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Abstract: On the basis of the chemistry
in solution, the solid-state structures
and the corresponding electronic and
optical properties of dipyrrolyldiketone

those in the solution state. Anion com-
plexation, along with structural differ-
ences in the pyrrole subunits such as a
benzo-fused pyrrole, plays an essential
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role not only in the formation of the
assembled modes but also in determin-
ing electronic and optical properties, as
well as the charge-carrier mobilities. In

boron complexes as m-conjugated acy-
clic anion receptors have been investi-
gated. Solid-state assemblies of the re-
ceptors exhibit anion-dependent prop-

. . self-assembly
erties that are in sharp contrast to

Introduction

Crystals, 3D molecular assemblies, are promising materials
for use in field-effect transistors (FETs),"! stimuli-responsive
actuators,” and gas and molecular storage units.®! These fas-
cinating properties are derived from ordered arrangements
of molecules that act as “bricks” in the crystals. Among the
building blocks of crystals, st-conjugated molecules are fasci-
nating because of their ability to form stacking structures
that exhibit electronic properties that are not observed in
single molecules.!! Thus far, we have prepared acyclic -
conjugated systems, dipyrrolyldiketone boron complexes
(e.g., 1 and 2), which show anion-driven conformation
changes by inversion (flipping) of two pyrrole rings in the
solution state (Scheme 1)."°! Anion receptors based on core
7 planes that are substituted with aliphatic and/or hydrophil-
ic chains have attracted much attention as building subunits
of soft materials such as supramolecular gels®™®! and am-
phiphilic vesicles.®® On the other hand, the absence of sup-
plementary dimension-controlled interactions enables the
anion receptors to afford crystals, wherein various assem-
bled structures are formed. Conformational changes in the
receptors as monomers by anions in the solution state are
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addition, by anion complexation, inclu-
sion of the counter cations into the
crystals has also been found to be one
of the essential factors to determine
the properties.
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Scheme 1. Anion-responsive m-conjugated systems 1-3 and their anion-
binding mode.

amplified to provide characteristic properties in the bulk
state. In fact, representative m-conjugated anion receptors,
including the newly synthesized m-extended benzo-fused re-
ceptor, 3, have been shown to exhibit anion-driven modula-
tions of assembled structures, electronic and optical proper-
ties, and charge-carrier mobilities in the crystals.

Results and Discussion

Synthesis and characterization of benzo-fused pyrrole-based
anion receptors: Benzo-fused receptor 3 was obtained
through the precursory ethano-bridged derivative 3’, which
was prepared by the reaction of bicyclo-[2.2.2]octadiene-
fused pyrrole” and malonyl chloride and by subsequent
treatment with BF;+OFEt, (Scheme 2a). Photo-responsive de-
composition, which is observed in 3 as well as the a-methyl-
substituted derivative 3" (Scheme 2b), in organic solvents
such as CH,Cl,, has not been observed in the solid state.
Absorption and emission maxima (4.,) of 1-3 in CH,Cl,
(Amax=432,1%1 500,°1 and 528 nm; A.,=451%1 529 and
540 nm excited at each A,,,) are correlated with HOMO-
LUMO gaps of 3.58 (1), 3.08 (2),° and 2.94 eV (3) calcu-
lated at the B3LYP/6-31+4G(d,p)//B3LYP/6-31G(d,p)
level.®! Stokes shifts of 1-3 are 0.12, 0.14, and 0.052 eV, re-
spectively, in CH,Cl,, suggesting that the conformations in
the steady and excited states of m-extended 3 are fairly anal-
ogous in comparison with those of 1 and 2. The receptors 1-
3 exhibit anion-binding behavior in solution.”) Binding con-
stants (K,, M™') of 3 at —50°C estimated by 'H NMR spec-
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Scheme 2. a) Synthesis of 3 from 3’ through retro-Diels—Alder reaction
and b) a-methyl-substituted derivative 3”.

troscopy in CD,Cl, owing to the photo-responsive properties
are 83000 (CI") and 7700 (Br~) M, which are larger than
the K, values of the p-ethyl-substituted receptor, 33000
(C1") and 2500 (Br~) M~!, determined by UV/Vis absorption
spectra in CH,Cl,. This result suggests that benzo-fusion is
effective for anion binding in
the solution state.'” Upon the
addition of, for example, Br™ as
a tetrabutylammonium (TBA)
salt, the absorption maxima of
1-3 hardly shift to 435, 502, and
531 nm, respectively, in CH,Cl,.
Almost no shifts in the absorp-
tion bands upon anion binding
indicate that 1-3 are not suita-
ble for use as colorimetric sen-
sors in the solution state. Fluo-
rescence quantum yields &g
(and A.,) of Br~ complexes of
1-3 are 0.78 (454 nm), 0.76
(529 nm), and 0.57 (531 nm), re-
spectively, which are slightly de-
creased in 1 and 2 and are

