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Abstract: BF, complexes of aryl-substituted dipyrrolyldiketones (3a—c, 5a—d) have been synthesized by
the condensation of arylpyrroles obtained by Suzuki cross-coupling reactions with malonyl chloride, followed
by treatment with BF;-OEt,. The binding constants (Kai1) of the BF, complexes (3a—c) for various anions
(CI~, Br7, CH3CO;~, H,PO,4~, and HSO,") in CH,Cl, decrease in the order Ph (3a) > o-tolyl (3b) > 2,6-
MezPh (3c), possibly because of differences in the planarity and the number of interacting o-CH units at
the binding sites. Aryl-substituted receptors exhibit a [1+1] binding mode with CI~ as well as a [2+1] binding
mode under conditions of high concentration and low temperature, as suggested by *H NMR studies in
CD.Cl,. These receptors, especially phenyl-substituted (3a) and o-tolyl (3b), exhibit drastic colorimetric
and fluorescent changes in the presence of F~ due to extended m-conjugation, as compared to
2,6-dimethylphenyl (3c) and the previously reported derivatives (1a—c). Aryl-substitution at the a-positions
of pyrrole is an excellent means for the introduction of various substituents at the periphery of the anion
receptors. For example, derivatives with long alkoxy chains at 3,4,5-positions of the substituent aryl rings
(5b—d) afford emissive gel structures in hydrocarbon solvents, such as octane, based on the stacking of
slipped H- and J-aggregates at the core s-plane. The structural organization of the supramolecular gels
was investigated by AFM, SEM, and XRD measurements as well as by considering the solid-state packing
of crystalline derivatives. The slow transformation of the gel to the solution phase by the addition of various
anions, possibly except for F~, is correlated with the unique properties of these acyclic receptors where
inversions of pyrrole rings are required for anion binding. Boron complexes of 1,3-dipyrrolyl-1,3-
propanediones with aryl-substituents, as a new class of acyclic anion receptors, have shown efficient binding
due to the interacting o-CH units and, in the case of the derivative with long aliphatic chains, afforded the
emissive supramolecular organogels using stacking of core s-planes controlled by external chemical stimuli.

Introduction valently” linked oligomers, supramolecular assemblies assisted
by noncovalent interactions such as hydrogen bonding and van
der Waals interactions can be considered as “stacking” oligo-

mers. Among the self-assembled oligomeric systems based on

sm-Conjugated oligomers that are capable of guest binding are
fascinating and potentially useful materials because of the
possible solvent-free detection of analytes in the solid (i.e., film)
1
state..One of t.he many advantages of rece.ptors. based _on ) (a) Prince, R. B.. Okada, T.. Moore, J. Sagew. Chem., Int, E.99
m-conjugated oligomers over small molecules is their potential 38, 233-236. (b) Prince, R. B.; Barnes, S. A.: Moore, JJSAm. Chem.

i ifi i it S0c.200Q 122 2758-2762. (c) Tanatani, A.; Mio, M. J.; Moore, J. $.
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perturbations by the guest species. Therefore, dynamic confor- Moore, J. SAngew. Chem., Int. EQ002 41, 325-328. (e) Nishinaga,
mational changes in oligomeric systems through guest recogni- [ Tanatani, A.; Oh, K.; Moore, J. 3. Am. Chem. So@002 124, 5934~
tion should also be useful for the organization and modulation (3) (a) Yashima, E.; Maeda, K.; Nishimura, Them. Eur. J2004 10, 42—

H i “ 51. (b) Maeda, K.; Takeyama, Y.; Sakajiri, K.; Yashima JEAm. Chem.

of the associated structurést Apart from the ordinary “co S0c.2004 126 1628418285, (c) Miyagawa, T.: Furuko, A.: Masda, K.
Katagiri, H.; Furusho, Y.; Yashima, H. Am. Chem. So2005 127, 5018~
5019. (d) Nagai, K.; Maeda, K.; Takeyama, Y.; Sakajiri, K.; Yashima, E.
Macromolecule2005 38, 5444-5451. (e) Onouchi, H.; Hasegawa, T.;
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low-molecular weightr-conjugated molecules, the gel materials, Scheme 1. Anion Binding of Acyclic Anion Receptors 1a—c
especially those susceptible to influence by external stimuli, are RF

of interest and play a crucial role as functional soft matefials. " o’B"'lo " anion®

For example, Shinkai et al. have reported the properties of RS N —

thixotropy and mixed valence state unique in an organogel, \ «  x Ly

controlled by mechanical and electrochemical stimuli and based X x 1?)2';‘2@1;';% ‘< h)

on thesr-conjugated porphyrin and TTF moieties, respectiely. 1e(R=HX=F)

On the other hand, Yagai et al. have fabricated photoresponsive o )

organogels consisting of hydrogen-bonded aggregates of'!N9S (Scheme 1) Substitution of aryl rings at the extremes
melamine-azobenzene conjugates and their complementary of the receptor units could yield various functional derivatives,
units? In contrast to the available physical stimuli, the chemi- depending on the substituents; thesextended systems can
cally controlled structural modification of supramolecular or- /S0 be used as scaffolds for the fabrication of covalent and

ganogels is very attractive since a huge variety of potential noncovalent oligomers possessing anion-binding capabilities.

additives are availabfe.

Among the various available stimuli or “targets” to regulate ’ ) i . o :
conjugated oligomers and their assembled this article, we report the synthesis and anion-binding properties

§f the BR complexes of aryl-substituted dipyrrolyldiketones.
e>0me derivatives show augmented affinities for anions because

the structures oft-

forms, inorganic and biotic anions such as halides, acetates, an
phosphates, ubiquitous in biology, are essential as seen in th
activity of enzymes, transport of hormones, protein synthesis,

and DNA regulatior?:1® Compared with the cyclic anion

receptors with preorganized structures, the acyclic ones are
required to dynamically change their conformations for

binding11-13 Previously, we have synthesized the ,Bfom-
plexes of 1,3-dipyrrolyl-1,3-propanediones (e.ba—c) with

Furthermore, aryl moieties might enable a facile chromogenic
detection of anions and thus act as effective anion sensors. In

of the additional spo-CH positions, which act as interacting
positions at the tethered aryl groups. Multipoint interactions by
acyclic receptors afford various anion-binding modes and
stoichiometries according to the conditions. Furthermore, in
these acyclic systems, gel formation, which can be controlled
by the addition of anions, has been observed in the derivatives

planar structures, and these efficient acyclic anion receptors use/ith 1ong peripheral aliphatic chains.

NH and bridging CH sites with the inversion of two pyrrole

(5) (a) Low Molecular Mass GelatorsFages, F., Ed.;Topics in Current
Chemistry Springer-Verlag: Berlin, 2005; Vol. 256, pp 283. (b) Ishi-i,
T.; Shinkai, S. I'Supramolecular Dye Chemistiyurthner, F., Ed.Topics
in Current ChemistrySpringer-Verlag: Berlin, 2005; Vol. 258, pp 119
160. (c) Terech, P.; Weiss, R. Ghem. Re. 1997, 97, 3133-3159. (d)
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4164-4165. (b) Kitahara, T.; Shirakawa, M.; Kawano, S.-i.; Beginn, U.;
Fujita, N.; Shinkai, SJ. Am. Chem. So@005 127, 14980-14981.
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Biomol. Chem2003 1, 895-899. (b) Zang, Y.; Gu, H.; Yang, Z.; Xu, B.
J. Am. Chem. So2003 125 13680-13681. (c) Sreenivasachary, N.; Lehn,
J.-M. Proc. Nat. Acad. Sci. U.S.2005 102 5938-5943. (d) Varghese,
R.; George, S. J.; Ajayaghosh, £&hem. Commur2005 593-595. (e)
Ghoussoub, A.; Lehn, J.-MChem. Commur2005 5763-5765. (f) Stanley,

C. E.; Clarke. N.; Anderson, K. M.; Elder, J. A.; Lenthall, J. T.; Steed, J.

W. Chem. Commur2006 3199-3201. (g) Wang, C.; Zhang, D.; Zhu, D.
Langmuir 2007, 23, 1478-1482. (h) Li, Q.; Wang, Y.; Li, W.; Wu, L.
Langmuir2007, 23, 8217-8223. (i) Yang, H.; Yi, T.; Zhou, Z.; Zhou, Y .;
Wu, J.; Xu, M.; Li, F.; Huang, CLangmuir2007, 23, 8224-8230.

(9) (a) Bianchi, A., Bowman-James, K., Gadtspan, E., Eds.Supramo-
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Results and Discussion

Synthesis and Characterization of Aryl-Substituted G-
Bridged Oligopyrroles. a-Aryl-substituted diketone®a—c
were obtained in 45, 46, and 69% yields, respectively, from
the corresponding arylpyrroles and malonyl chloride in,CH
Cl».1516 Subsequent complexation using $BEtL afforded
highly fluorescent BE complexes3a—c in 97, 84, and 78%
yields, respectively. The starting arylpyrroles were synthesized
by Suzuki cross-coupling reactions MfBOC-pyrrole boronic
acid and the corresponding arylbromides, followed by depro-
tection by heating in ethylene glycol (Scheme'2The initial
characterization oBa—c was performed by NMR and FAB-
MS. The absorption maximal .y of 3ab in CH,Cl, appear
at 500 and 480 nm, respectively, which are red-shifted compared
to the unsubstitutedla (432 nm) andx-neopentyllb (457 nm)
because of the-conjugated aryl units. Conversely, as a result
of distortion of the aryl rings thédnax for 3c appears at 456
nm, blue-shifted by 44 and 24 nm compared wadnand 3b,
respectively.

Single-crystal X-ray diffraction analyses 8&—c are shown
in Figure la(tiii). The dihedral angles subtended by the slightly
distorted aryl substituents to the dipyrrolyl core plane consisting
of 16 atoms are 2020and 28.8 for 3a, 1.8> and 38.0 (26.1°
and 23.3 (disordered), and 38°2in the other independent
molecule) for3b, and more closely approach perpendicularity

(14) (a) Maeda H.; Kusunose, YChem. Eur. J.2005 11, 5661-5666. (b)
Fujimoto, C.; Kusunose, Y.; Maeda, H. Org. Chem2006 71, 2389~
2394. (c) Maeda, H.; Ito, YInorg. Chem2006 45, 8205-8210. (d) Maeda,

H.; Ito, Y.; Kusunose, YChem. Commur2007, 1136-1138. (e) Maeda,
H.; Kusunose, Y.; Terasaki, M.; Ito, Y.; Fujimoto, C.; Fuijii, R.; Nakanishi,
T. Chem. Asian 2007, 2, 350-357. (f) Maeda, H.; Kusunose, Y.; Mihashi,
Y.; Mizoguchi, T.J. Org. Chem2007, 72, 2612-2616.

(15) Oddo, B.; Dainotti, CGazz. Chim. Ital1912 42, 716-726.

(16) Stark, W. M.; Baker, M. G.; Leeper, F. J.; Raithby, P. R.; Battersby, A. R.
J. Chem. Soc., Perkin Trans.1P88 1187-1201.

(17) (a) Johnson, C. N.; Stemp, G.; Anand, N.; Stephen, S. C.; Gallagher, T.
Synlett 1998 1025-1027. (b) Burghart, A.; Kim, H.; Welch, M. B;
Thoresen, L. H.; Reibenspies, J.; Burgess,JKOrg. Chem.1999 64,
7813-7819.
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Figure 1. (a) Single-crystal X-ray structures of @g, (ii) 3b (one of the
three conformations), (iiigc (one of the two conformations), and (i8p'

as dimeric assemblies except f&c. (b) Stacking structures (side and top
views) of (i) 1a, (i) 1c, (i) 3a, and (iv)3b in the solid state. Atom color

code: brown, pink, yellow, green, blue, and red refer to carbon, hydrogen,

boron, fluorine, nitrogen, and oxygen, respectively.

Scheme 2. Synthesis of 3a—c

U\B(OH)z

B?C Suzuki Coupling 4 \ N CHy(coCn,
Br 5o c HOCH,CHon H T CHCl,
H2 RI

H2 o/ RQ

[¢]
Q \Hl \/ Bg;:::z n! ~ \n/ Q

F\ .»f
B..

R! 1 \
2a(R'=R2=H) R @ -R=H)
2b (R"=CH,, R =H) 3b (R'=CH,, R2=H)
2¢(R'=R?2=CHy) 3¢ (R'=R2=CHy)

at 70.8 and 71.2 (75.8 and 87.8 in the other form) for3c.

In the solid state, one of the tolyl-methyl units3i is oriented
toward the NH site of pyrrole in the disordered structure. The
blue-shifted absorption maxima 8b and3c relative to that of
3aare consistent with the small disruption of theconjugation
due to a larger relative distortion than those3afand m-tolyl
derivative3b' (21.0° and 23.8, Figure la(iv) Amax = 502 nm

in CH,Cl,), also supported by theoretical studies (vide infra).
Further,3a as well as3b and 3b' forms a dimeric structure,
wherein theo-C(—H)-++F distance is 3.35 A compared with 3.13
and 3.16 A for NEH):+F, while such dimeric assemblies are
not formed for3c. Thus, the weak interaction @CH should
play the role of a ligand for the anions in solution. Aryl
substitution at ther-positions of pyrrole also affects the stacking
structures in the solid state (Figure 1b). Similar to then-
substituted 1a,c which exhibits the slippedt—s stacking

Table 1. Binding Constants (Kai1, M) of Aryl-Substituted BF;
Complexes 3a—c and a-Alkyl 1b as a Reference Receptor with
Various Anions in CH,Cl,#?

