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a-Alkyl-substituted dipyrrolyldiketones have exhibited anion
binding behaviours with pyrrole rotations, whose rates de-
pend on the alkyl chain lengths.

Conformation changes by external stimuli can potentially be
used as strategies to realize the formation of molecular ma-
chines and devices.1 As subunits comprising stimuli-responsive
molecules, acyclic systems with binding abilities appear to be
more appropriate than cyclic systems for exhibiting flexible
transformations that are controlled by guest species.2 Among the
various available external stimuli, inorganic and biotic anions such
as halides, acetates and phosphates, ubiquitous in biology, are
essential for aspects such as the activity of enzymes, transport
of hormones, protein synthesis and DNA regulation.3,4 Acyclic
anion receptors, potential building subunits for macromolecular
systems, are required to dynamically change their conformations
for binding.5,6 As p-conjugated ‘binding sites’ responsive to anions,
boron complexes (e.g., 1a–d, Fig. 1)7–9 based on 1,3-dipyrrolyl-1,3-
propanediones10–12 act as efficient acyclic anion receptors by the
‘inversion’ of pyrrole rings from the most stable conformations.
For example, a-aryl-substituted receptors with long aliphatic
chains constitute anion-responsive supramolecular organogels.9

Therefore, the chemical modification of the periphery would
control the anion binding properties and behaviours related to

Fig. 1 Structures of BF2 complexes of dipyrrolyldiketones as acyclic
anion receptors.
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the transformation of p-conjugated systems. The synthesis and
anion binding properties of a-alkyl-substituted receptors (2a1–16,
Fig. 1) are reported in this communication, wherein we also focus
on the rate constants, estimated by stopped-flow measurements,
for anion binding depending on the alkyl chain lengths.

Similar to the synthesis procedures for 1a–d, a-alkyl-substituted
receptors 2a1–16 have been synthesized in modest yields by
the condensation of a-alkylpyrroles13,14 and malonyl chloride
followed by treatment with BF3·OEt2. As compared to the UV–
vis absorption maximum of 1a (432 nm), those of 2a1, 2a2
and 2a4–16 in CH2Cl2 are observed at 453, 455 and 457 nm,
respectively, suggesting that the alkyl chains slightly red-shift each
absorption maximum. Emissions in the same solvent are observed
at, for example, 473 (2a1), 475 (2a2) and 477–478 (2a4–16) nm,
excited at each absorption maximum, with high quantum yields
(2a1–16) within the range of 0.92–0.98. Cylic voltammetry (CV)
analyses of 2a1 and 2a2 in CH3CN with TBAClO4 as an electrolyte
reveal a reversible reduction potential at −1.65 (E1/2) V (Fc+/Fc)
and irreversible oxidation potential at 0.77 (Ep) V, which are
comparable to the potentials of b-ethyl 1c at −1.74 (E1/2) and
irreversible 0.85 (Ep) V, suggesting that the oxidation process may
afford oligomeric compounds possibly linked at the free pyrrole
position(s).

The solid-state structures of 2a1, 2a2 and 2a4 have been
determined by single-crystal X-ray analysis (Fig. 2).§ Similar to
other derivatives,8,9 each molecule shows the conformation with
two pyrrole NH facing the carbonyl oxygen. Among these a-alkyl-
substituted derivatives, 2a4 locates two butyl chains unsymmetri-
cally, suggesting flexible side alkyl chains. Molecular assemblies
using hydrogen bonding between N–H · · · F–B were observed in
these cases: the distances between N(–H) · · · F are 2.863–2.871 Å

Fig. 2 Single-crystal X-ray structures (top and side views) of (a) 2a1, (b)
2a2 and (c) 2a4. One of the independent molecules is represented in (a) and
(b). Atom colour code: brown, blue, pink, red, yellow and green represent
carbon, nitrogen, hydrogen, oxygen, boron and fluorine, respectively.
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for 2a1, 2.844–2.964 Å for 2a2 and 2.896–2.980 Å for 2a4. In
addition to the ‘flat’ dimers observed in 2a1 and 2a4 as well as 1a
and 1d, a-ethyl 2a2 also forms edge-to-face assemblies. The self-
assemblies using NH and BF that are observed in these molecules
are found to form supramolecular organized structures as crystals
and soft materials. These a-alkyl-substituted 2a1, 2a2 and 2a4 also
construct slipped p–p stacking structures that are essential for the
derivatives with long aliphatic chains to fabricate supramolecular
organogels.9 Further, the absorption spectra of solid 1a, 2a1 and
2a2 crystallised from CH2Cl2–hexane dispersed in nujol, which
partially dissolves other receptors 2a4–16 to give complicated
spectra, are observed at 440 nm (with a minor peak at 480 nm),
458 nm (with a shoulder at 488 nm) and 458 nm, respectively.
These electronic situations in the solid state are consistent with
various packing diagrams from the single-crystals of 1a, 2a1
and 2a2.