G side view
top view <'j =
top view

i

Ir (rectangular red crystal) along with yellow crystals 1y
and hexagonal-shaped vermillion crystals 1v as minor com-
ponents.'"! As already reported, vapor diffusion in the
CH,Cl,/hexane solvent system affords only 1r, whereas two
types of stacking structures exist with anti orientation of BF,
units (Figure 1a).! In contrast, 1y includes a stacking
mode with BF, moieties oriented on the same syn side (Fig-
ure 1b). On the other hand, the molecules in 1v, in which
one of the pyrrole rings is inverted, form stacking structures
with an anti orientation (Figure 1c) and also afford N—
H--F—B hydrogen-bonding 1D chains. Interestingly, upon
heating at 170°C for 1h, crystals of 1y were transformed
into reddish crystals. Variable-temperature (VT) X-ray dif-
fraction (XRD) measurements of 1y clearly showed the
transition to the pattern of 1r around 160°C.'¥ Further, in
contrast to the anti orientation of phenyl-substituted 2 (Fig-
ure 1d),® benzo-fused 3 afforded syn-oriented stacking
structures in the solid state (Figure 1e).'*! The distances be-
tween approximately parallel-arranged m planes in 1r, 1y,
1v, and 3 are 3.33 and 3.25/3.35 (1r), 3.34 (1y), 3.29/3.32
(1v), and 3.35 A (3); these values may be attributed to
stable and effective m—m stacking. The distances between the
neighboring boron units in the stacking structures are 7.50
and 5.48/8.88 (1r), 4.86 (1y), 5.73/7.42 (1v), and 5.05 A (3).

ii)
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almost the same in 3 when com- L)

pared to those of the free re- o

ceptors 1-3 (®x=0.92, 0.95, g2 — e)3 i i ———
and 0.55, respectively). oo — Rk
Solid-state assemblies of the e Y T WA, ¥ e s

anion receptors: Single-crystal G__"_"”__“;’ﬂ oV ide view

X-ray structures of 1-3 are
shown in Figure 1. We have
found the formation of poly-
morphism in the single crystals
of 1: Slow evaporation of a
CH,CL,/MeOH solution of 1
gives multicrystalline systems
that include the major product

stacking structures i and i), b) 1y,
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Figure 1. Solid-state stacking assemblies (packing diagrams and side and top views) of a) 1r (two types of
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c) 1v, d) a-phenyl 2,1 ) benzo-fused 3. Atom color code: brown, pink,

yellow, green, blue, and red refer to carbon, hydrogen, boron, fluorine, nitrogen, and oxygen, respectively. The
arrows represent the directions of the corresponding selected views.
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In contrast to these crystals, the phenyl-substituted 2 exhib-
ited less-efficient m—m interactions with a dihedral angle of
19° between neighboring stacking m planes, which is derived
from mean planes consisting of 16 core atoms.

Solid-state assemblies of the receptor-anion complexes: The
receptors 1-3 can form crystals of receptor—anion complexes
from appropriate solvents (Figure 2). Here, Br~ ions (as
TBA or tetrapropylammonium (TPA) salts) were used be-
cause these salts are less deliquescent than the correspond-
ing CI” crystals. Unsubstituted 1 (Figure2a) forms a
Br—-bridged crinkled 1D chain structures with N(—H)--Br
and C(—H)--Br lengths of 3.34/3.30 and 3.66 A in the solid
state, in which the dihedral angle between the mean planes
of neighboring receptors is 70.7°. Counter TBA cations are
arranged along the aligned receptor-Br~ complexes, as ob-
served in the corresponding Cl- complex.® On the other
hand, benzo-fused 3 (Figure 2¢) forms crinkled and planar
Br-bridged 1D chain structures, in which Br~ is associated
with pyrrole NH (N(—H)--Br: 321 (a) and 3.37 (b) A),
bridging CH (C(—H)--Br: 4.28 (c) A), and benzo CH units
(C(—H)-Br: 3.89 (d) and 3.92 (¢) A). 2D gridlike solid-state
structures, which encapsulate TBA cations inside rhombic
tubes, are fabricated from the crinkled chains (Figure 2c, i),
with the dihedral angle at 70.3° between the neighboring