Ka1(38) Ka1(3b) Kan1(3c) Kan(1b)

F 240,000 170,000 180,000 81,00C¢
(3.0) 2.1) (2.2)

Cl- 30,000 2,500 1,000 2,000°
(15) (1.3) (0.50)

Br- 2,800 300 150 330¢
(8.5) (0.91) (0.45)

CHsCO, 210,000 150,000 71,000 110,000
(1.9) (1.4) (0.65)

HoPOy~ 72,000 8,000 1,400 13,000
(5.5) (0.62) (0.11)

HSOy™ 540 35 14 80¢
(6.8) (0.44) (0.18)

a The values in the parentheses are the ratid&igof 1b. ® The errors
of Ka11 for F~ and other anions are within 20 and 13%, respectively, as
seen in the Supporting InformatiohReference 14& Reference 14c.

structures with interplane distances of 3.3B1352 and 3.455
3.458 A, respectively (Figure 1b(i,ii)), stacking assemblies are
also observed in the crystal of aryl-substituBsb (Figure 1b-
(iii,iv)), wherein the distance between the plane of the core 16
atoms and the phenylpyrrole unit of the neighboring molecule
in 3ais 3.190-3.873 A. Here, the slightly distorted aryl rings
in 3a and 3b afford a less effective stacking. In contra3t
shows a stacking between the aryl ring and the comdane

but no interactions between the dipyrrolyldiketone moieties. The
solid-state assemblies seenliac and3a,b can be correlated
with the supramolecular structures as described in the following
section.

Anion-Binding Studies by Changes in the UV/Vis Absorp-
tion Spectra. The anion affinities of the aryl-substituted
receptors were estimated from the changes in the UV/vis
absorption spectra in the presence of increasing concentrations
of the respective anions. The absorption maximaasfc persist
at 501, 483, and 459 nm with new shoulders in the long-
wavelength region upon the addition of Bs its tetrabutylam-
monium (TBA) salt in CHCl,. Greater excesses of Fjave
rise to new bands at 5384), 523 @b), and 462 and 484 nm
(30), which were possibly derived from the deprotonated
species® On the other hand, thinaxvalues were hardly affected
(ca. 2-5 nm) by binding with other anions such as Cénd
the intensity was moderately decreased. The association con-
stants Ka17) of 3a—c, estimated from the changes in the
absorption spectra, are summarized in Table 1. Compared to
o-alkyl-substitutedlb, a-phenyl 3a shows augmenteda;s,
especially for Ct (ca. 15-fold enhancement). The binding
stoichiometry (1:1) was determined by Job plots ussagnd
ClI~. In contrast, the doublg-C-blocked3b exhibits lesseKai1
than those o8a and are comparable to those 4. Further,
the completelyo-C-blocked3c shows a lowerK,; (ca. 1/2)
than3b. This is possibly due to steric hindrance as well as the
electrostatic repulsion of the anions by theplane and an
entropy loss due to the distortion of the 2,6-dimethylphenyl

(18) (a) Possible deprotonated species could be stabilized by intramolecular
hydrogen bonding betweemtCH and pyrrole N. ESI-TOF-MS (ref 21)
also excludes the formation of 2 (= receptor+ F~)] binding. (b)
Camiolo, S.; Gale, P. A.; Hursthouse, M. B.; Light, M. E.; Shi, AChem.
Commun 2002 758-759. (c) Gale, P. A.; Navakhun, K.; Camiolo, S.;
Light, M. E.; Hursthouse, M. BJ. Am. Chem. SoQ002 124, 11228-
11229. (d) Amendola, V.; Esteban-Gom®.; Fabbrizzi, L.; Licchelli, M.

Acc. Chem. Re2006 39, 343-353. (e) Wu, C.-Y.; Chen, M.-S.; Lin,
C.-A.; Lin, S.-C.; Sun, S.-SChem. Eur. J2006 12, 2263-2269.
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Figure 2. (a) 'H NMR spectral changes &ain CD,Cl; at 20°C upon

the addition of CI as a TBA salt (the signals of {11] complexes are labeled
by plus marks). (b) (i) Single-crystal X-ray structure (top and side views)
of CI~ complex of3aand (ii) columnar structure. Solvents are omitted for
clarity.

complex 3a-Cl~ (Figure 2b) suggests a pentacoordinated
geometry of the [#1] complex with the distances of 3.261
3.319 A (NH)--Cl), 3.403 and 3.382 A (G{H)---Cl), and
3.592-3.613 A (0-C(—H):*-Cl). The dihedral angles between
the aryl rings and the core planes are estimated &% &hd
9.5°, which are smaller than those of anion-f@e this suggests
that a greater planarity can be achieved from a “less-planar”
flexible acyclic geometry by means of anion binding. The
formation of am-stacking and an electrostatically mediated
columnar structure consisting of3a-Cl~ plane and a tetrapro-
pylammonium (TPA) cation is also observed in the solid state.

Similar trends in the downfield shifts of the pyrrole NH and
the bridging CH have also been observed in the other aryl-
substituted receptor8b,c (1 x 1072 M) at 20 °C (see the
Supporting Information). In the case oftolyl-substituted3b,
the corresponding signals at 9.56 (NH) and 6.64 (CH) ppm
diminished and are detected as new peaks at 12.31 and 9.04
ppm, respectively, upon the addition of Q5 equiv). Similar
to the case oBa, the 0-CH signal at 7.46 ppm is shifted to
7.86 ppm. The shift differences between the free receptor and
the complex Ad) are estimated to be 0.5d-CH), 2.54 (NH),
and 2.81 (bridging CH) ppm f@aand 0.40 ¢-CH), 2.75 (NH),
and 2.40 (bridging CH) ppm f@h. The smallen-CH Ad value
for 3b relative to that of3a, being the average shift between
the bindingo-CH and freeo-CH in 3a-Cl—, could also be derived
from the slight distortion of the aryl rings i8b. On the other
hand, in 2,6-dimethylphenyBc, wherein the NH and the
bridging CH peaks are observed at 9.37 and 6.63 ppmAthe
values are 2.77 and 2.21 ppm, respectively, in the presence of

moieties. Other possible factors may be the weak but rather CI~ (5 equiv). The other signals Ba—c, such as pyrrol@-CH

effective interaction by the 3fCH moieties as compared with
the sg CH moieties of the side chains (methyl moieties in this
case). For the difference betwe8aand3b, the “probability”
factor due to the numbers ofCH (four for 3aandtwo for 3b)
may also be crucial.

Multiple CI ~ Binding Modes Observed by!H NMR, X-ray
Analysis, ESI-MS, and DFT Studies.Of the various anion

andm- andp-ArH, exhibit slightly upfield shifts, for example,
one of thes-CH signals of3ais shifted from 6.80 to 6.77 ppm
due to the shielding effect caused by the negatively charged
species.

IH NMR spectral changes &a—c (1 x 103 M) upon CI-
binding at—50 °C in CD,Cl, show similar trends as seen at
20 °C, and new signals are observed (see the Supporting

receptors reported so far, the rigid cyclic triamide derivatives |nformation)2° At —50 °C, the new NH signals appear at 11.55
have shown various binding modes and stoichiometries, moni- (3a), 11.22 @b), and 10.72 3c) ppm with small amounts of

tored by!H NMR, depending on the association conditidfs.
Similarly, the changes itH NMR spectra of the aryl-substituted
derivatives3a—c by anions such as Clas the representative
in CD,ClI, provided valuable insights such as (a) the binding
behaviors ob-CH as well as pyrrole NH and bridging CH and
(b) the possible binding modes.

Upon the addition of 1.5 equiv of Clto a CD,Cl; solution
of 3a (1 x 1073 M) at 20 °C, the signals due t8a at 7.68
(0-CH), 9.73 (pyrrole NH), and 6.23 (bridging CH) ppm

Cl~ (0.6, 1.0, and 1.0 equiv foBa—c, respectively). Upon
increasing the anion concentration, these signals vanish and are
replaced by those of the §11] complexes. From these observa-
tions, the new signals can be ascribed to the pyrrole NH peaks
of the [2+1 (= receptorst+ anion)] binding complexes3g—
¢)2-Cl~. The signals of the bridging CH and tleeCH in the
[2+1] complexes are observed in the intermediate region
between free8a—c and the [#1] complexes3a—c-CI-, for
example, those of the bridging CH aodCH in 3a:-Cl~ appear

decreased in intensity with the concurrent appearance of newat 8.5 and 7.7 ppm, respectively, with 0.6 equiv of TBACI. The
signals at 8.19, 12.27, and 9.04 ppm, respectively (Figure 2a).2:1 complexes of aryl-substituted receptors and &l low

The peak derived from the-CH of the CI- complex @a-Cl™)
with the integration of 4H in the downfield region suggests (i)
an interaction between tleeCH and the anion and (ii) a rather
rapid exchange (free rotation) between the anion-bindiaid
and “anion-free’o-CH at this temperature. Further, the signals
due to the recept@aand the comple8a-Cl~ can be observed
independently as also seen in the derivatives suctbagt4a.¢

which suggests a slow exchange between these species on the

NMR time scale. Furthermore, X-ray analysis of the anion

(19) Choi, K.; Hamilton, A. D.J. Am. Chem. So@003 125 10241-10249.
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temperature were supported By DOSY NMR measurement
of the derivative3c, wherein the diffusion constant 8, Cl~
was smaller than that ddc. Electrospray ionization time-of-
flight mass spectrometry (ESI-TOF-MS) 8h—c with 0.3 equiv

(20) The downfield shifts of signals due to protons at the interaction sites (
CH, pyrrole NH, and bridging CH) in the ft1]-type CI- complexes3a—
c-Cl~ are also observed. In the case3afwith 1.5 equiv of Ct, Ad values
are 0.53 ¢-CH), 2.53 (pyrrole NH), and 2.41 (bridging CH) ppm,
respectively. On the other hand, the corresponding value8tf@nd 3c
with 3 and 5 equiv of Ci are 0.36 ¢-CH), 2.56 (pyrrole NH), and 2.31
(bridging CH) ppm for3b and 2.54 (pyrrole NH) and 2.12 (bridging CH)
ppm for 3¢, respectively.
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of TBACI in CH3CN (1 x 1076 M) in a negative mode also 40°C |

suggests the formation of the f1] and [2+1] binding “ ‘ ‘

complexes (see the Supporting Informati6hPFT studies at P ﬁWl |

the B3LYP/6-31G** level and semiempirical calculations - b VT

at the AM1 levet? both provide possible geometries fori{1] 20C " "\

and [2+1] binding modes with anions (C), respectively?3 .| \J’\ \l

Multiple binding modes make the system more complicated; * S J‘\u'U U

however, the association constants for thet1] binding 0 ‘

complexes in Table 1 can be estimated under dilute and ambient

conditions, in order to exclude the possibility of theHP] . R . u“' }

complexes. —_—
IH NMR measurements for the Ccomplexation of3a—c 20T

from 40 to —90 °C in CD,Cl;, suggest significant changes in f */ ‘

the ratios of the [*1] and [2+1] complexes. In the case of * A * Y ‘\LJ

phenyl-substituteca with 0.3 equiv of Ct, both the anion- -40°C ‘

free receptor and the f11] complex3a-Cl~ (labeled by plus

marks, Figure 3) are observed in the range from 4630 °C, o ! oot *}‘ M;I ! (

and at temperatures lower than40 °C, the resonances o0 C ‘ T

ascribable to the [21] complex3a,-Cl~ (labeled by asterisks)

also emerge. Similarly, the f21] complexes of3b and 3c

are observed at temperatures bele®0 and—10 °C, respec-

tively, under the same conditions (see the Supporting Informa-

tion).
While the binding constants for the {1] and [2+1]
complexes Ka11, Ka21) based on the concentrations of the free

receptors and anion are essential for representing of the stability

(21) For example, the peaks observed around 437.10 and 839.24, ascribable to

3a+ Cl~ (exact mass: 437.105) andx23a + ClI~ (exact mass: 839.241),
respectively, fit the ideal distributions. The intensities of the+12
complexes @a—c),'Cl™) relative to those of [+1] (3a—c-Cl™) are
gradually increased in the order 8& < 3b < 3c, consistent with théH
NMR observations, while a quantitative discussion is difficult because the
MS peak intensities are always affected by the conditions during ionization
rather than those in solution (GEN in this case). See also: Sansone, F.;
Chierici, E.; Casnati, A.; Ungaro, Rorg. Biomol. Chem2003 1, 1802
1809.

Frisch, M. J.; et alGaussian O3revision C.01; Gaussian, Inc.: Wallingford
CT, 2004.

