT Calculations. The geometries of 1-AmAqg, 1,5-Am;Aq,
[L-AmPyI]*, [1,5-Am,Pyl] T, [1,5-Am,Pyl,5]2*, and [1,5-Am,Pyl,]°
were fully optimized using DFT methods. The three-parameter
Becke—Lee—Yang—Parr (B3LYP) hybrid exchange-correlation
functional was employed. The 6-31G (p,d) basis set was used for
al atoms. Based on the optimized structure, the TD-DFT method
was applied to calculate the excited states relevant to the absorption
spectra of each compound. The solvent effect (CH,Cl,) was
considered using the PCM model. The present calculations were
implemented using the Gaussian03 program package.?* It should
be noted that the stability of the optimized structure for [1,5
Am,Pyl,]>" was tested using the stable=opt option to afford an
unrestricted (symmetry-broken) solution. Thus, optimization of [1,5-
Am,Pyl,)?" using the unrestricted method (UB3L Y P) was performed
assuming either singlet or triplet states. We found that the triplet
state was energetically favorable and that the energy difference
between the singlet and triplet states was surprisingly small (<0.2
eV). In thetriplet state, the two spins were mainly centered on the
two triarylamine moieties and the pentacyclic skeleton (HOMO and
LUMO shown in Figure 3). These results indicated the intrinsic
character of intramolecular electron transfer in [1,5-Am,Pyl;]? .

Cyclic Voltammetry. A glassy carbon rod (outer diameter 3
mm, Tokai GC-20) was embedded in Pyrex glass, and a cross-
section was used as a working electrode (polished with Al,O; fine
particles (0.3 um diameter) and washed with purified water and
acetone with ultrasonication prior to use). Cyclic voltammetry was
carried out under an argon atmosphere using a platinum wire counter
electrode and a Ag*/Ag reference electrode (10 mM AgClO, and
0.1 M BusNCIO,—CH:CN solution; the Ey, of ferrocenium/
ferrocene is 0.20 V in our conditions) using an ALS-650B
voltammetric analyzer.

EPR Measurements. The spin susceptibility of the samples was
measured using a JEOL FA 200 instrument. The sample solution
was introduced in the sample tube and degassed by three
freeze—pump—thaw cycles. Finaly, the tube was sealed under a
vacuum. Simulation of EPR spectrawas carried out using Bruker’s
WIN-EPR SimFonia Software Version 1.25.

Magnetic Susceptibility Measurements. The temperature-
dependent magnetic susceptibilities were measured using an MPM S
superconducting quantum interference device (SQUID) spectrometer
at afield length of 1 T (Quantum Design). Aluminum foil purchased
from Nippaku Co. was used for the sample containers, the magnetic
contributions of which were subtracted as background by measuring
their individual magnetic susceptibilities at each experiment.

(19) sheldrick, G. M. Program for Crystal Sructure Solution; University
of Gottingen: Germany, 1997.

(20) Sheldrick, G. M. Program for Crystal Sructure Refinement; University
of Gottingen: Germany, 1997.

(21) Frisch, M. J,; et ad. Gaussian 03, revision-B.05; Gaussian, Inc.:
Pittsburgh, PA, 2003.
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Synthesis of 1-AmAq. Under a N, atmosphere, a mixture of
1-iodoanthraquinone (2.81 g, 8.43 mmol), 4-ethynyl-N,N-bis(4-
methoxyphenyl)aniline®® (2.70 g, 8.22 mmol), bis(triphenylphos-
phine)palladium(ll) dichloride (0.18 g, 0.41 mmol), and cuprous
iodide (0.089 g, 0.47 mmal) in triethylamine (40 mL) and DMF
(20 mL) was refluxed at 70 °C overnight. The color of the reaction
mixture changed from yellow to dark red. After cooling to room
temperature, the solvent was removed under a vacuum. The residue
was dissolved in CH,Cl, and washed with water, followed by drying
with NaxSO,. The product was purified on an Al,Oz (11—I111) column
and eluted with a 1:2 ratio of CH,Cl,/hexane to give a 10% yield.
Anal. Calcd for C3sHsNO,: C, 80.73; H, 4.70; N, 2.62. Found: C,
80.56; H, 4.85; N, 2.42. *H NMR (CDCl3, 400 MHz): 6 3.82 (s,
6H), 6.86 (d, 4H, J = 8.8 Hz), 6.90 (d, 2H, J = 8.8 Hz), 7.10 (d,
4H, J = 8.8 Hz), 7.51 (d, 2H, J = 88 Hz), 7.71 (t, 1H, J = 7.8
Hz), 7.79 (m, 2H), 7.94 (m, 1H), 8.28 (d, 2H, J = 7.8 Hz), 8.35
(m, 1H).