a) 1-Br-TBA*

b) 2-Br-TPA*
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molecules and the completely parallel chains (Figure 2c, ii).
The Br-Br distances within the chain structures of 1 and 3
are 9.24 and 11.72 (chain in i)/10.14 A (chain in ii), respec-
tively. In contrast to the a-unsubstituted 1 and 3, a-phenyl 2
(Figure 2b) forms the regular Br -binding complex (Fig-
ure 2b, i) with N(—H)--Br and C(—H)--Br lengths of 3.36/
342 and 3.49 A because of the additional interaction
(C(—H)-Br: 3.68/3.68 A) of 0-CH sites of the aryl units. In
this case, Br~ complexes are stacked with counter TPA cat-
ions to form charge-by-charge assemblies (Figure 2b, ii)
comprising alternatively located charged species. The coor-
dination mode for Br~ in 2 is quite similar to that for Cl1~,/*!
and the mean distance of the neighboring complexes in
charge-by-charge stacking of 2-Br -TPA™* is 7.44 A, which is
slightly larger than that for 2-Cl"-TPA* (7.29 A). In all the
Br~ complexes, it is essential to focus on the aliphatic coun-
ter cations in the assembled structures on the basis of the
appropriately arranged anion complexes: such cations inter-
fere with the interactions between m-conjugated moieties of
the receptor—anion complexes and, as a result, affect the
physical properties of single crystals as discussed in the fol-
lowing sections.

Solid-state electronic and optical properties: Aggregates in
the crystals of 1-3 exhibit distinct electronic states that

Figure 2. Solid-state structures (packing diagrams and selected views) of Br~ complexes of anion receptors 1-3: a) 1 (a Br-bridged 1D chain as a selected
view); b) 2 (i: single molecule and ii: charge-by-charge stacking structure as selected views); ¢) 3 (i and ii: Br -bridged 1D chains as selected views).
TBA and TPA cations are omitted for clarity in the selected views except for bii. Atom color code: brown, pink, yellow, light brown, green, blue, and
red refer to carbon, hydrogen, boron, bromine, fluorine, nitrogen, and oxygen, respectively. The arrows represent the directions of the corresponding se-
lected views.
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depend on the relative configurations between neighboring
molecules. Solid-state excitation and emission spectra and
photographs of the crystals are shown in Figure 3. Excitation
maxima are distinct for 1r (A,,=522nm), 1y (4,.,=340
and 494 nm), and 1v (4,,,,=540 nm), and emissions reflect
these values: 1.,=630 (1r), 524 (1y), and 604 nm (1v), ex-
cited at 500 (1r and 1v) and 400 nm (1y). In 2 and 3, excita-
tion and emission (excited at 500 nm) peaks are observed at
579 and 610 nm for 2 and 589 and 685 nm for 3, respectively.
In fact, the red-shift values of the excitation and emission
spectra in the solid state compared to the absorption and
emissions from dispersed monomers in the solution state
(CH,Cl,) are 90 and 156 nm for 1r, 62 and 50 nm for 1y, 108
and 130 nm for 1v, 79 and 81 nm for 2, and 61 and 145 nm
for 3, respectively. These shifts correlate mainly with the ar-
rangements of the m-conjugated molecules in the solid state.
The complicated solid-state absorption and emission proper-
ties of the m-conjugated systems can be attributed to various
parameters such as 1) (slight) conformational distortions de-
rived from C—C single-bond connections between compo-
nents, 2) arrangements (orientation and distance) of neigh-
boring chromophores, and 3) interactions between stacking
columnar structures. Factors 2 and 3 are related significantly
to the exciton coupling between the chromophores. At pres-
ent, it is difficult to estimate the transition dipole moments
of the anion receptors; these would be useful for explaining
the solid-state absorption and emission.

a)

522540 579589

1y 1v
I 2
1r
_

i |
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1y v
l 2
1r
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400 450 500 550 600 650 700 750 800
Alnm ———

Figure 3. a) Excitation spectra corresponding to each emission maximum
and b) emission spectra of the crystals of 1r (red), 1y (orange), 1v
(black), 2 (purple), and 3 (green). Photographs of crystals (1r, 1y, 1v, 2,
and 3) under a) visible light and b) UV, light are shown in the insets.
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As can be observed in Figure 4, the excitation maxima of
the crystalline Br™-binding complexes are observed at A,,,,=
380, 450, and 468 nm (1-Br-TBAT), 406 and 560 nm
(2Br-TPA™"), and 581 nm (3-Br-TBAT), suggesting that
TBA or TPA cations are located between receptor—anion
complexes, and therefore interfere with the m—m interactions
of the m-plane chromophores. Further, solid-state fluores-
cence emissions of these complexes are observed at A.,=
484 and 583 nm (1-Br-TBAY), 580 nm (2:Br-TPA*), and
612 nm (3-Br-TBA™), excited at 400 nm (1-Br-TBA™) or
500 nm (2-Br-TPA* and 3-Br-TBA™). Excitation bands of
1:-Br-TBA™ for different emission maxima are observed at
380 and 468 nm for A.,=484nm and 450 nm for A.,=
583 nm; this result suggests that these emissions are derived
from different pathways during excitation. Moderate blue
shifts, as compared with the free receptors, are derived from
insertion of aliphatic cations between the chromophores (re-
ceptor—anion complexes), which weakens their exciton cou-
pling. However, red shifts (compared with the solution
state) are presumably due to the edge-to-edge interactions
of the receptor—-anion complexes.!'*!