The optimized [+1] mode3a-Cl~ by DFT affords the speculated bond
lengths between the anion and t€(H), pyrrole N(H), and the bridging
C(H) of 3.65, 3.34, and 3.44 A, respectively. On the other h&heCl~
shows 3.63 A foro-C(H)---Cl~ with a distortedpentacoordination, where
two aryl rings are tilted at 27°6(6.1° for 3a-Cl~) to the core plane. In
contrast,3c:Cl~ affords a tricoordinated geometry around the anion with
the aryl units rather canted at 59.6n the case of anion complexes 3t
and 3c, steric repulsion between theCH and theo-CHs; as well as the
fewer number tjvo and zerg of 0o-CH compared t8a (four) may be the
main factors for the suppresskg .. Since thegreorganizecconformations

of the anion-free3a—c with doubly inverted pyrrole rings are similarly
less stable in theory at ca. 8:8.8 kcal/mol relative to the most stable

(22)
(23)

ones, the anion-binding affinities of these receptors are determined mainly

by the stabilities of the complexe8a—c-Cl~. Further, AM1 level
calculations also support thef2] binding mode 8a—c),-Cl~, observed
under low temperature conditions with fewer equivalents of the anion, using
10 hydrogen-bonding interactions by two receptors in the casés,bf

For example, in the optimized structures3zb-Cl~, the theoretical bond
lengths between the anion and t€(H), pyrrole N(H), and the bridging
C(H) are 3.74-3.75, 3.13, and 3.22 A, respectively.
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= L R
- -
e e . ¥ vy o]} RVd v b
&, —_— w ¢
o e g —
v ¥V ¥ V ¥ Vg e w [
"5 (v e ¥ € »
-] -
3 v 3aCl 1

. | T
L | = UM

— +

(. \
-90 °C
+ M ‘ P T *“H ?U* H‘
,/\___J\ i (S L__Ju‘ S

Pom

12 1 10 9 8 7

Figure 3. Variable-temperaturtH NMR spectral changes @a (1 x 103

M) from 40 to —90 °C in CD,Cl;, with 0.3 equiv of CI added as a TBA
salt (the signals of [21] and [1+1] are labeled by asterisks and plus marks,
respectively).

of each complex, the association constdfysdefined by the
equations (e.g., those f@a) described below,

[3a,:CI']
Ka= KaofKar1 = (34 [3aCl]
_ [3acCr]
" [3g[cl]
[3a,CI']

are also adequate parameters to indicate the statustdf] [2
binding (Ka2y) relative to that of the [+1] binding Ka17) derived
from the integrals of théH NMR peaks at each temperature.
Actually, the K, of 3¢, for example, at-70 °C is 2500 M1,
which is larger than those &a (550 M%) and3b (1500 M%)
(Table 2)24 The order ofK,, 3a < 3b < 3¢, at each temperature
is consistent with the qualitative data obtained from the ESI-
TOF-MS analysis.

On the other hand, the smaller Rnion exhibited binding
properties slightly different from those of CIThe structure of
3a-F optimized by DFT calculation, with a slight distortion
from planarity caused by its small size relative to-Chas
simulated bond lengths at 3.14, 2.63, and 2.89 A between F
and theo-C(H), the pyrrole N(H), and the bridging C(H),
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Table 2. Binding Constants Ky (M~1) and Corresponding AG°®
(kd/mol) of CI~ Binding of 3a—c at Various Temperatures
Estimated by 'H NMR in CD,Cl,

3a

3b 3c

temp (°C) Ka AG Ka AG Ka AG®
-10 - - - - 220 —-11.8
—20 - - 190 —-11.0 300 —-12.0
—-30 - - 220 —10.9 400 —-12.1
—40 270 —10.8 390 —11.6 740 —12.8
—50 320 —10.7 670 —-12.1 1300 —13.3
—60 370 —10.5 1000 -—12.2 1900 -—13.4
—70 550 —10.6 1500 -—-124 2500 —13.2
—80 620 —10.3 1900 -—12.1 3400 —13.0
—90 780 —10.1 2300 —11.7 4800 —12.9

respectively. The changes il NMR spectra ofda—c during
F~-binding in CDCl, from 40 to —90 °C afforded the
observations that, in the presence of small amounts @fsHts
TBA salt, the signals due to treeCH, the pyrrole NH, and the
bridging CH diminish and new ones appear in the downfield
region. However, excess quantities of §ave complicated
resonances 08ab presumably containing those due to the
deprotonated species. From the above observations foartzl
F~, acyclic anion receptors give various binding modes,
depending on receptors and conditions.

Rotations of Pyrrole Rings by Anion Complexation.
Artificial molecular motors have been achieved by inter- and

and those of the complex8s—c-X~ are not contemplated here
because of the miniscule ratios-@) of the “preorganized
(inverted)” geometries for the former and the-CH-binding”

of the latter, respectively, as suggested by the DFT calculations.
Also, in contrast to pyrrole inversions, thearyl ring rotations

of 3a—c are too fast to allow the determination of the kinetic
constants of the anion-free forms. Similarly, such rotations of
the anion complexes, probably slower than those of the free
receptors, are still excessive, as derived from the single NMR
signals of the associated-CH, although we have tried to
regulate the rotation of aryl rings according to the binding of
negatively charged species.

Efficient Colorimetric and Fluorescent Anion Sensors.The
fluorescence emission 8—c at 529, 525, and 499 nm, excited
at their absorption maxima in GBI, is shifted and almost
completely quenched by the addition of.FThe addition of
excess F affords new fluorescence bands at 558 and 557 nm
for 3ab, respectively, possibly derived from the partial forma-
tion of the deprotonated species. A rather weak band at 527
nm is also observed iBc. In contrast, other anions had almost
no effect on the fluorescence intensity and the emission
wavelength fem). The above findings suggest that the aryl-
substituted Bl complexes could be made to function as more
efficient and quantitative Fsensors than the derivatives reported
so far. This point is underscored in Figure 4a, which shows the
changes in color and fluorescence induced by the addition of

intramolecular interactions such as hydrogen bonding and metalF- and CI to a CHClI, solution of 3a—c. According to the

coordination of rather rigidr-conjugated componentin the
cases of3a—c as well aslb,c, the signals ascribable to,
especially, the pyrrole NH and the bridging CH of the anion-
free 3a—c and the [H-1] coordinated specieda—c-X~ can be
observed independentt§ which implies that the inversions of

substituents, the receptdda—c as well asla (Aem = 451 nm)

and 1b (lem = 474 nm), as references, exhibit remarkably
distinct color and fluorescence. As expected from the spectral
changes, Cl (2—5 equiv) affords hues almost identical to those
of the anion-free receptors. While sufficient quantities of F

the pyrrole rings assisted by anion binding are slow on the NMR (2—5 equiv) resulted in almost Comp]ete quenching, |arge

time scale. The rate constamht$or F—-, Cl~-, and Br-binding

excesses (20 equiv) gave a new orange-colored emission for

of 3a, as the representative of the receptors, using TBA salts in 33 b. The molecular orbitals (HOMO and LUMO) da—c

CHoCI, at 25°C have been estimated to be &210% 13.0 x
104 and 6.0x 10* M~1 s71, respectively, by stopped-flow
measurementg:28While the order ok, CI~ > Br~, is consistent
with that of the binding constant¥4;;), the more associated
F~ shows an intermediate value between that of &d Br,

estimated at the B3LYP/6-31G**//B3LYP/6-31G** level
suggest the extension of-conjugation by the aryl moieties
(Figure 4b). Thereforesr-conjugation is correlated with the
coplanarity of the core unit and the aryl side planes. In fact, the
energy gaps between the HOMO and the LUMO (3.084, 3.148,

suggesting that thermodynamic stability is not always correlated 3.385, 3.578, and 3.431 eV f&—c and 1ab, respectively)

with the kinetic properties.
Apart from the equilibrium processes for anion binding
discussed above, the pyrrole rotations of the free receptors

(24) The van't Hoff plots o8b and3c suggest the possibility of the conformation
changes of the host molecules;H{1] and/or [2+-1] complexes, depending
on the temperatures. The thermodynamic parameters fobi@tings of
3a—c estimated by van't Hoff plots below-50 °C, AH? = —7.8 (3a),
—10.5 @b), and —10.8 @c) kd/mol; AS* = +13.2 @a), +7.9 (3b), and
+11.5 @c) J/motK, and those oB8b and3c above—40°C, AH? = —18.0
(3b) and—20.1 @c) kJ/mol; A = —28.1 @b) and —32.1 @c) J/mokK,
suggest the enthalpy-driven equilibrium systems due to the relatively small
AS. In contrast to3b and 3c above —40 °C, showing the “ordinary”
negativeAS for binding processes, the positiXes® values of3a—c below
—50 °C, which may be within the error, are possibly derived from the
release from the tightly bound {i1] complex 3a—c-Cl-. See also:
Smithrud, C. B.; Wyman, T. B.; Diederich, B. Am. Chem. Sod 991,
113 5420-5426.

(25) (a) Oki, M.The Chemistry of Rotational Isome&pringer: Berlin, 1993.
(b) Kelly, T. R.; Bowyer, M. C.; Bhaskar, K. V.; Bebbington, D.; Garcia,
A.; Lang, F.; Kim, M. H.; Jette, M. PJ. Am. Chem. S08994 116, 3657
3658. (c) Bedart, T.; Moore, J. 3. Am. Chem. Sod.995 117, 10662~
10671. (d) Balzani, V.; Credi, A.; Raymo, F. M.; Stoddart, JARgew.
Chem., Int. EJ200Q 39, 3348-3391. (e) Balzani, V.; Venturi, M.; Credi,
A. Molecular Devices and Machines; A Journey to the Nanowokidley-
VCH: Wienheim, 2003.

(26) p-Ethyl derivatives have exhibited the coalesced resonances between the

anion complexes and receptors in &I at rt. See also ref 14f.
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are related to the absorption bands as observed in the electronic
spectral analyses.

Emissive Supramolecular Organogel Formation Con-
trolled by Anions. Aryl substitution at thea-positions of
pyrrole, as seen in the systerda—c, enables various substit-
uents to be introduced in these new classes of acyclic anion
receptors for further applications. Therefore, derivatives with
alkoxy chains of various lengths at the aryl rings{d) have
been synthesized via the corresponding diketerzesd by the
procedures similar to those f@8a—c (Figure 5af° The X-ray
structure of5a shows thetwo tetrameric andone trimeric
stacking structures, exhibiting various slipped assemblies in the
solid state (Figure 5b). Hydrogen-bonding interactions between

(27) (a) Hirose, J.; Inoue, K.; Sakuragi, H.; Kikkawa, M.; Minakami, M.;
Morikawa, T.; Iwamoto, H.; Hiromi, KInorg. Chim. Actal998 273 204—
212. (b) Sato, M.; Kanamori, T.; Kamo, N.; Demura, M.; Nitta, K.
Biochemistry2002 41, 2452-2458.

(28) Rate constants cannot be determinedHbyNMR exchange studies due to
the equilibrium of the hostguest complexation. See: Kaplan, J. I.;
Fraenkel, GNMR of Chemically Exchanging Systemsademic Press:
New York, 1980.
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3a 3b 3c 1b 1a

.“"35" b 1a
ii 3c 1 1a .
on
% A Y = §°
Ygeoa\® Laisds!

oM LUMO

(} AN I RTY + TR
200900" 88500

(iif)

® T g " 4 @ R g . -
e %da“m 4

Figure 4. (a) Color (left) and fluorescence emission (right) changes of
3a—c, 1b, andlain CHyCl, (5 x 1074 M) by (i) no anion, (ii) CI- (2

RESCNTS
equiv for3a, 3 equiv for3b, and 5 equiv foi3c, 1b, and1a), (iii) a small @
amount of F (2 equiv for3a, 3 equiv for3b, and 5 equiv for3c, 1b, and f’ﬁ#?-t—r f
1a), and (iv) excess F (20 equiv). (b) HOMO and LUMO of (iBa, (ii) ’ ¥ : ! 1
3b, and (jii) 3c. i/
N~ H-+F—B are also observed, lthough dimers such a5 those 'tk e seucnes (o4 o ks of ot s 1 e o
observed for3ab (Figure la) are not formed. Furthermore, and side views) o5ain the solid state. (c) (i) Single-crystal X-ray structure
X-ray analysis of the anion comple&a:Cl~, exhibiting a (top and side views) of Clcomplex of5a (one of the two conformations)
pentacoordinated geometry similar to that3aCl-, with the and (ii) columnar structure. Solvents are omitted for clarity.
distances of 3.2653.351 A (N(-H)-+-Cl), 3.403 and 3.417 A hydrocarbon solvents such as octane (critical concentration
(C(=H)---Cl), and 3.604-3.688 A 0-C(—H)---Cl), suggests the 10 mg/mL), where the UV/vis absorption bands detected using
formation of 7-stacking and an electrostatically mediated a quartz spacer are observed at 525 nm with shoulders at ca.
columnar structure consisting of tvé@ Cl~ planes and alayer 470 and 555 nm. These split bands are possibly derived from
of the two TBA cations (Figure 5c). The distances between the slippedH- and J-aggregated modes and the incomplete
the two neighboring Clions along this column are 5.713 and  parallel orientation of the molecul@% Fluorescence emission
8.263 A, from the organogel is detected at 654 mg & 470 nm), which

Long aliphatic chains make the anion receptors soluble in is red-shifted compared tam = 533 nm andlex = 493 nm of
various hydrocarbon solvents at low concentration. For example, a dilute octane solution (¥ 10-5 M). Other solvents such as
the BR, complex5d shows absorption bands at 521 nmin&£H  hexane and decane gave similar gel states, and cyclohexane and
Cly and 493 nm in octane (% 1075 M). The modest blue-shift ~ methylcyclohexane slowly afforded an opaque organogel after
in the nonpolar solvent (octane) under dilute conditions is standing for 1 day. Upon heating above 27@, a sot-gel
derived from the solvent effect stabilizing the ground state of transition {Tsoge) OCcurs for the red organogel 6t in octane
neutral molecules and excludes the possibility of aggregation to give a solution that returns to the gel state upon cooling below
using the corer-plane stacking. Tso-gel (Figure 6). The dodecyloxy derivativec (10 mg/mL)

Of the receptors with aliphatic alkoxy chains, the hexadecy- €xhibits aTso-gel at 4.5°C for the octane gel, while the octyloxy-

loxy-substituted 5d affords a transparent emissive gel in substitutedSb (10 mg/mL) forms an organogel at8.5 °C,
which is lower than those dic,d.