Synthesis of 1,5-Am,Aq. Under a N, atmosphere, a mixture of
1,5-dibromoanthraguinone (0.607 g, 1.66 mmol), 4-ethynyl-N,N-
bis(4-methoxyphenyl)aniline™® (1.152 g, 3.50 mmol), bis(triph-
enylphosphine)palladium(ll) dichloride (0.233 g, 0.33 mmol), and
cuprous iodide (0.127 g, 0.66 mmol) in triethylamine (100 mL)
was refluxed at 70 °C for 3 h. The color of the reaction mixture
changed from yellow to dark red. After cooling to room temperature,
the solvent was removed under avacuum. The residue was dissolved
in CH,Cl, and washed with water, followed by drying with Na,SO,.
The product was purified on an Al,Os (I1—111) column and eluted
with a 1:1 ratio of CH,Cl,/hexaneto give a 38% yield. Anal. Calcd
for CsgHyoN206+1.3H,0: C, 78.59; H, 5.07; N, 3.16. Found: C,
78.67; H, 5.08; N, 2.86. MS (ESI-TOF): m/z = 862.56 (calcd M*
862.30). *H NMR (CDCl3 400 MHz): ¢ 3.83 (s, 12H), 6.86 (d,
8H, J = 9.0 Hz), 6.90 (d, 4H, J = 9.0 Hz), 7.08 (d, 8H, J = 9.0
Hz), 7.51 (d, 4H, 3 = 9.0 Hz), 7.70 (t, 2H, J = 7.8 Hz), 7.91 (dd,
2H,J = 7.7 Hz, 1.5 Hz), 8.31 (dd, 2H, J = 7.7 Hz, 1.5 H2).

Synthesis of [1-AmPyI]TFSI. Under an argon atmosphere,
1-AmAq (0.040 g, 0.124 mmol) was dissolved in 10 mL of CH,Cl,
and stirred. To this was added bis(trifluoromethanesulfone)imide
(0.105 g, 0.373 mmol) in 3 mL of CH,Cl,. After stirring for 60
min, the color of the solution changed gradually from red to green,
after which 60 mL of hexane was added. The mixture was allowed
to crystallize overnight. The dark precipitate was filtered off using
a membrane filter and washed with hexane. [1-AmMPyI]TFSI was
obtained in 32% yield. Anal. Calcd for CzgHosN,OgS,Fs: C, 55.88;
H, 3.21; N, 3.43. Found: C, 55.73; H, 3.43; N, 3.23. 'H NMR
(CD,Cl5, 400 MHz): 6 3.86 (s, 6H), 6.95 (d, 4H, J = 9.0 Hz), 7.01
(d, 2H, J = 9.0 Hz), 7.20 (m, 4H), 8.00 (m, 2H), 8.05 (m, 2H),
8.20 (m, 1H), 8.45 (m, 1H), 8.51 (m, 1H), 8.54 (m, 1H), 8.58 (m,
1H), 8.65 (s, 1H).

Synthesis of [1,5-AmyPyl]TFSI and [1,5-AmyPyl,](TFSI),.
Under an argon atmosphere, 1,5-Am,Aq (0.100 g, 0.12 mmol) was
dissolved in 10 mL of CH,Cl, and stirred. To this was added
bis(trifluoromethanesulfone)imide (0.033 g, 1.19 mmol for [1,5-
AmyPyI]TFSI and 0.130 g, 4.63 mmol for [1,5-Am,Pyl,](TFSI),)
in 3 mL of CH,Cl,. The color of both solutions changed from red
to dark green. After stirring for 30 min, 20 mL of hexane was added.
The mixtures were allowed to crystalize overnight. The dark
precipitates were filtered off using a membrane filter and washed
with hexane. [1,5-Am,Pyl;] TFSI and [1,5-Am,Pyl,](TFSI), were
obtained in 89% and 92% yields, respectively. Anal. Calcd for
C60H43N3F601()SQ'O.SCH2C|2: C, 59.46; H, 3.63; N, 3.44. Found:
C, 59.71; H, 3.72; N, 3.52. Anal. Calcd for CeoHaaN4F12014Ss: C,
52.25; H, 3.11; N, 3.95. Found: C, 52.31; H, 3.46; N, 3.98. MS
(ESI-TOF): mVz = 864.00 (calcd M " 864.32).

Synthesis of [1,5-Am,Pyl,]°. Under a N, atmosphere, [1,5-
Am,Pyl,](TFSI), (0.020 g, 0.014 mmol) was dissolved in a solvent
mixture composed of CH,Cl, (10 mL) and CH;CN (10 mL) and
stirred without exposure to light. To this reaction mixture was added
Li[TCNQ] (0.006 g, 0.028 mmol). The color of the solution changed
from dark green to red. After stirring for 2 h, the solvent was
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removed under a vacuum. The dark reddish product was purified
on an Al,Os (I1=111) column and eluted with CH,Cl,. The pink
fraction was collected, and the solvent was removed by evaporation.
The red product was further purified on a silica gel column and
eluted with a 5:1 ratio of CH,Cl,/hexane. The first pink fraction
was collected and recrystallized in CH,Cl,/hexane. This compound
was sensitive to light; purification was performed without exposure
to light. [1,5-Am,Pyl,]° was obtained in 51% yield. Anal. Calcd
for CsgHaaN2Og* 0.5CH,Cl,: C, 77.43; H, 5.00; N, 3.09. Found: C,
77.60; H, 5.08; N, 2.93. MS (ESI-TOF): m/z= 864.306 (calcd M ™"
864.319). 'H NMR (DMF, 400 MHz): ¢ 3.60 (s, 12H), 6.55 (d,
2H, J = 6.6 Hz), 6.61 (s, 2H), 6.66 (d, 4H, J = 9.0 Hz), 6.79 (d,
8H, J = 9.0 Hz), 6.94 (d, 8H, J = 9.0 Hz), 6.99 (t, 2H, J = 6.8
Hz), 7.49 (d, 2H, J = 9.0 Hz), 7.64 (d, 4H, J = 9.0 H2).
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