Charge-carrier mobilities in the single crystals: Ordered
stacking structures of m-conjugated molecules, as observed
in the crystal structures of the anion receptors and their
anion complexes, are suitable for use as charge-conductive

580583612

2-Br-TPA*

Intensity ——

3-Br-TBA*

400 450 500 550 600 650 700 750 800
Alnm ————

Figure 4. a) Excitation spectra corresponding to each emission maximum
and b) emission spectra of the crystals of 1-Br -TBA™ (red and black for
Aem=>583 and 484 nm), 2-Br-TPA™ (purple), and 3-Br-TBA™ (green).
Photographs of crystals (1.Br-TBA*, 2-Br-TPA*, and 3-Br-TBA™)
under a) visible light and b) UV ., light are shown in the insets.
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materials. Therefore, we have conducted flash photolysis
time-resolved microwave conductivity (FP-TRMC) meas-
urements,"™™ which allow the estimation of the behavior of
mobile charge carriers along all the axes of the crystals.
When a 355 nm laser pulse was applied at 25°C, the mobili-
ties of 1r were determined to be 0.05, 0.02, and
0.03 cm*V~'s! for the a, b, and c axes of the crystal, respec-
tively. Anisotropy was observed in 1y (0.8, 0.2, and
0.07 cm*V~'s! for the a, b, and ¢ axes) in contrast to 1r
and 1v (0.7, 0.8, and 0.6 cm*V~'s™! for the a, b, and c axes).
Benzo-fused 3 also shows high and anistropic conductivities
(1, 0.2, and 0.06 cm*V~'s™! for the a, b, and ¢ axes, respec-
tively), whereas a-phenyl 2 exhibits smaller conductivities of
0.02, 0.03, and 0.05cm?>V~!s7! for the a, b, and c axes, re-
spectively. Apparently, slipped parallel stacking of m-planes
leads to high hole mobility and anistropic properties along
the stacking direction (see the Supporting Information and
CIF files). Further, FP-TRMC measurements of Br~ com-
plexes show conductivities of 7x107°, 8x107%, and 3x
10 ecm?*V~'s™! (1:Br-TBA*) and 4x1073, 4x1073, and 7x
10~*cm?*V~'s™! (2.Br-TPA™) for the a, b, and ¢ axes of the
crystals, and 8x107* and 7x10° cm*V~'s™' (3-Br-TBA™)
for the a and c axes of the crystal, respectively. Therefore,
crystals of Br~ complexes as tetraalkylammonium salts give
smaller conductivities than those of anion-free crystals.

Conclusion

We have demonstrated substituent- and anion-dependent
properties of m-conjugated acyclic anion receptors in the
solid state. Anion complexation, along with differences in
pyrrole subunits such as a benzo-fused core, plays an essen-
tial role not only in the formation of assembled structures
but also in determining the electronic and optical properties.
In particular, some crystals show high charge-carrier mobili-
ties with large anistropy. The molecular systems reported
herein are fairly complicated, so at present it is not easy to
discuss the correlation between assembled structures and
their fascinating properties. However, we are currently in-
vestigating how the choice of receptors, anions, and cations
affects the assembly and the useful properties of crystals
and soft materials.

Experimental Section

General methods and materials: Starting materials were purchased from
Wako, Nacalai, and Aldrich and were used without further purification
unless otherwise stated. UV/Vis spectra were recorded on a Hitachi
U-3500 spectrometer. Fluorescence spectra and quantum yields were re-
corded on a Hitachi F-4500 fluorescence spectrometer for ordinary solu-
tions and a Hamamatsu Quantum Yields Measurements System for Or-
ganic LED Materials C9920-02, respectively. The NMR spectra that
were used in the characterization of the products were recorded on a
JEOL ECA-600 600 MHz spectrometer. All NMR spectra were refer-
enced to the solvent. Matrix-assisted laser desorption ionization time-of-
flight mass spectrometries (MALDI-TOF-MS) were recorded on a Shi-
madzu Axima-CFRplus using negative mode. TLC analyses were carried