(29) The anion-binding constarks; of 5a, determined by UV/vis absorption In order to obtain details regarding the organdsgtlatomic
spectral changes in GBI,, are 250,000 (F), 360,000 (Ct), 19,000 (Br), i ;
980,000 (CHCOy-). 210.000 (HPQ;-), and 860 (HS@) M-, which are force microscopy (AFM) was performed. The AI_:M obs_ervanons
larger than those &aexcept for F. The derivatives with long alkyl chains ~ Of the octane gel 05d at 10 mg/mL, cast by spin-coating on a
(5b—d) are less suitable fdf,1; determination due to the lower solubility i i i i P
as compared witfba in CH.Cl. As the preorganized structure &8 Si substrate and driedifd h in adesiccator, afforded organized
optimized by DFT calculation is 8.08 kcal/mol less stable than the most
stable conformation, lika—c, the pendant methoxy moieties may stabilize  (30) Kasha, M.; Rawls, H. R.; EI-Bayoumi, M. &Rure Appl. Chem1965 11,
the binding anion. 371-392.
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0 min

15 min

Figure 6. Phase transition 0bd in octane (10 mg/mL) between sol and
gel at (a) 25.0, (b) 27.5, and (c) 30°C.

30 min

45 min

-~ 4 %

Figure 7. (a) AFM 2D image in a tapping mode &6l (from octane gel)
cast by spin-coating on a silicon substrate and (b) SEM image of xerogel
5d from octane at a cracked edge of a gold-coated quartz plate.

rope-like structures with a width of ca. 10 nm, formed from
the molecular-level 1D assemblies (Figure 7a). Such strands
gather to give larger morphologies at the 3@D0-nm scale,
which is also observed by scanning electron microscopy (SEM)
at a cracked edge of a gold-coated quartz plate to obtain the
cross-sectional images (Figure 7b). Supramolecular organogel
formation is achieved for these ordered structures on the basis
of noncovalent interactions between thonjugated moieties
and their substituents.

30 min

45 min

Highly ordered structures were suggested by X-ray diffraction rigure 8. Transition of supramolecular organogelsafin octane (10 mg/
analysis (XRD) of a film fabricated by casting an octane gel of mL, (a)) at 20°C upon the addition of (b) CI(10 equiv) and (c) F (10
5d, drying at 60°C under vacuum, and aging a6 for 12 h equiv) added as solid TBA salts.
prior to measurement, with peaks & 2 2.43 (001), 4.89
(002), and 7.32 (003). Thed-value of ca. 3.62 nm (001)
pr_esumably corresponds to the d|§tance betwegn the. stackin he addition of Br partially transformed the gel to solution in
wires of _Sd' Although further detqlls should be investigated, 5_g days under similar conditions, while GEO,~ exhibited
the possible molecular-level stacking structures, also suggestede transition in ca. 3 h. The slow gel collapse by these anions
by the X-ray analysis oBab and 5a as well as molecular  can be correlated with the pyrrole ring inversion to the
modeling of5d, can be correlated with the excitonic coupling  z-stacking situation required for anion-binding, and is a unique
between the chromophorés. property of these acyclic receptdfsOn the other hand, the

Organized soft materials such as the supramolecular orga-rapid change to the solution state induced by(EO equiv) as
nogels described here can be controlled by an external stimulusitS TBA salt at 20°C (Figure 8a,c) is ascribable to the peculiar
Thus, the addition of CI (10 equiv) as its TBA salt (solid Bl binding behavior of F to the NH site(s) without the pyrrole
NCI) to the octane gel ofd at 20 °C effected a gradual ring inversion(s) if not reqwreéj‘!f’ The F complex of5d in
decomposition of the gelatinous state in ca. 2 h, yielding an octane affords dmaxat 504 nm with a shoulder at 527 nm and
orange-colored and highly emissive solution (Figures 8a,b). The'le'm at 578 and 606 nmig, = 470 nmy. In contrast to the

. . . . activities of anions such as FCI~, and Br, the addition of
absorption maximum and the corresponding fluorescence emis- . o .
. . . . BusNPHhB induces no transition to the solution phase even after
sion of the concentrated octane solution (10 mg/mL) including

heating, which supports the assumption that the anions, not TBA
CI~ were observed at 524 and 574 nihe(= 470 nm),

. ¢ - cations, are responsible for the transformation of the organogel
respectively, suggesting that the recefidris soluble as the 4 o|ution. While the correlation with the rate constangs

“monomeric” anion complex in octane solutiéhHeating the
el with BuNCI > ca. 30°C promptly resulted in the solution.

(31) The solid-state UV/vis absorption analysisbafhas exhibited broad and (32) Fluorescence spectra of the octane gebafvith small amounts of Ci

split bands like those of the gelatéd in octane; this supports the relation (0.1, 0.5, and 0.75 equiv) as its tetrabutylammonium salt, which can form
between the packing structure ® and expected stacking mode%d in a gel state, are exhibited at 648, 606, and 578 nm, respectively, derived
the organogel, although the detailed structures of organogel cannot be from the sum of the emissions of the receptor and the anion complex; this
speculated. result can exclude the energy transfer process in this assembled system.
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s™1) of the anion-hinding processes2din solution is observed
in the cases of Cland Br, the fast transition to solution by
F~ is explained by the specific affinity of this anion for an NH

site, as mentioned above. Supramolecular assemblies such adn

organogels amplify the rigidity of the stable conformations of
monomers by means ofa- stacking; therefore, the organized
structures controlled by the anion identity are in contrast with
the behavior of each molecule exhibiting dynamic conforma-
tional changes in the solution state.

Summary

Aryl substitution at thex-positions of pyrrole of the acyclic
oligopyrrole anion receptors exhibits efficient guest binding
using the o-CH sites, drastic colorimetric and fluorescent
changes in the presence of anions, and more essentially, th
effective formation ofz—s stacking structures. In addition,

= 1/3) to give ltert-butoxycarbonyl-2-(2-tolyl)pyrrole (192.6 mg, 37%)

as a colorless 0ilR = 0.24 (CHCly/hexane= 1/3). '"H NMR (600
MHz, CDCk, 20 °C): 6 (ppm) 7.37 (m, 1H, pyrrole-H), 7.257.23

, 4H, Ar-H), 6.24 (m, 1H, pyrrole-H), 6.07 (m, 1H, Ar-H), 2.12 (s,
3H, CHs), 1.24 (s, 9H, Boc). FABMSm/z (% intensity): 257.2 (100,
M™), 258.2 (40, M + 1). Calcd for GeH1gNO,: 257.14. To the product
1-tert-butoxycarbonyl-2-(2-tolyl)pyrrole (125.2 mg, 0.487 mmol) was
added ethylene glycol (5 mL) and was heated at reflux (X80for 30

min, cooled, and partitioned between water and dichloromethane. The
combined extracts were dried over anhydrous Mg8@il evaporated

to give an oil. The residue was then chromatographed over flash silica
gel column (eluent: CkCl,/hexane= 1/1) to give 2-(2-tolyl)pyrrole

as a colorless oil (61.9 mg, 80%% = 0.44 (CHCl/hexane= 1/1).

H NMR (600 MHz, CDC}, 20°C): ¢ (ppm) 8.28 (br, 1H, NH), 7.35
(dd,J = 7.8, 1.2 Hz, 1H, pyrrole-H), 7.257.18 (m, 3H, Ar-H), 6.88

(m, 1H, pyrrole-H), 6.35 (m, 1H, pyrrole-H), 6.32 (m, 1H, pyrrole-H),
©.46 (s, 3H, CH). FABMS: m/z(% intensity): 157.1 (100, M), 158.1

(38, M + 1). Calcd for GiH11N: 157.08.

various substituents can be readily attached to the receptor units Synthesis of Ttert-Butoxycarbonyl-2-(3-tolyl)pyrrole and 2-(3-

via aryl moieties for further applications. In fact, the introduction

Tolyl)pyrrole. To a solution of 3-bromotoluene (342.0 mg, 2.0 mmol),

of long aliphatic chains on the aryl rings affords transparent j_tert-butoxycarbonylpyrrole-2-boronic acid (506.5 mg, 2.4 mmol), and
emissive gels, which can be modulated by external chemical tetrakis(triphenylphosphine)palladium(0) (116.0 mg, 0.10 mmol) in 1,2-
stimuli. Further, the modification of the additives, including dimethoxyethane (30 mL) at room temperature under nitrogen was
countercations and solvents as well as anions used, could yieldadded a solution of N&€O; (763.1 mg, 7.2 mmol) in water (2 mL).
functional materials including supramolecular organogels, liquid The mixture was heated at reflux for 4 h, cooled, and then partitioned
crystals, films, etc. On the other hand, hydrophilic aryl moieties between water and GRl,. The combined extracts were dried over
at the periphery result in aggregations and potentially efficient @nydrous MgS@and evaporated to give an oil. The residue was then
sensors in wate® Additionally, aryl-bridged oligomeric systems chromatographed over flash silica gel column (eluent:ZObﬂhexani
with aliphatic or hydrophilic chains will be prepared in the near __ 1/3) to give Liert-butoxycarbonyl-2-(3-tolyl)pyrrole (359.9 mg, 70%)

f for the ob . f ani imulated d . f as a colorless 0ilRy = 0.31 (CHCly/hexane= 1/3). 'H NMR (600
uture or the observation of anion-stimulated dynamic confor- MHz, CDCl, 20°C): 6 (ppm) 7.33 (m, 1H, pyrrole-H), 7.23 (m, 1H,
mation changes.

Ar-H), 7.14-7.10 (m, 3H, Ar-H), 6.22 (m, 1H, pyrrole-H), 6.17 (m,
1H, pyrrole-H), 2.37 (s, 3H, C§), 1.34 (s, 9H, Boc). FABMS:m/z
(% intensity): 257.2 (100, M), 258.2 (80, M + 1). Calcd for GeH1o-
Starting materials were purchased from Wako Chemical Co., Nacalai NO»: 257.14. To the product fert-butoxycarbonyl-2-(3-tolyl)pyrrole
Chemical Co., and Aldrich Chemical Co. and used without further (220.0 mg, 0.855 mmol) was added ethylene glycol (5 mL) and was
purification unless otherwise stated. YVisible spectra were recorded ~ heated at reflux (180C) for 30 min, cooled, and partitioned between
on a Hitachi U-3500 spectrometer for the solution and gel states and awater and dichloromethane. The combined extracts were dried over
System Instruments surface and interface spectrometer SIS-50 for theanhydrous MgS@and evaporated to give an oil. The residue was then
solid state. Fluorescence spectra were recorded on a Hitachi F-4500chromatographed over flash silica gel column (eluent:.Clhexane
fluorescence spectrometer for ordinary solution and a Hamamatsu= 1/1) to give 2-(3-tolyl)pyrrole (93.9 mg, 70%) as a colorless Ril.
Quantum Yields Measurements System for Organic LED Materials = 0.38 (CHCl/hexane= 1/1).'H NMR (600 MHz, CDC}, 20 °C):
€9920-02 for organogel and its solution. NMR spectra used in the 0 (ppm) 8.43 (br, 1H, NH), 7.367.24 (m, 3H, Ar-H), 7.02 (dJ =
characterization of products were recorded on a JEOL ECA-600HR 7.2 Hz, 1H, Ar-H), 6.86 (m, 1H, pyrrole-H), 6.51 (m, 1H, pyrrole-H),
600 MHz spectrometer. All NMR spectra were referenced to solvent. 6.29 (m, 1H, pyrrole-H). FABMSmz (% intensity): 157.1 (100, M),
Fast atom bombardment mass spectrometric studies (FAB-MS) were158.1 (85, M + 1). Calcd for GiHuiiN: 157.09.
made using a JEOL-GCmate instrument in the positive ion mode with  Synthesis of 1tert-Butoxycarbonyl-2-(2,6-dimethylphenyl)pyrrole
a 3-nitrobenzylalcohol matrix. Electrospray ionization mass spectro- and 2-(2,6-Dimethylphenyl)pyrrole. To a solution of 2-bromo-1,3-
metric studies (ESI-MS) were recorded on a BRUKER microTOF using dimethylbenzene (370.1 mg, 2.0 mmol)tett-butoxycarbonylpyrrole-
negative mode ESI-TOF method. TLC analyses were carried out on 2-boronic acid (506.5 mg, 2.4 mmol), and tetrakis(triphenylphosphine)-
aluminum sheets coated with silica gel 60 (Merck 5554). Column palladium(0) (116.0 mg, 0.10 mmol) in 1,2-dimethoxyethane (30 mL)
chromatography was performed on Sumitomo alumina KCG-1525, at room temperature under nitrogen was added a solution of NaOH
Wakogel C-200, C-300, and Merck silica gel 60 and 60H. 2-Phenylpyr- (288.0 mg, 7.0 mmol) in water (2 mL). The mixture was heated at
role was synthesized by the literature proceddfes. reflux for 14 h, cooled, and then partitioned between water angt CH
Synthesis of ltert-Butoxycarbonyl-2-(2-tolyl)pyrrole and 2-(2- Cl,. The combined extracts were dried over anhydrous Mg&i
Tolyl)pyrrole. To a solution of 2-bromotoluene (342.0 mg, 2.0 mmol), evaporated to give an oil. The residue was then chromatographed over
1-tert-butoxycarbonylpyrrole-2-boronic acid (506.5 mg, 2.4 mmol), and flash silica gel column (eluent: GEl./hexane= 1/3) to give crude
tetrakis(triphenylphosphine)palladium(0) (116.0 mg, 0.10 mmol) in 1,2- 1-tert-butoxycarbonyl-2-(2,6-dimethylphenyl)pyrrole with its trace
dimethoxyethane (30 mL) at room temperature under nitrogen was deprotected compound as a white solid (62.5 g3 0.30 (CHCl./
added a solution of N&€0O; (763.1 mg, 7.2 mmol) in water (2 mL). hexane= 1/3).*H NMR (600 MHz, CDC}, 20°C): 6 (ppm) 7.40 (m,
The mixture was heated at reflux for 4 h, cooled, and then partitioned 1H, pyrrole-H), 7.13 (m, 1H, Ar-H), 7.04 (m, 2H, Ar-H), 6.28 (m, 1H,
between water and GBl,. The combined extracts were dried over pyrrole-H), 6.00 (m, 1H, pyrrole-H), 2.05 (s, 6H, @t1.19 (s, 9H,
anhydrous MgS@and evaporated to give an oil. The residue was then Boc). Without further purification, to the crude productiett-butoxy-
chromatographed over flash silica gel column (eluent:,Clkthexane carbonyl-2-(2,6-dimethylphenyl)pyrrole (62.5 mg), was added ethylene
glycol (5 mL) and was heated at reflux (18GQ) for 30 min, cooled,
and partitioned between water and dichloromethane. The combined

Experimental Section

(33) Maeda, H.; Ito, Y.; Haketa, Y. Manuscript in preparation.
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extracts were dried over anhydrous MgS&hd evaporated to give a

1,3-Bis(5-(2,6-dimethylphenyl)pyrrol-2-yl)-1,3-propanedione, 2c.

white solid. The residue was then chromatographed over flash silica A CH.Cl, solution (10 mL) of 2-(2,6-dimethylphenyl)pyrrole (47.0 mg,

gel column (eluent: CkCl./hexane= 1/1) to give 2-(2,6-dimethylphe-
nyl)pyrrole as a white powder (50.2 mg, 15% from the starting
arylbromide).R: = 0.26 (CHCl,/hexane= 1/3).'H NMR (600 MHz,
CDCl;, 20°C): 6 (ppm) 7.92 (br, 1H, NH), 7.17 (§ = 7.2 Hz, 1H,
Ar-H), 7.10 (d,J = 7.8 Hz, 2H, Ar-H), 6.86 (m, 1H, pyrrole-H), 6.32
(m, 1H, pyrrole-H), 6.08 (m, 1H, pyrrole-H). FABMSm/z (%
intensity): 171.1 (100, M), 172.1 (100, M + 1). Calcd for GzH13N:
171.10.