Chem. Eur. J. 2010, 16, 10994 —11002
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out on aluminum sheets coated with silica gel 60 (Merck 5554). Column
chromatography was performed on Sumitomo alumina KCG-1525, Wa-
kogel C-200, C-300, and Merck silica gel 60 and 60 H.
1,3-Bis-(4,7-ethano-4,7-dihydroisoindol-1-yl)-1,3-propanedione: A CH,Cl,
solution (50mL) of 4,7-ethano-4,7-dihydroisoindole!”  (250.0 mg,
1.72 mmol) was treated with malonyl chloride (121.4 mg, 0.86 mmol)
under nitrogen at 0°C and was stirred for 45 min at the same tempera-
ture. After confirming the consumption of the starting pyrrole by TLC
analysis, the mixture was washed with a saturated aqueous solution of
Na,CO; and water, dried over anhydrous Na,SO,, filtered, and evaporat-
ed to dryness. The residue was then chromatographed over a silica-gel
column (Wakogel C-300, eluent: 3% MeOH/CH,Cl,) and recrystallized
from CH,Cly/hexane to afford 1,3-bis-(4,7-ethano-4,7-dihydroisoindol-1-
yl)-1,3-propanedione (306.7 mg, 50%) as a pale-yellow solid. R;=0.43
(3% MeOH/CH,CL,); '"HNMR (600 MHz, CDCl;, 20°C; the diketone
was obtained as a mixture of keto and enol tautomers in the ratio of
1:0.40): keto form 6 =8.83 (br, 2H; NH), 6.68 (d, J=2.4 Hz, 2H; pyrrole-
H), 6.57-6.47 (m, 4H; olefin-H), 4.48 (s, 2H; CH,), 4.32-4.24 (m, 2H;
bridgehead-H), 3.92-3.90 (m, 2H; bridgehead-H), 1.70-1.43 ppm (m, 8H;
CH,CH,); enol form 0=16.79 (br, 1H; OH), 8.58 (s, 2H; NH), 6.67 (d,
J=2.4Hz, 2H; pyrrole-H), 6.57-6.47 (m, 4H; olefin-H), 6.40 (s, 1H;
CH), 4.32-4.24 (m, 2H; bridgehead-H), 3.92-3.90 (m, 2H; bridgehead-
H), 1.70-1.43 ppm (m, 8H; CH,CH,); MALDI-TOF-MS: m/z (%): calcd
for Cy3H, N,O,: 357.16 [M—H]; found: 357.2 (100), 358.2 (25).

BF, complex of 1,3-bis-(4,7-ethano-4,7-dihydroisoindol-1-yl)-1,3-propane-
dione, 3': BF;-OEt, (791.9 mg, 5.58 mmol) was added to a solution of 1,3-
bis-(4,7-ethano-4,7-dihydroisoindol-1-yl)-1,3-propanedione (101.5 mg,
0.28 mmol) in CH,Cl, (20 mL) and was stirred for 20 min at room tem-
perature. After removal of the solvent, silica-gel column chromatography
(Wakogel C-300, eluent: 3% and 0.5% MeOH/CH,Cl,), and crystalliza-
tion from CH,Cly/hexane afforded 3’ (84.6 mg, 74 %) as an orange solid.
R;=0.30 (0.5% MeOH/CH,Cl,); '"H NMR (600 MHz, CDCl,, 20°C): 6 =
8.84 (br, 2H; NH), 6.83-6.82 (m, 2H; pyrrole-H), 6.65 (s, 1 H; CH), 6.59-
6.55 (m, 4H; olefin-H), 4.32-4.31 (m, 2H; bridgehead-H), 3.98-3.96 (m,
2H; bridgehead-H), 1.76-1.43 ppm (m, 8H; CH,CH,); UV/Vis (CH,CL,):
Amax (x107°)=449.0nm (1.05M 'em™"); MALDI-TOF-MS: m/z (%):
caled for C;3H,BF,N,O,: 405.16 [M—H]~; found: 405.2 (57), 406.2 (100).
This compound was further characterized by X-ray diffraction analysis.
BF, complex, 3: A CH,Cl, solution (80 mL) of 3’ (30.5 mg, 0.075 mmol)
was evaporated and the residue was heated under vacuum (0.75 mm Hg)
at 153-166°C for 3.7 h. Flash silica-gel column chromatography (eluent:
3% MeOH/CH,Cl,) and crystallization from 10% MeOH/CH,CIl, and
hexane afforded 3 (19.8 mg, 75%) as a deep-green solid. R;=0.22 (3%
MeOH/CH,CL,); '"HNMR (600 MHz, [D¢]DMSO, 60°C): 6=13.72 (br,
2H; NH), 8.33 (d, J=7.8 Hz, 2H; Ar-H), 8.10 (s, 2H; pyrrole-H), 7.87 (t,
J=8.4Hz, 2H; Ar-H), 747 (t, /=72 Hz, 2H; Ar-H), 7.26 (t, J=7.8 Hz,
4H; Ar-H), 7.05ppm (s, 1H; CH); UV/Vis (CH,CL): Ay (ex107°)=
5280nm (1.38m 'cm™'); MALDI-TOF-MS: m/z (%): caled for
CioH,BF)N,0O,: 349.10 [M—H] ; found: 348.1 (51), 349.1 (100). This
compound was further characterized by X-ray diffraction analysis.
1,3-Bis-(4,7-ethano-4,7-dihydro-3-methylisoindol-1-yl)-1,3-propanedione:
A solution of 4,7-ethano-4,7-dihydro-3-methylisoindole!' (383.2 mg,
2.41 mmol) in CHCIl; (120 mL) was treated with malonyl chloride
(203.5 mg, 1.44 mmol) at 0°C and was stirred for 1 h at the same temper-
ature. After confirming the consumption of the starting pyrrole by TLC
analysis, the mixture was washed with a saturated aqueous solution of
Na,CO;, water, and brine, dried over anhydrous Na,SO,, filtered, and
evaporated to dryness. The residue was then chromatographed over a
silica-gel column (Wakogel C-300, eluent: 5% MeOH/CH,Cl,) and was
recrystallized from CH,Cl,/hexane to afford 1,3-bis-(4,7-ethano-4,7-dihy-
dro-3-methylisoindol-1-yl)-1,3-propanedione (110.2 mg, 38%) as a pale-
yellow solid. R;=0.53 (5% MeOH/CH,CL,); '"H NMR (600 MHz, CDCl,
20°C; diketone is obtained as a keto tautomer): 6 =8.44 (br, 2H; NH),
6.52 (s, 2H; olefin-H), 6.48 (s, 2H; olefin-H), 4.47-4.17 (m, 4H; CH,+
bridgehead-H), 3.82-3.81 (m, 2H; bridgehead-H), 2.22 (s, 6H; CH,),
1.59-1.40 ppm (m, 8H; CH,CH,); MALDI-TOF-MS: m/z (%): calcd for
CysH,sN,O,: 385.19 [M—H]; found: 385.2 (100), 386.2 (29).
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BF, complex of 1,3-bis-(4,7-ethano-4,7-dihydro-3-methylisoindol-1-yl)-
1,3-propanedione: BF;-OEt, (141.9 mg, 1.00 mmol) was added to a solu-
tion of 1,3-bis-(4,7-dihydro-4,7-ethano-3-methylisoindol-1-yl)-1,3-pro-
panedione (77.3 mg, 0.20 mmol) in CH,Cl, (20 mL) and was stirred for
20 min at room temperature. After removal of the solvent, silica-gel
column chromatography (Wakogel C-300, eluent: 1% and 0.5% MeOH/
CH,(Cl,) and crystallization from THF/hexane afforded the BF, complex
(64.1mg, 74%) as a yellow solid. R;=0.60 (6% MeOH/CH,CL),
'HNMR (600 MHz, CDCl,, 20°C): 6=8.62 (br, 2H; NH), 6.58 (t, J=
7.2 Hz, 2H; olefin-H), 6.53 (s+t, J=7.8 Hz, 3H; CH+olefin-H), 4.26
(br, 2H; bridgehead-H), 3.89 (br, 2H; bridgehead-H), 2.29 (s, 6H; CHj;),
1.72-1.42 ppm (m, 8H; CH,CH,); UV/Vis (CH,CL): An. (x107°)=
470.0nm (0.77m 'cm™); MALDI-TOF-MS: m/z (%): caled for
C,sH,,BF,N,0,: 433.19 [M—H]"; found: 433.2 (42), 434.2 (100).

BF, complex 3”: A CH,CI, solution of the BF, complex of 1,3-bis-(4,7-
ethano-4,7-dihydro-3-methylisoindol-1-yl)-1,3-propanedione (25.0 mg,
0.058 mmol) was evaporated and the residue was heated under vacuum
(0.75-1.50 mmHg) at 160-181°C for 3.3 h. Silica-gel column chromatog-
raphy (Wakogel C-300, eluent: 3% THF/CH,Cl,) and crystallization
from THF/hexane afforded 3” (16.3 mg, 75%) as a black solid. R;=0.32
(3% THF/CH,CL); '"HNMR (600 MHz, [Ds]DMSO, 70°C): 6=13.32
(br, 2H; NH), 8.25 (d, /=72 Hz, 2H; Ar-H), 7.84 (d, /=7.8 Hz, 2H; Ar-
H), 7.46 (t, J=6.6 Hz, 2H; Ar-H), 7.21 (dd, /=7.8 and 6.6 Hz, 2H; Ar-
H), 6.86 (s, 1H; CH), 2.75 ppm (s, 6H; CH;); UV/Vis (CH,CL): Ay (€%
107%)=546.5nm (1.26M 'cm™'); MALDI-TOF-MS: m/z (%): calcd for
C,H,(BF,N,0,: 377.13 [M—H]™; found: 377.0 (100), 378.0 (78). This
compound was further characterized by X-ray diffraction analysis.
Single-crystal X-ray analysis: All the data were collected at 123K on a
Rigaku RAXIS-RAPID diffractometer with graphite monochromated
Moy, radiation (A1=0.71075 A). The structures were solved by direct
methods.

Complex 1y: A single crystal of 1y was obtained by slow evaporation of
a MeOH/CH,Cl, solution of 1. The crystal was a red-colored prism of ap-
proximate dimensions 0.40x0.20x0.10 mm. Crystal data for 1y (from
CH,Cl,/MeOH): C,;H,BF,N,0,, M,=250.01; monoclinic; C2/c (no. 15);
a=23.749(19), b=4.855(3), c=18380(11)A; p=95.83(3)°; V=
2108(2) A, T=1232)K; Z=8; paq=1575gecm™>; u(Moy,)=
0.131 mm™'; R;=0.0601; wR,=0.1581; GOF =1.056 [I>20(I)].