1,3-Di-(5-phenylpyrrol-2-yl)-1,3-propanedione, 2aAnalogous to
a literature procedure, a GEl, solution (30 mL) of 2-phenylpyrrolé
(274.0 mg, 1.92 mmol) was treated with malonyl chloride (161.8 mg,
1.15 mmol) at room temperature and stirred ® h at thesame
temperature. After the consumption of the starting pyrrole was
confirmed by TLC analysis, the mixture was washed with saturated,
ag NaCO; and water, dried over anhydrous Mg&Qiltered, and

0.27 mmol) was treated with malonyl chloride (23.1 mg, 0.16 mmol)
at room temperature and stirred @ h at thesame temperature. After
the consumption of the starting pyrrole was confirmed by TLC analysis,
the mixture was washed with saturated, ag®@; and water, dried
over anhydrous MgSgfiltered, and evaporated to dryness. The residue
was then chromatographed over flash silica gel column (eluent: 2%
MeOH/CHCI,) and recrystallized from CiTl./hexane to afford2c
(38.7 mg, 69%) as a pale-yellow soligs = 0.43 (2% MeOH/CH

Cly). 'H NMR (600 MHz, CDC}, 20 °C; diketone2c is obtained as a
mixture of keto and enol tautomers in the ratio of 1:0.18)(ppm)
keto form 9.11 (br, 2H, NH), 7.21 (m, 2H, Ar-H), 7.19 (m, 2H, pyrrole-
H), 7.12-7.09 (m, 4H, Ar-H), 6.20 (m, 2H, pyrrole-H), 4.26 (s, 2H,
CH), 2.14 (s, 12H, Cb); enol form 16.58 (br, 1H, OH), 9.01 (br, 2H,
NH), 7.21 (m, 2H, Ar-H), 7.127.09 (s, 4H, Ar-H), 6.99 (m, 2H,
pyrrole-H), 6.36 (s, 1H, CH), 6.20 (m, 2H, pyrrole H), 2.18 (s, 12H,

evaporated to dryness. The residue was then chromatographed oveCHs;). FABMS: m/z (% intensity): 410.3 (76, M), 411.3 (100, M +

flash silica gel column (eluent: 2% MeOH/GEl,) and recrystallized
from CH,Cl,/hexane to afford?a (153.9 mg, 45%) as a pale-yellow
solid. R = 0.35 (2% MeOH/CHCl,). *H NMR (600 MHz, CDC},
20°C; diketone2ais obtained as a mixture of keto and enol tautomers
in the ratio of 1:0.28):6 (ppm) keto form 9.56 (br, 2H, NH), 7.58 (m,
4H, Ar-H), 7.43 (m, 4H, Ar-H), 7.33 (m, 2H, Ar-H), 7.16 (m, 2H,
pyrrole-H), 6.60 (m, 2H, pyrrole-H), 4.26 (s, 2H, CH); enol form 16.69
(br, 1H, OH), 9.44 (br, 2H, NH), 7.58 (m, 4H, Ar-H), 7.43 (m, 4H,
Ar-H), 7.33 (m, 2H, Ar-H), 6.97 (m, 2H, pyrrole-H), 6.64 (m, 2H,
pyrrole-H), 6.37 (s, 1H, CH). FABMSm/z (% intensity): 354.2 (58,
M™), 355.21 (100, M + 1) Calcd for GsH1gN,Oz: 354.14.

1,3-Di-(5-(2-tolyl)pyrrol-2-yl)-1,3-propanedione, 2b. A CH.Cl,
solution (10 mL) of 2-(2-tolyl)pyrrole (41.8 mg, 0.27 mmol) was treated
with malonyl chloride (22.5 mg, 0.16 mmol) at room temperature and
stirred fa 3 h at thesame temperature. After the consumption of the
starting pyrrole was confirmed by TLC analysis, the mixture was
washed with saturated, aq Mz0; and water, dried over anhydrous
N&aSQ,, filtered, and evaporated to dryness. The residue was then
chromatographed over flash silica gel column (eluent: 3% MeOH/
CHCl,) and recrystallized from C}l./hexane to affor@b (23.8 mg,
46%) as a pale-yellow solidr = 0.35 (3% MeOH/CHCL,). '"H NMR
(600 MHz, CDC}, 20°C; diketone2b is obtained as a mixture of keto
and enol tautomers in the ratio of 1:0.19): (opm) keto form 9.35
(br, 2H, NH), 7.39 (m, 2H, Ar-H), 7.287.27 (m, 6H, Ar-H), 7.18 (m,
2H, pyrrole-H), 6.43 (m, 2H, pyrrole-H), 4.26 (s, 2H, CH), 2.46 (s,
6H, CHg); enol form 16.65 (br, 1H, OH), 9.26 (br, 2H, NH), 7.43(m,
2H, Ar-H), 7.28-7.27 (m, 6H, Ar-H), 6.98 (m, 2H, pyrrole-H), 6.46
(m, 2H, pyrrole-H), 6.38 (s, 1H, CH), 2.49 (s, 6H, @HFABMS:
m/z (% intensity): 382.1 (73, M), 383.2 (100, M + 1). Calcd for
C25H22N202: 382.17.

1,3-Di-(5-(3-tolyl)pyrrol-2-yl)-1,3-propanedione, 28. A CH.Cl,
solution (20 mL) of 2-(3-tolyl)pyrrole (81.7 mg, 0.52 mmol) was treated
with malonyl chloride (43.6 mg, 0.31 mmol) at room temperature and
stirred fa 3 h at thesame temperature. After the consumption of the
starting pyrrole was confirmed by TLC analysis, the mixture was
washed with saturated, aq Mz0; and water, dried over anhydrous
NaSQ,, filtered, and evaporated to dryness. The residue was then
chromatographed over flash silica gel column (eluent: 3% MeOH/
CH,Cl,) and recrystallized from C}€l./hexane to affor@b’ (35.5 mg,
36%) as a pale-yellow solidk = 0.35 (3% MeOH/CHCI,). *H NMR
(600 MHz, CDC4, 20 °C; diketone2b' is obtained as a mixture of
keto and enol tautomers in the ratio of 1:0.2%):(ppm) keto form
9.53 (br, 2H, NH), 7.38 (m, 4H, Ar-H), 7.31 (m, 2H, Ar-H), 7.16 (m,
2H, pyrrole-H), 7.13 (m, 2H, Ar-H), 6.58 (m, 2H, pyrrole-H), 4.25 (s,
2H, CH), 2.39 (s, 6H, C¥; enol form 16.71 (br, 1H, OH), 9.42 (br,
2H, NH), 7.38 (m, 4H, Ar-H), 7.31 (m, 2H, Ar-H), 7.13 (m, 2H, Ar-
H), 6.96 (m, 2H, pyrrole-H), 6.62 (m, 2H, pyrrole-H), 6.36 (s, 1H,
CH), 2.41 (s, 6H, Ch). FABMS: m/z (% intensity): 382.2 (72, M),
383.2 (100, M + 1) Calcd for GsH2oN,0,: 382.17.
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1) Calcd for Q7H26N202: 410.20.

BF, Complex of 2a, 3a.To a CHCI, solution (230 mL) of diketone
2a(50.0 mg, 0.14 mmol) was added BOEL (600.4 mg, 4.23 mmol)
and was stirred for 10 min at room temperature. After removal of the
solvent, flash silica gel column chromatography (eluent: 2% MeOH/
CHCI) and crystallization from CkCl./hexane afforde®a (54.4 mg,
96%) as a red solid = 0.35 (CHCI,). *H NMR (600 MHz, CDC},
20°C): 0 (ppm) 9.67 (br, 2H, NH), 7.65 (d] = 7.2 Hz, 4H, Ar-H),
7.48 (t,J = 7.8 Hz, 4H, Ar-H), 7.39 (tJ = 7.2 Hz, 2H, Ar-H), 7.22
(dd,J = 2.4, 1.8 Hz, pyrrole-H), 6.74 (dd,= 2.4, 1.8 Hz, 2H, pyrrole-
H), 6.55 (s, 1H, CH). UV/vis (CECl,, Amax [nm] (¢, 1 M~ cm™Y)):
500.0 (1.24). FABMS:m/z (% intensity): 402.3 (100, M), 403.3 (52,

M* + 1). Caled for GsH17BF2N2O2: 402.14. This compound was
further characterized by X-ray diffraction analysis.

BF, Complex of 2b, 3b.To a CHCI; solution (60 mL) of diketone
2b (23.0 mg, 0.06 mmol), was added BOEL (255.5 mg, 1.8 mmol)
and was stirred for 10 min at room temperature. After removal of the
solvent, flash silica gel column chromatography (eluent:,Clk) and
crystallization from CHCl./hexane afforde@b (21.7 mg, 84%) as a
vermillion red solid.Rs = 0.40 (CHCI,). *H NMR (600 MHz, CDC},
20°C): 6 (ppm) 9.47 (br, 2H, NH), 7.44 (m, 2H, Ar-H), 7.377.30
(m, 6H, Ar-H), 7.26-7.24 (m, 2H, pyrrole-H), 6.56 (m, 2H, pyrrole-
H), 6.56 (s, 1H, CH), 2.49 (s, 6H, GH UV/vis (CH,Clz, Amax[nm] (e,
10° M~tcm™Y)): 480.0 (0.93). FABMS:m/z (% intensity): 430.3 (100,
M*), 431.3 (42, M + 1). Calcd for GsH21BF:N,O,: 430.17. This
compound was further characterized by X-ray diffraction analysis.

BF, Complex of 28, 3b'". To a CHClI, solution (30 mL) of diketone
2b' (15.0 mg, 0.039 mmol) was added BBEL (167.5 mg, 1.2 mmol)
and was stirred for 10 min at room temperature. After removal of the
solvent, flash silica gel column chromatography (eluent: 1% MeOH/
CH,Cl,) and crystallization from CkCl,/hexane afforde@b’ (14.7 mg,
87%) as a red solidk = 0.36 (CHCI,). *H NMR (600 MHz, CDC},
20°C): o (ppm) 9.63 (br, 2H, NH), 7.44 (m, 4H, Ar-H), 7.35 @,=
7.8 Hz, 2H, Ar-H), 7.21 (m, 2H, Ar-H), 7.19 (m, 2H, pyrrole-H), 6.72
(m, 2H, pyrrole-H), 6.54 (s, 1H, CH), 2.44 (s, 6H, @HUV/vis (CH,-

Cla, Amax [nm] (¢, 1 M~ cm™Y)): 502.0 (0.83). FABMS:m/z (%
intensity): 430.2 (100, M), 431.2 (42, M + 1). Calcd for GsHas-
BF:N2O,: 430.17. This compound was further characterized by X-ray
diffraction analysis.

BF, Complex of 2c, 3c.To a CHCI; solution (60 mL) of diketone
2¢(25.0 mg, 0.061 mmol) was added BBEtL (259.7 mg, 1.83 mmol)
and was stirred for 10 min at room temperature. After removal of the
solvent, flash silica gel column chromatography and crystallization from
CH.Cly/hexane affordecc (20.8 mg, 78%) as a yellow solidk =
0.40 (CHCI). *H NMR (600 MHz, CDC}, 20°C): 6 (ppm) 9.24 (br,
2H, NH), 7.27 (m, 2H, pyrrole-H), 7.24 (1] = 7.8 Hz, 2H, Ar-H),
7.12 (d,J=7.8 Hz, 4H, Ar-H), 6.61 (s, 1H, CH), 6.34 (m, 2H, pyrrole-
H), 2.17 (s, 12H, Ch). UV/vis (CHxClz, Amax[nM] (¢, 1 M~ cm™)):
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456.0 (1.19). FABMS:m/z (% intensity): 458.3 (100, M), 459.3 (45,
M + 1) Calcd for GsH»1BF.N,O»: 458.20.