Complex 1v: A single crystal of 1v was obtained by slow evaporation of
a MeOH/CH,Cl, solution of 1. The crystal was a red-colored prism of ap-
proximate dimensions 0.50x0.20x0.20 mm. Crystal data for 1v (from
CH,Cl,/MeOH): C,;H,BF,N,0,, M,=250.01; monoclinic; C2/c (no. 15);
a=11.882(7), b=8945(4), c¢=20.144(9) A; =9024(2); V=
2141.0(18) A%, T=1232Q)K; Z=8; pau=1.551gem>; u(Moy,)=
0.129 mm™"; R, =0.0334; wR,=0.0897; GOF =1.080 [/ >20(1)].

Complex 3: A single crystal of 3 was obtained by vapor diffusion of
hexane into a THF solution of 3. The crystal was a purple-colored prism
of approximate dimensions 0.70 x 0.20 x0.10 mm. Crystal data for 3 (from
THF/hexane): CoH;;BF,N,0,5; M,=359.13; monoclinic; C2/c (no. 15);
a=29.257(16), b=5.049(2), c=21.734(9) A; $=90.33(2)°; V=3210(3) A%;
T=1232)K; Z=8; peq=1486gcm™>; u(Mog,)=0.114mm™"; R,=
0.0388; wR,=0.0986; GOF=1.079 [I>20([)].

Complex 3": A single crystal of 3' was obtained by vapor diffusion of
hexane into a solution of 3’ in CH,CICH,CI. The crystal was a red-col-
ored prism of approximate dimensions 0.40x0.20x0.10 mm. Crystal data
for 3’ (from CH,CICH,Cl/hexane): C,sH,BF,N,0,; M, =406.23, mono-
clinic; P2,/n (no. 14); a=9.257(3), b=9.476 (3), c=21.811 (6) A; f=
100.019 (14)°; V=1884.1 (10) A%; T=123(2) K; Z=4; pea=1.432 gem;
u(Mog,)=0.104 mm™'; R;=0.0449; wR,=0.1076; GOF=1.052 [I>
20(D)].

Complex 3": A single crystal of 3” was obtained by vapor diffusion of
hexane into a solution of 3” in THF. The data crystal was a purple-col-
ored prism of approximate dimensions 0.50x0.50x0.30 mm. Crystal data

Complex 1-TBABr: A single crystal of 1. TBABr was obtained by vapor
diffusion of hexane into a CH,CICH,CI solution of the equivalent mix-
ture of 1 and TBABTr. The crystal was a purple-colored prism of approxi-
mate dimensions 0.15x0.10x0.05 mm. Crystal data for 1-TBABr (from
CH,CICH,Cl/hexane): C, HsBF)N,0,-C;¢H;NBr-0.5C,H,Cl,;  M,=
621.86; orthormbic; Pbc2; (no. 29); a=8.6523(19), b=18.430(3), c=
39.977(7) A; V=63752) A’>; T=123Q2)K; Z=8; pay=1.296gcm
u(Moy,)=1413mm™"; R,;=0.0623; wR,=0.1476; GOF=1.050 [I>
20(D)].

Complex 2-TPABr: A single crystal of 2-TPABr was obtained by vapor
diffusion of hexane in to a solution of an equivalent mixture of 2 and
TPABr in CH,CICH,CI. The crystal was a purple-colored prism of ap-
proximate dimensions 0.50x0.30x0.20 mm. Crystal data for 2-TPABr
(from CH,CICH,Cl/hexane): C,;H;BF,N,0,-C,,H,sNBr-C;H,Cl,; M,=
767.41; monoclinic; P2;/n (no. 14); a=12.86(3), b=8.673(12), c=
35.50(5) A; p=92.46(7)°; V=3957(11) A%, T=123Q)K; Z=4; pea=
1.288 gecm™?; u(Mog,)=1.218 mm™'; R,;=0.1130; wR,=0.2985; GOF=
1.045 [1>20(1)].

Complex 3-TBABr: A single crystal of 3:-TBABr was obtained by vapor
diffusion of hexane into an acetone solution of equivalent mixture of 3
and TBABr. The data crystal was a purple-colored prism of approximate
dimensions 0.20x0.10x0.10 mm. Crystal data for 3-TBABr (from ace-
tone/hexane): C;3H;B,F,N,0,-C;¢H;NBr; M,=581.00; monoclinic; Cc
(no. 9); a=21.582(10), b=9.144(5), c=18.258(9) A; f=94.507(10); V=
3592(3) A% T=123Q)K; Z=4; paa=1196gecm™; u(Mog,)=
1.186 mm™'; R, =0.1196; wR,=0.3076; GOF =1.086 [I>20(I)].