Synthesis of 5-Bromo-1,2,3-trioctyloxybenzen#.A mixture of K-
C0O;(1.41 g, 10.2 mmol) and 5-bromo-1,2,3-trihydroxybenzene (300.0
mg, 1.46 mmol), synthesized by the modified literature metfiddad
1-bromooctane (951.0 mg, 4.92 mmol), in dry DMF (100 mL) was
stirred at reflux for 24 h. After cooling, the solvent was evaporated.
The crude product was taken up in @4 and washed with water,
dried over MgSQ, and evaporated to dryness. The residue was then
chromatographed over silica gel column (eluent: ,Cklhexane= 1/4)
to give 5-bromo-1,2,3-trioctyloxybenzene (462.0 mg, 58%) as a
colorless 0il.R: = 0.33 (CHCly/hexane= 1/3).*H NMR (600 MHz,
CDCl;, 20°C): d (ppm) 6.67 (s, 2H, Ar-H), 3.943.89 (m, 6H, OCH),
1.78 (tt,d = 7.2, 6.6 Hz, 4H, OChCH,), 1.72 (tt,J = 7.2, 6.6 Hz, 2H,
OCHCH,), 1.47-1.42 (m, 6H, OGH4CH,), 1.36-1.27 (m, 24H,
OC;3HeCsHgCHg), 0.89-0.87 (m, 9H, OGH14CHs). FABMS: m/z (%
intensity) 540.3 (100, M), 541.3 (82, M + 1). Calcd for GgH23NOs:
540.32.

Synthesis of 5-Bromo-1,2,3-tridodecyloxybenzend mixture of
K2COs (1.41 g, 10.2 mmol), 5-bromo-1,2,3-trihydroxybenzene (300.0
mg, 1.46 mmol), and 1-bromododecane (1.23 g, 4.94 mmol) in dry
DMF (100 mL), was stirred at reflux for 24 h. After cooling, the solvent
was evaporated. The crude product was taken up isgOGHnd washed
with water, dried over MgS& and evaporated to dryness. The residue
was then chromatographed over silica gel column (eluent;GGH
hexane= 1/3) to give 5-bromo-1,2,3-tridodecyloxybenzene (763.0 mg,
74%) as a white solidR: = 0.29 (CHCl,/hexane= 1/3). 'H NMR
(600 MHz, CDC}, 20 °C): 6 (ppm) 6.66 (s, 2H, Ar-H), 3.933.89
(m, 6H, OCH), 1.78 (tt,J = 7.2, 6.6 Hz, 4H, OCKCH,), 1.71 (tt,J
=7.2,6.6 Hz, 2H, OCKCH;), 1.47-1.42 (m, 6H, OGH4CH,), 1.34~
1.26 (m, 48H, OGHCsH16CHs), 0.89-0.87 (m, 9H, OGH2CHs).
FABMS: m/z (% intensity) 708.5 (100, M), 709.5 (74, M + 1). Calcd
for C1gH23NOs: 708.51.

Synthesis of 5-Bromo-1,2,3-trihexadecyloxybenzené mixture
of K,C0;5(2.90 g, 21.0 mmol), 5-bromo-1,2,3-trihydroxybenzene (615.0
mg, 3.0 mmol), and 1-bromohexadecane (3.09 g, 10.1 mmol), in dry
DMF (150 mL), was stirred at reflux for 24 h. After cooling, the solvent
was evaporated. The crude product was taken up isgOGHnd washed
with water, dried over MgSg) and evaporated to dryness. The residue
was then chromatographed over silica gel column (eluent>GGH
hexane= 1/3) to give 5-bromo-1,2,3-trihexadecyloxybenzene (2.0 g,
76%) as a white solidR: = 0.44 (CHCl/hexane= 1/3). 'H NMR
(600 MHz, CDC}, 20 °C): 6 (ppm) 6.67 (s, 2H, Ar-H), 3.953.87
(m, 6H, OCH), 1.78 (it,J = 7.2, 6.6 Hz, 4H, OChCH,), 1.71 (it,J
=7.2,6.6 Hz, 2H, OCbLCH,), 1.45-1.42 (m, 6H, OGH4,CH,), 1.29-
1.23 (m, 72H, OGHC1H2,CHs), 0.89-0.87 (m, 9H, OGsH3,CH).
FABMS: m/z (% intensity) 876.7 (100, M), 877.7 (80, M + 1). Calcd
for C18H23N05: 876.69.

Synthesis of ltert-Butoxycarbonyl-2-(3,4,5-trimethoxyphenyl)-
pyrrole and 2-(3,4,5-Trimethoxyphenyl)pyrrole. To a solution of
5-bromo-1,2,3-trimethoxybenzene (247.1 mg, 1.0 mmoljertbu-
toxycarbonylpyrrole-2-boronic acid (253.2 mg, 1.2 mmol), and tetrakis-
(triphenylphosphine)palladium(0) (57.8 mg, 0.05 mmol) in 1,2-

1H, pyrrole-H), 6.57 (s, 2H, Ar-H), 6.236.22 (m, 1H, pyrrole-H),
6.20-6.19 (m, 1H, pyrrole-H), 3.87 (s, 3H, OGK13.85 (s, 6H, OCHh),

1.38 (s, 9H, Boc). FABMS:m/z (% intensity) 333.1 (100, M), 334.2
(61, Mt+1). Calcd for GgH3NOs: 333.16. The product fert-
butoxycarbonyl-2-(3,4,5-trimethoxyphenyl)pyrrole (248.2 mg, 0.744
mmol) was heated at 190C for 15 min. The residue was then
chromatographed over flash silica gel column (eluent: 40% EtOAc/
hexane) and gave 2-(3,4,5-trimethoxyphenyl)pyrrole as a white solid
(153.9 mg, 93%)R: = 0.33 (eluent: 40% EtOAc/hexanéd NMR
(600 MHz, CDC}4, 20 °C): ¢ (ppm) 8.39 (br, 1H, NH), 6.876.86

(m, 1H, pyrrole-H) 6.68 (s, 2H, Ar-H), 6.456.44 (m, 1H, pyrrole-H),
6.31-6.29 (m, 1H, pyrrole-H), 3.91 (s, 6H, OGH3.86 (s, 3H, OCH).
FABMS: m/z (% intensity): 233.1 (100, M), 234.2 (65, M + 1).
Calcd for GsH1sNOs: 233.11.

Synthesis of 1tert-Butoxycarbonyl-2-(3,4,5-trioctyloxyphenyl)-
pyrrole and 2-(3,4,5-Trioctyloxyphenyl)pyrrole. To a solution of
5-bromo-1,2,3-trioctyloxybenzene (443.8 mg, 0.819 mmoljert-
butoxycarbonylpyrrole-2-boronic acid (207.4 mg, 0.983 mmol), and
tetrakis(triphenylphosphine)palladium(0) (47.3 mg, 0.041 mmol) in 1,2-
dimethoxyethane (20 mL) at room temperature under nitrogen was
added a solution of N&€O; (260.0 mg, 2.46 mmol) in water (1 mL).
The mixture was heated at reflux for 4 h, cooled, and then partitioned
between water and GEl,. The combined extracts were dried over
anhydrous MgS@and evaporated to give an oil. The residue was then
chromatographed over flash silica gel column (eluent: 5% EtOAc/
hexane) to give Zert-butoxycarbonyl-2-(3,4,5-trioctyloxyphenyl)-
pyrrole (379.7 mg, 74%) as a colorless d& = 0.38 (eluent: 5%
EtOAc/hexane)*H NMR (600 MHz, CDC}, 20°C): ¢ (ppm) 7.33-
7.32 (m, 1H, pyrrole-H), 6.51 (s, 2H, Ar-H), 6.25.20 (m, 1H, pyrrole-

H), 6.17-6.16 (m, 1H, pyrrole-H), 3.96 (m, 6H, OGH 1.81-1.73

(m, 6H, OCHCH,), 1.50-1.42 (m, 6H, OGH4CH;), 1.34 (s, 9H, Boc),
1.33-1.22 (m, 24H, OGHsC4HsCHs), 0.89-0.87 (M, 9H, OGH1,CHs).
FABMS: n/z (% intensity) 627.5 (100, M), 628.6 (45, M + 1). Calcd

for CsoHesNOs: 672.49. The product fert-butoxycarbonyl-2-(3,4,5-
trioctyloxyphenyl)pyrrole (310.3 mg, 0.494 mmol) was heated at
190°C for 15 min. The residue was then chromatographed over flash
silica gel column (eluent: 5% EtOAc/hexane) and gave 2-(3,4,5-
trioctyloxyphenyl)pyrrole as a white solid (248.6 mg, 95%)= 0.18
(eluent: 5% EtOAc/hexane)H NMR (600 MHz, CDC4, 20 °C): 6
(ppm) 8.34 (br, 1H, NH), 6.846.83 (m, 1H, pyrrole-H) 6.64 (s, 2H,
Ar-H), 6.41-6.40 (m, 1H, pyrrole-H), 6.286.27 (m, 1H, pyrrole-H),
4.00 (t,J = 6.6 Hz, 4H, OCH), 3.95 (t,J = 6.6 Hz, 2H, OCH), 1.81

(tt, J = 7.2, 6.0 Hz, 4H, OCKCH,), 1.75 (tt,J = 7.2, 6.6 Hz, 2H,
OCH,CHy), 1.49-1.45 (m, 6H, OGH,CH,), 1.37-1.24 (m, 24H,
OGC3HeCsHgCHg), 0.89-0.87 (m, 9H, OGH14.CHg). FABMS: m/z (%
intensity): 527.5 (100, M), 528.5 (97, M + 1). Calcd for G4Hs7-
NOs: 527.43.

Synthesis of ltert-Butoxycarbonyl-2-(3,4,5-tridodecyloxyphenyl)-
pyrrole and 2-(3,4,5-Tridodecyloxyphenyl)pyrrole. To a solution of
5-bromo-1,2,3-tridodecyloxybenzene (426.0 mg, 0.60 mmotgrt-
butoxycarbonylpyrrole-2-boronic acid (151.9 mg, 0.72 mmol), and
tetrakis(triphenylphosphine)palladium(0) (40.8 mg, 0.035 mmol) in 1,2-
dimethoxyethane (18 mL) at room temperature under nitrogen was

dimethoxyethane (20 mL) at room temperature under nitrogen was added a solution of N&O; (228.9 mg, 2.16 mmol) in water (0.8 mL).

added a solution of N&€0O; (381.6 mg, 3.6 mmol) in water (1 mL).
The mixture was heated at reflux for 4 h, cooled, and then partitioned
between water and GBIl,. The combined extracts were dried over
anhydrous MgS@and evaporated to give an oil. The residue was then
chromatographed over flash silica gel column (eluent: 15% EtOAc/
hexane) to give ZIert-butoxycarbonyl-2-(3,4,5-trimethoxyphenyl)-
pyrrole (316.7 mg, 95%) as a colorless d¢#.= 0.36 (15% EtOAc/
hexane)!H NMR (600 MHz, CDC}, 20°C): o (ppm) 7.34-7.33 (m,

(34) Dol, G. C.; Kamer, P. C. J.; van Leeuwen, P. W. N.Bdr. J. Org. Chem
1998 359-364.

(35) Lincker, F.; Bourgun, P.; Masson, P.; Didier, P.; Guidoni, L.; Bigot, J.-Y.;
Nicoud, J.-F.; Donnio, B.; Guillon, DOrg. Lett 2005 7, 1505-1508.

The mixture was heated at reflux for 4 h, cooled, and then partitioned
between water and GEl.. The combined extracts were dried over
anhydrous MgS@ and evaporated to give an oil. The residue was then
chromatographed over flash silica gel column (eluent: 3% EtOAc/
hexane) gave fert-butoxycarbonyl-2-(3,4,5-tridodecyloxyphenyl)pyr-
role (367.9 mg, 77%) as a white solig. = 0.22 (3% EtOAc/hexane).

IH NMR (600 MHz, CDC}, 20 °C): 6 (ppm) 7.33-7.32 (m, 1H,
pyrrole-H), 6.51 (s, 2H, Ar-H), 6.216.20 (m, 1H, pyrrole-H), 6.16
6.15 (m, 1H, pyrrole-H), 3.963.93 (m, 6H, OCH)), 1.81-1.73 (m,
6H, OCHCH,), 1.49-1.42 (m, 6H, OGH4CH;,), 1.34 (s, 9H, Boc),
1.30-1.25 (m, 48H, OGHCgH16CHs), 0.89-0.86 (M, 9H, OGH»,CH).
FABMS: nvz (% intensity) 795.7 (100, M), 796.8 (60, M + 1). Calcd
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for CsiHggNOs: 795.67. The product fert-butoxycarbonyl-2-(3,4,5-
tridodecyloxyphenyl)pyrrole (287.6 mg, 0.361 mmol) was heated at
190°C for 15 min. The residue was then chromatographed over flash
silica gel column (eluent: 5% EtOAc/hexane) to give 2-(3,4,5-
tridodecyloxyphenyl)pyrrole as a white solid (239.7 mg, 95%)=
0.28 (5% EtOAc/hexane)H NMR (600 MHz, CDC}, 20°C): 6 (ppm)
8.34 (br, 1H, NH), 6.846.83 (m, 1H, pyrrole-H) 6.64 (s, 2H, Ar-H),
6.41-6.40 (m, 1H, pyrrole-H), 6.286.27 (m, 1H, pyrrole-H), 4.00 (t,

J = 6.6 Hz, 4H, OCH), 3.96-3.94 (t,J = 6.6 Hz, 2H, OCH), 1.80

(tt, J = 7.2, 6.6 Hz, 4H, OCKCH,), 1.75 (tt,J = 7.2, 6.6 Hz, 2H,
OCH,CHy), 1.49-1.45 (m, 6H, OGH4CH,), 1.35-1.26 (m, 48H,
OCgHngHlGCH3), 0.89-0.87 (m, gH, O@1H22CH3). FABMS: m/z (%
intensity): 695.6 (77, M), 696.6 (100, M + 1). Calcd for GeHg1-
NOs: 695.62.

Synthesis of ltert-Butoxycarbonyl-2-(3,4,5-trihexadecyloxyphe-
nyl)pyrrole and 2-(3,4,5-Trihexadecyloxyphenyl)pyrrole.To a solu-
tion of 5-bromo-1,2,3-trihexadecyloxybenzene (878.3 mg, 1.0 mmol),
1-tert-butoxycarbonylpyrrole-2-boronic acid (253.2 mg, 1.2 mmol), and
tetrakis(triphenylphosphine)palladium(0) (57.8 mg, 0.050 mmol) in 1,2-
dimethoxyethane (20 mL) at room temperature under nitrogen was
added a solution of N&€O; (381.6 mg, 3.0 mmol) in water (1 mL).
The mixture was heated at reflux for 4 h, cooled, and then partitioned
between water and GBl,. The combined extracts were dried over
anhydrous MgS®and evaporated to give a solid. The residue was
then chromatographed over flash silica gel column (eluent: 3% EtOAc/
hexane) to give ert-butoxycarbonyl-2-(3,4,5-trihexadecyloxyphenyl)-
pyrrole (775.5 mg, 88%) as a white soli)l. = 0.37(eluent: 5% EtOAc/
hexane)!H NMR (600 MHz, CDC}, 20°C): ¢ (ppm) 7.33-7.32 (m,
1H, pyrrole-H), 6.51 (s, 2H, Ar-H), 6.216.19 (m, 1H, pyrrole-H),
6.16-6.15 (m, 1H, pyrrole-H), 3.963.93 (m, 6H, OCH)), 1.81-1.73
(m, 6H, OCHCH,), 1.49-1.42 (m, 6H, OGH4CH,), 1.34 (s, 9H, Boc),
1.32-1.30 (M, 72H, OGHeC12H24CHs), 0.89-0.86 (M, 9H, OGH3CH).
FABMS: nvz (% intensity) 963.9 (100, M). Calcd for GsH11dNOs:
963.86. The product fert-butoxycarbonyl-2-(3,4,5-trihexadecylox-
yphenyl)pyrrole (300.0 mg, 0.311 mmol) was heated at X®@or 15

1,3-Bis(5-(3,4,5-trioctyloxyphenyl)pyrrol-2-yl)-1,3-propanedi-
one, 4b.A CH.CI, solution (20 mL) of 2-(3,4,5-trioctyloxyphenyl)-
pyrrole (243.2 mg, 0.444 mmol) was treated with malonyl chloride
(37.5 mg, 0.266 mmol) at room temperature and stirred for 1.5 h at
the same temperature. After the consumption of the starting pyrrole
was confirmed by TLC analysis, the mixture was washed with saturated,
ag NaCO; and water, dried over anhydrous 48&, filtered, and
evaporated to dryness. The residue was then chromatographed over
flash silica gel column (eluent: 1.5% MeOH/@El,) to afford the
corresponding dipyrrolyldiketondb (146.3 mg, 59%) as yellowish
brown solid.Rr = 0.33 (2% MeOH/CHCI,). *H NMR (600 MHz,
CDCl;, 20 °C; the diketone is obtained as a mixture of keto and enol
tautomers in the ratio of 1:0.34)5 (ppm) keto form 9.41 (br, 2H,
NH), 7.14-7.13 (m, 2H, pyrrole-H), 6.71 (s, 4H, Ar-H), 6.5@.49
(m, 2H, pyrrole-H), 4.23 (s, 2H, CH), 4.648.96 (m, 12H, OCHh),
1.84-1.80 (m, 8H, OCHCHy), 1.77-1.72 (m, 4H, OCHCH,), 1.50~
1.47 (m, 12H, OGH4CH,), 1.37-1.28 (m, 48H, OGHsCsHsCHs),
0.89-0.87 (m, 18H, O@H14CHj); enol form 16.79 (br, 1H, OH), 9.32
(br, 2H, NH), 6.96-6.95 (m, 2H, pyrrole-H), 6.74 (s, 4H, Ar-H), 6.54
6.53 (m, 2H, pyrrole-H), 6.35 (s, 1H, CH), 4.68.96 (m, 12H, OCH),
1.84-1.80 (m, 8H, OCHCH;), 1.77-1.72 (m, 4H, OCHCH), 1.50-
1.47 (m, 12H, OGH4CH2), 1.37-1.28 (m, 48H, O@‘|GC4H3CH3),
0.89-0.87 (m, 18H, OGH14CHs). FABMS: m/z (% intensity): 1122.9
(100, M"), 1124.0 (77, M + 1). ESI-TOF-MS (% intensity):m/z
1121.87 (100, M —1), 1122.87 (79, M). Calcd for GiH114N20s:
1122.86.

1,3-Bis(5-(3,4,5-tridodecyloxyphenyl)pyrrol-2-yl)-1,3-propanedi-
one, 4c.A CH.ClI; solution (20 mL) of 2-(3,4,5-tridodecyloxyphenyl)-
pyrrole (231.4 mg, 0.33 mmol) was treated with malonyl chloride (28.1
mg, 0.20 mmol) at room temperature and stirred for 1.5 h at the same
temperature. After the consumption of the starting pyrrole was
confirmed by TLC analysis, the mixture was washed with saturated,
ag NaCO; and water, dried over anhydrous Mg&Q@iltered, and
evaporated to dryness. The residue was then chromatographed over
flash silica gel column (eluent: 1% MeOH/GEl,) to afford the

min. The residue was then chromatographed over flash silica gel column corresponding dipyrrolyldiketordc (186.5 mg, 77%) as a pale-yellow

(eluent: CHClyhexane= 2/3) and gave 2-(3,4,5-trihexadecyloxyphe-

nyl)pyrrole as a white solid (260.0 mg, 8798.= 0.27 (CHCl./hexane

= 2/3). 'H NMR (600 MHz, CDC}, 20 °C): 6 (ppm) 8.34 (br, 1H,

NH), 6.84-6.83 (m, 1H, pyrrole-H), 6.64 (s, 2H, Ar-H), 6.45.39

(m, 1H, pyrrole-H), 6.286.27 (m, 1H, pyrrole-H), 4.00 (t) = 6.6

Hz, 4H, OCH), 3.95 (t,J = 6.6 Hz, 2H, OCH)), 1.81 (tt,J=7.2, 6.6

Hz, 4H, OCHCH,), 1.75 (it,J = 7.2, 6.6 Hz, 2H, OCKCH,), 1.49-

1.45 (m, 6H, OGH4CH,), 1.33-1.25 (m, 72H, OGHeC12H24CHs),

0.89-0.86 (m, 9H, OGsH3,CHs). FABMS: nVz (% intensity): 863.9

(41, M%), 864.7 (100, M + 1). Calcd for GgH109NO3: 863.81.
1,3-Bis(5-(3,4,5-trimethoxyphenyl)pyrrol-2-yl)-1,3-propanedi-

one, 4a.A CH.CI; solution (20 mL) of 2-(3,4,5-trimethoxyphenyl)-

pyrrole (145.8 mg, 0.625 mmol) was treated with malonyl chloride

(52.9 mg, 0.375 mmol) at room temperature and stirred for 1.5 h at

the same temperature. After confirming the consumption of the starting

pyrrole by TLC analysis, the mixture was washed with saturated, aq

N&CO; and water, dried over anhydrous Mg&Chiltered, and

solid. R = 0.50 (1% MeOH/CHCL,). *H NMR (600 MHz, CDC4,
20°C; the diketone is obtained as a mixture of keto and enol tautomers
in the ratio of 1:0.32):6 (ppm) keto form 9.42 (br, 2H, NH), 7.13
7.12 (m, 2H, pyrrole-H), 6.71 (s, 4H, Ar-H), 6.5.49 (m, 2H, pyrrole-
H), 4.23 (s, 2H, CH), 4.043.96 (m, 12H, OCH), 1.84-1.79 (m, 8H,
OCH,CHy), 1.76-1.72 (m, 4H, OCHCH,), 1.50-1.45 (m, 12H,
OC2H4CH2), 1.35-1.26 (m, 96H, OQ*@CgHmCHﬂ, 0.89-0.86 (m,
18H, OG;H2:,CHg); enol form 16.80 (br, 1H, OH), 9.32 (br, 2H, NH),
6.96-6.95 (m, 2H, pyrrole-H), 6.74 (s, 4H, Ar-H), 6.546.53 (m, 2H
pyrrole-H), 6.35 (s, 1H, CH), 4.043.96 (m, 12H, OCH), 1.84-1.79
(m, 8H, OCHCH,), 1.76-1.72 (m, 4H, OCHCH,), 1.50-1.45 (m,
12H, OGH4CH,), 1.35-1.26 (m, 96H, OGHCgH16CH3), 0.89-0.86
(m, 18H, OG1H2:,CH3). ESI-TOF-MS (% intensity):m/z 1458.22 (95,
M~ — l), 1459.22 (100, M) Calcd for GsH1e2N2Og : 1459.23.
1,3-Bis(5-(3,4,5-trihexadecyloxyphenyl)pyrrol-2-yl)-1,3-propanedi-
one, 4d.A CH.CI; solution (20 mL) of 2-(3,4,5-trihexadecyloxyphenyl)-
pyrrole (259.3 mg, 0.30 mmol) was treated with malonyl chloride (25.0

evaporated to dryness. The residue was then chromatographed ovemg, 0.18 mmol) at room temperature and stirred ¥ch at thesame

flash silica gel column (eluent: 2% MeOH/GEI,) and recrystallized
from CH,Cl,/hexane to afford the corresponding dipyrrolyldiketdize
(104.5 mg, 63%) as a pale-yellow solig. = 0.29 (2% MeOH/CH
Cl,). *H NMR (600 MHz, CDC}, 20 °C; the diketone is obtained as a
mixture of keto and enol tautomers in the ratio of 1:0.34)(ppm)
keto form 9.48 (br, 2H, NH), 7.167.15 (m, 2H, pyrrole-H), 6.75 (s,
4H, Ar-H), 6.54-6.53 (m, 2H, pyrrole-H), 4.26 (s, 2H, CH), 3.95
3.90 (m, 18H, OCH); enol form 16.76 (br, 1H, OH), 9.38 (br, 2H,
NH), 6.99-6.98 (m, 2H, pyrrole-H), 6.77 (s, 4H, Ar-H), 6.5&.57
(m, 2H pyrrole-H), 6.38 (s, 1H, CH), 3.88.87 (m, 18H, OCH).
FABMS: m/z (% intensity): 534.2 (100, M), 535.3 (55, M + 1).
Calcd for QgHgoNzOs: 534.20.
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temperature. After the consumption of the starting pyrrole was
confirmed by TLC analysis, the mixture was washed with saturated,
ag NaCO; and water, dried over anhydrous Mg§&@iltered, and
evaporated to dryness. The residue was then chromatographed over
flash silica gel column (eluent: 1% MeOH/GEl,) and recrystallized
from CH,Cl,/MeOH to afford the corresponding dipyrrolyldiketode
(155.0 mg, 57%) as a pale-yellow solig. = 0.44 (1% MeOH/CH

Clp). *H NMR (600 MHz, CDC}, 20 °C; the diketone is obtained as a
mixture of keto and enol tautomers in the ratio of 1:0.32)(ppm)
keto form 9.40 (br, 2H, NH), 7.137.12 (m, 2H, pyrrole-H), 6.71 (s,
4H, Ar-H), 6.50-6.49 (m, 2H, pyrrole-H), 4.23 (s, 2H, CH), 4.64
3.95 (m, 12H, OCH), 1.86-1.79 (m, 8H, OCHCH,), 1.77-1.72 (m,
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Table 3. Crystallographic Details for Compounds 3a, 3b, 3b’, 3c, and 5a
3a 3b 30 3c ba
formula C23H17BF2N202 C25H21BF2N20 025H21BF2N202 C27H258F2N202'0.50}‘bC|2 ngHngFzNzOg‘
0.14GH,4Cl»0.20water
fw 402.20 430.26 430.26 500.78 599.77
crystal size, mm 0.30x 0.20x 0.10 0.40x 0.20x 0.10 0.55x 0.50x 0.05 0.55x 0.30x 0.10 0.30x 0.10x 0.05
crystal system monoclinic monoclinic monoclinic monoclinic _ triclinic
space group P2i/c (no. 14) P2i/a (no. 14) P2i/c (no. 14) P2i/n (no. 14) P1 (no. 2)
a A 11.515(4) 12.443(6) 11.570(8) 14.768(6) 19.008(3)
b, A 13.020(5) 13.305(5) 13.387(7) 12.991(5) 19.009(4)
c, A 12.428(4) 25.211(9) 12.969(6) 26.11(1) 28.644(5)
o, (deg) 90 90 90 90 108.952(7)
B, (deg) 98.304(13) 102.175(17) 97.95(2) 101.72(2) 91.954(6)
y, (deg) 90 90 90 90 96.686(6)
v, A3 1843.7(11) 4080(3) 1989(2) 4905(3) 9694(3)
Pealead §CM 3 1.449 1.401 1.436 1.356 1.438
z 4 8 4 8 14
T, K 123(2) 123(2) 123(2) 123(2) 293(2)
u(Mo Ka), mmt 0.106 0.101 0.103 0.199 0.139
reflns 17854 20152 19074 40940 69380
unique reflns 4207 8451 4550 5721 31257
variables 271 622 290 641 2740
AMo—ka» A 0.71075 0.71075 0.71075 0.71075 0.71075
Ry (I > 20(1)) 0.0368 0.0641 0.0773 0.0870 0.1019
WR (1 > 20 (1)) 0.0906 0.1865 0.2184 0.2129 0.2457
GOF 1.091 1.005 1.072 1.016 1.003

4H OCH,CH,), 1.50-1.45 (m, 12H, OGH4CHy), 1.35-1.25 (m, 144H,
OGC3HeCi2H24CHs), 0.89-0.86 (m, 18H, OGH3:CHg); enol form 16.77
(br, 1H, OH), 9.32 (br, 2H, NH), 6.966.95 (m, 2H, pyrrole-H), 6.73
(s, 4H, Ar-H), 6.54-6.53 (m, 2H pyrrole-H), 6.35 (s, 1H, CH), 4.64
3.95 (m, 12H, OCHh), 1.86-1.79 (m, 8H, OCHCH,), 1.77—1.72 (m,
4H, OCHCHy), 1.50-1.45 (m, 12H, O@H,CH,), 1.35-1.25 (m, 144H,
OC;3HeC12H24CHg), 0.89-0.86 (m, 18H, OGH3CHs). ESI-TOF-MS
(% intensity): m/z 1794.58 (65, M — 1), 1795.58 (100, M). Calcd
for C119Hz;|_oN203 : 1795.60.