In each case, the non-hydrogen atoms were refined anisotropically. The
calculations were performed by using the crystal structure crystallograph-
ic software package of Molecular Structure Corporation.'”? CCDC-
760818 (1y), 760819 (1v), 760820 (3), 760821 (3'), 760822 (3"), 760823
(1'TBABr), 760824 (2-TPABr), and 760825 (3-TBABr) contain the sup-
plementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

DFT calculations: Ab initio calculations of 3a and its Cl~ binding com-
plexes were carried out by using the Gaussian 03 program!® and an HP
Compaq dc5100 SFF computer. The structures were optimized, and the
total electronic energies were calculated at the B3LYP level by using a
6-31G** basis set for the receptors and [1+ 1] anion complexes.

Single-crystal fluorescence and excitation spectra: Fluorescence spectra
and excitation spectra measurements were performed by using a FP-6500
spectrofluorometer (JASCO). The sample crystals for the measurements
in the solid state were encapsulated in a quartz cell (30x30x0.3 mm)
under deoxygenated conditions. The excitation wavelength was 350 nm in
the fluorescence spectra measurements.

Time-resolved microwave conductivity ts: The nanosecond
laser pulses from a Nd:YAG laser (third harmonic generation, THG
(355 nm) from Spectra Physics, INDY-HG (FWHM 5-8 ns) were used as
excitation sources. The power density of the laser was set at 2.6—
41 mJem™? (0.47-7.3x 10" photonscm ™). For time-resolved microwave
conductivity (TRMC) measurements, the microwave frequency and
power were set at 9.1 GHz and 3 mW respectively, so that the motion
of charge carriers could not be disturbed by the low electric field of the
microwave. The TRMC signal picked up by a diode (rise time <1 ns)
was monitored by a digital oscilloscope. All of the above experiments
were carried out at room temperature. The transient photoconductivity
(Ao) of the samples was related to the reflected microwave power (AP,/
P,) and the sum of the mobilities of charge carriers by [Eq. (1)] and
[Eq. (2)], in which A, e, ¢, N, and Zu are the sensitivity factor, the ele-
mentary charge of an electron, the photo carrier generation yield (quan-
tum efficiency), the number of absorbed photons per unit volume, and
the sum of mobilities for negative and positive carriers, respectively.!'*!

14P,
for 3” (from THF/hexane): CyH,;BF,N,0,-2C,H,O; M,=359.13; ortho- <do>=2—F% 1)
rhombic; Pbca (no. 61); a=11.731 (4), b=17.327 (6), c=25.249 (10) A; i

V=5132 (3) A% T=1232)K; Z=8; peua=1342gem™>; u(Moy,)=

0.098 mm™%; R, =0.0673; wR,=0.1687; GOF=0.983 [I>20(I)]. Ao =eNo u &)
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The polarization of the laser pulses was isotropic. All crystals were
mounted on quartz rods and were coated with poly(methylmethacrylate)
(PMMA). The number of photons absorbed by the crystals was estimated
by the direct measurement of transmitted power of laser pulses through
(quartz rod)—(crystal with PMMA binder)—(quartz rod) geometry with
Opher NOVA-display laser power meter (also see the Supporting Infor-
mation). The quartz rod was rotated in the microwave cavity, and the
changes in the effective electric field in the crystals by the rotation of the
samples were calibrated based on the geometry of the crystals captured
by the digital CCD camera. Because of the small size of the crystals (the
maximum length of the axes was less than 1 mm), the calibration factors
for the effective field strength were estimated to be less than 0.075,
which is smaller than the experimental errors originated from the mea-
surement of the number of absorbed photons (the error factor in the
number was 0.2).

The values of the conductivity in the figures were already converted into
the values of ¢Zu in [Eq. (2)] based on the number of absorbed photons
estimated by the above procedure. The values of ¢ in the compounds
were determined by conventional DC current integration in a vacuum
chamber (<107 Pa) by using a crystal placed onto an inter-digitated Au
electrode with 5 um gap under excitation at 355 nm with the power densi-
ty of 1.6x10'® photonscm 2 The transient current was predominantly ob-
served under the applied negative bias of 2-16 V (~0.4-3.2x 10* Vem ™),
and was monitored by a Tektronic TDS 350 digitizing oscilloscope with
the terminate resistance ranging from 300-3 kQ and a Keithley R6487
current integrator. The observed current transients under a variety of
bias voltage crystals are represented in the Supporting Information. The
other details of the apparatus were described elsewhere.!"”)

Powder X-ray diffraction: Powder XRD patterns were measured by a
Rigaku RINT-2000 and a Rigaku Ultima IV multipurpose X-ray diffrac-
tion system using graphite-monochromatized Cug, radiation (A=
1.54178 A) at room temperature.
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