BF, Complex of 4a, 5a.To a CHCI, solution (30 mL) of4a (46.5
mg, 0.087 mmol), was added BPE®L (123.4 mg, 0.87 mmol) and

stirred for 10 min at room temperature. After removal of the solvent,

flash silica gel column chromatography (eluent: 3% MeOH/Ch)
and recrystallization from C¥l,/hexane afforde&a (42.5 mg, 84%)
as a red-brown solid® = 0.27 (3% MeOH/CHCI,). *H NMR (600
MHz, CDCk, 20°C): & (ppm) 9.60 (br, 2H, NH), 7.22 (dd} = 2.4,
1.8 Hz, 2H, pyrrole-H), 6.82 (s, 4H, Ar-H), 6.68 (ddi= 2.4, 1.2 Hz,
2H, pyrrole-H), 3.98 (s, 12H, OCH 3.90 (s, 6H, OCHh). UV/vis (CH,-
Cly, Amax [NM] (e, 1® M1 cmY): 515.5 (1.2). FABMS: m/z (%
intensity): 582.2 (100, M). Calcd for GeH2BF,N2,Og: 582.20. This
compound was further characterized by X-ray diffraction analysis.
BF, Complex of 4b, 5b.To a CHCI, solution (30 mL) ofdb (77.4
mg, 0.069 mmol) was added BPE% (97.9 mg, 0.69 mmol) and stirred

for 10 min at room temperature. After removal of the solvent, flash

silica gel column chromatography (eluent: 0.5% MeOH4CH) and
recrystallization from CECl/MeOH affordedsb (73.3 mg, 91%) as a
red solid.R = 0.67 (0.5% MeOH/CELCl,). *H NMR (600 MHz, CDC},

a red-brown solidRs = 0.78 (CHCI,). *H NMR (600 MHz, CDC},
20°C): 6 (ppm) 9.54 (br, 2H, NH), 7.19 (dd] = 2.4, 1.8 Hz, 2H,
pyrrole-H), 6.78 (s, 4H, Ar-H), 6.64 (dd,= 2.4, 1.8 Hz, 2H, pyrrole-
H), 6.52 (s, 1H, CH), 4.06 (1] = 6.6 Hz, 8H, OCH), 4.00 (t,J = 6.6
Hz, 4H, OCH), 1.86 (tt,J = 7.8, 6.6 Hz, 8H, OChCH,), 1.76 (it,J
=17.8,6.6 Hz, 4H, OCKCH;,), 1.53-1.46 (m, 12H, OGH,CH;), 1.38-
1.26 (m, 96H, OGHeCsH16CHg), 0.89-0.87 (m 18H, OGH.CH).
UV/is (CH.Clz, Amax[nmM] (¢, 1 M~ cm™Y)): 521.0 (1.3). ESI-TOF-
MS: mvz (% intensity): 1506.20 (100, M— 1), 1507.20 (92, M).
Calcd for GsH16:BFoN2Og: 1507.23.

BF, Complex of 4d, 5d.To a CHCI, solution (40 mL) of4d (62.5
mg, 0.035 mmol) was added BPE% (49.7 mg, 0.350 mmol) and
was stirred for 10 min at room temperature. After removal of the
solvent, flash silica gel column chromatography (eluent: GHé&hd
recrystallization from ChLCl,/MeOH affordedsd (59.6 mg, 92%) as a
red-brown solid.R; = 0.78 (CHC}). *H NMR (600 MHz, CDC},
20 °C): 6 (ppm) 9.53 (br, 2H, NH), 7.19 (dd] = 2.4, 1.8 Hz, 2H,
pyrrole-H), 6.78 (s, 4H, Ar-H), 6.64 (dd,= 2.4, 1.8 Hz, 2H, pyrrole-
H), 6.52 (s, 1H, CH), 4.06 (1 = 6.6 Hz, 8H, OCH), 4.00 (t,J=6.6
Hz, 4H, OCH), 1.86 (tt,J = 7.2, 6.6 Hz, 8H, OCKLCH,), 1.76 (tt,J
=17.2,6.6 Hz, 4H, OCKCH;,), 1.53-1.46 (m, 12H, OgH,CH;), 1.38-
1.26 (M, 144H, OGHC12H24CHs), 0.89-0.86 (M, 18H, OGHz,CH).
UVNis (CH,Cla, Amax[nM] (e, 1® Mt cm™Y)): 521.0 (1.2). ESI-TOF-
MS: m/z (% intensity): 1842.55 (89, M — 1), 1843.55 (100, M).
Calcd for GigHooBF2N-Og: 1843.61.

X-ray Single-Crystal Analysis. Crystallographic data foBa, 3b,
3b', 3¢, 5a 3aTPACI, and5a-TBACI are summarized in Tables 3

20 °C): 6 (ppm) 9.54 (br, 2H, NH), 7.20 (dd] = 2.4, 1.8 Hz, 2H,
pyrrole-H), 6.79 (s, 4H, Ar-H), 6.65 (dd,= 2.4, 1.8 Hz, 2H, pyrrole-
H), 6.52 (s, 1H, CH), 4.06 (§ = 6.6 Hz, 8H, OCH), 4.00 (t,J = 6.6
Hz, 4H, OCH), 1.85 (tt,J = 7.2, 6.6 Hz, 8H, OCKCH,), 1.76 (it,J
=17.2,6.6 Hz, 4H, OCBCHy), 1.56-1.47 (m, 12H, OGH,CH;), 1.40-
1.29 (m, 48H, OGHsC4HsCHjz), 0.90-0.88 (m, 18H, OGH1,CHg). UV/
Vis (CH.Cly, Amax[nM] (¢, 1 M~ cm™)): 521.0 (1.2). FABMS:m/z
(% intensity): 1170.6 (100, N). ESI-TOF-MS (% intensity):m/z
1169.84 (100, M — 1), 1170.84 (73, M). Calcd for GiHuiz
BFQNzOgZ 1170.86.

and 4. A single crystal ddawas obtained by vapor diffusion of hexane
into a CHCICH,CI solution of 3a. The data crystal was an orange-
colored prism of approximate dimensions 0.30 mrd.20 mmx 0.10
mm. A single crystal o8b was obtained by vapor diffusion of hexane
into a CHCICH,CI solution of 3b. The data crystal was an orange-
colored prism of approximate dimensions 0.40 mr.20 mmx 0.10
mm. A single crystal oBb' was obtained by vapor diffusion of pentane
into a CHCI; solution of3b’. The data crystal was an orange-colored
prism of approximate dimensions 0.55 mm0.50 mmx 0.05 mm. A
single crystal of3c was obtained by vapor diffusion of hexane into a
BF, Complex of 4c, 5¢.To a CHCI; solution (30 mL) of4c (123.8 CH_CI; solution of3cwith a small amount of toluene. The data crystal
mg, 0.085 mmol) was added BPEL (120.4 mg, 0.85 mmol) and was a yellow prism of approximate dimensions 0.55 mnd.30 mm
was stirred for 10 min at room temperature. After removal of the x 0.10 mm. A single crystal dbawas obtained by vapor diffusion of
solvent, flash silica gel column chromatography (eluent:>Cly) and hexane into a CKCICH;CI solution of5a. The data crystal was a red
recrystallization from CHCI,/MeOH afforded5c (121.3 mg, 95%) as prism of approximate dimensions 0.30 mm0.10 mmx 0.05 mm. A
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Table 4. Crystallographic Details for Compounds 3a-TPACI, and 5a-TBACI

3aTPACI 5aTBACI
formula GsHi17/B FzNzOz‘TPACl'CzHA,Clz CogHogBFoN 203'TBAC|'O.5C2H4C|2
fw 722.95 909.74

crystal size, mm

0.50x 0.10x 0.01

0.40x 0.20x 0.10

crystal system monoclinic triclinic
space group P2:/n (no. 14) P1 (no. 2)
a, 12.775(4) 12.138(3)
b, A 8.536(3) 20.055(6)
c, A 35.084(11) 20.264(5)
o, (deg) 90 85.480(11)
B, (deg) 92.675(11) 78.711(9)
y, (deg) 90 80.498(10)
V, A3 3822(2) 4765(2)
Pcalea g-CM™3 1.257 1.268

4 4
T,K 123(2) 123(2)
u(Mo Ka)), mm2 0.285 0.198
reflns 27954 44186
unique reflns 6713 20883
variables 637 1137
AMo—Ka 0.71075 0.71075
Ri (1 > 20(1)) 0.0724 0.0816
WR (I > 20 (1)) 0.1190 0.1914
GOF 0.856 1.032

single crystal oBa-TPACI was obtained by vapor diffusion of hexane IiDtl):_Td(':aIcuIaticI)ns. Ab initio ca_lcctijlatiogs oBa-cand their F agd
into a CHCICH,CI solution of the equivalent mixture 8aand TPACI. CI” binding complexes were carried out by using Gaussian 03 prégram

The data crystal was an orange prism of approximate dimensions 0.50anq an HP Compaq dc5100 S'_:F computer. The structures were
mm x 0.10 mm x 0.01 mm. A single crystal obaTBACI was optimized, and the total electronic energies were calculated at the

obtained by vapor diffusion of hexane into a &HCH,CI solution of B3LYIP level using a 6-31G** basis set for receptors andt 1] anion
the equivalent mixture ddaand TBACI. The data crystal was an orange Complexes. . )
prism of approximate dimensions 0.40 murD.20 mmx 0.10 mm. In Acknowledgment. This work was supported by Grant-in-
each case, data were collected at 1248 8b, 3c, 30, 3a=TPACI, and Aid for Young Scientists (B) (No. 17750137) and Scientific
5a- TBACI) or 293 (5a) K on a Rigaku RAXIS-RAPID diffractometer Research in a Priority Area “Super-Hierarchical Structures” (No.
with graphite monochromated ModKradiation ¢ = 0.71075 A), the 18039038, 19022036) from the Ministry of Education, Culture,
structure was solved by direct method, and the non-hydrogen atomsgports, Science and Technology (MEXT), Nissan Science
were refined anisotropically. The calculations were performed using o ndation. and the “Academic Erontier” Project for Private
the Crystal Structure crystallographic software package of Molecular Universities’ namelv the matching fund subsidy from the MEXT
Structure Corporation. CIF files (CCDC-639766-639770, 646480, ' y g_ y o !
; 2003-2008. We thank Prof. Atsuhiro Osuka, Mr. Shigeki Mori,
639771 for3a, 3b, 3c, 3b', 53 3aTPACI, and5a-TBACI) can be d Mr. Shohei Saito. Kvoto Uni ity for X |
obtained free of charge from the Cambridge Crystallographic Data an r 9 e'_ aio, Kyoto University, Qr _-ray analyses,
Centre via www.ccdc.cam.ac.uk/data_request/cif. Prqf. H|rosh| Shinokubo and Mr. Masatoshi Mizumura, quto
Stopped-Flow Measurements Stopped-flow measurements were UnlverS|ty, for ESI'TOF'MS, measurements, Dr. Tomohiro
Miyatake, Ryukoku University, for FAB-MS measurements,

carried out using a Unisoku Stopped-flow Rapid-scan Spectroscopy / g ) h
System RSP-1000. Prof. Takashi Hayashi and Dr. Takashi Matsuo, Osaka Univer-

Atomic Force Microscopy (AFM). AFM measurements were sity, fqr s_topped_-flow m_easure_ments, I_Drof. _Tadashi Mizoguchi,
carried out using an SIl EPA-400 with an SPI 4000 Probe Station in Df- Michio Kunieda, Ritsumeikan University, foH DOSY
dynamic force mode (tapping mode). measurement, and Prof. Hitoshi Tamiaki, Ritsumeikan Univer-

Scanning Electron Microscopy (SEM).SEM images were obtained ~ Sity, @nd Dr. Jonathan P. Hill, NIMS, for helpful discussions.
with a HITACHI S-4800 scanning electron microscope at acceleration  Supporting Information Available: Anion binding behaviors
voltages of 15 kV. A gold-coated quartz plate as well as silicon (100) (spectral changes and optimized structures) gfbfged
was used as substrate, and a platinum coating was applied using &|igopyrrole derivatives, characteristic properties of supramo-
HITACHI E-1030 ion sputterer. lecular organogel formation, CIF files for the X-ray structural

X-ray Diffraction Analysis (XRD). XRD measurements were analysis of3a—c, 3b', 5a, 3aTPACI, and5aTBACI, and

examined using a RIGAKU RINT Ultima Il X-ray diffractometer.  complete ref 22. This material is available free of charge via
Octane gels obd were dropped on a glass plate for XRD, left to dry the Internet at http://pubs.acs.org

at 60 °C under high vacuum, and aged at°6 for 12 h, and the
observations were performed at room temperature. JA074435Z

13674 J. AM. CHEM. SOC. = VOL. 129, NO. 44, 2007