The anion binding of BF2 complexes of dipyrrolyldiketones
(Scheme 1) was suggested by the 1H NMR spectral changes of, for
example, 2a2 upon the addition of Cl− as a tetrabutylammonium
salt in CD2Cl2, wherein the signals of NH and bridging CH at
9.38 and 6.42 ppm vanish and the corresponding signals of the
complexes newly emerge at 11.92 and 8.30 ppm, respectively. In this
case, the interaction of a-alkyl chains with anion was not observed
even at −50 ◦C. The binding constants (Ka) of unsubstituted
1a and a-substituted 2a1–16 summarized in Table 1 have been
determined by the UV–vis absorption spectral changes in CH2Cl2;
kmax of 2a2 at 455 nm is shifted to 456 and 459 nm upon the addition
of Cl− and CH3CO2

−, respectively, with the smaller absorbances.
The Ka values depend on the alkyl chain lengths; Ka of 1a are
comparable to those of b-fluorinated 1d (26 000, 1700, 960 000
and 190 000 mol−1 dm3 for Cl−, Br−, CH3CO2

− and H2PO4
−) and

are larger than that of 2a1 and other receptors. The effects of alkyl
chains were observed remarkably in the binding of large anions
such as CH3CO2

− and H2PO4
−; for example, Ka of 1a for CH3CO2

−

is 930 000 mol−1 dm3, which is 4.2 and 5.5 times larger than those of

Scheme 1 Anion binding of BF2 complexes of dipyrrolyldiketones.

Table 1 Binding constants (Ka, mol−1 dm3) of 1a and 2a1–16 for anions
in CH2Cl2 and the ratios to that of 1a (in the parentheses)

Cl− Br− CH3CO2
− H2PO4

−

1a 15 000 2100 930 000 270 000
2a1 6000 (0.40) 1200 (0.57) 220 000 (0.24) 150 000 (0.56)
2a2 4700 (0.31) 870 (0.41) 170 000 (0.18) 76 000 (0.28)
2a4 3500 (0.23) 790 (0.38) 160 000 (0.17) 30 000 (0.11)
2a6 3600 (0.24) 690 (0.33) 170 000 (0.18) 35 000 (0.13)
2a8 3200 (0.21) 690 (0.33) 140 000 (0.15) 27 000 (0.10)
2a10 3900 (0.26) 760 (0.36) 140 000 (0.15) 33 000 (0.12)
2a12 3900 (0.26) 750 (0.36) 130 000 (0.14) 29 000 (0.11)
2a14 3300 (0.22) 730 (0.35) 120 000 (0.13) 24 000 (0.09)
2a16 4000 (0.27) 680 (0.32) 110 000 (0.12) 20 000 (0.07)

2a1 (220 000 mol−1 dm3) and 2a2 (170 000 mol−1 dm3), respectively.
These observations suggest that side alkyl chains could interfere
with the anion binding possibly due to the electron donating
properties.

In contrast to the 1-D chains bridged by anions that are observed
in the solid state structures of 1a·Cl− (Fig. 3a) and 1d·Cl−,8 a-aryl
receptors have exhibited ‘pentacoordinated’ binding by using the
o-CH of the aryl rings as well as pyrrole NH and bridging CH
sites (Fig. 3b).9 In the case of a-unsubstituted 1a,d, the binding
modes in the solid state are quite different from the ‘tricoordinated’
fashions in the solution as well as the optimized structures by
DFT calculations. Similarly to the a-aryl-substituted receptors,
the single-crystal X-ray structure of 2a2·Cl− exhibits the ‘syn’ form
with tricoordinated geometry (Fig. 3c); the lengths of N(H) · · · Cl
and C(H) · · · Cl are 3.305–3.346 and 3.521 Å for 2a2·Cl−, possibly
due to the supportive interactions of the side ethyl chains for
the anion.¶ Cl− anions are located near the side CH2 moiety at
C · · · Cl distances of 4.195–4.324 Å. Further, the neighbouring Cl−

anions are located at a distance of 5.881 Å, associated with the two
cavities of the receptors, and they are ‘covered’ by two TBA cations,
possibly due to the less bulky ethyl moieties. The binding modes
in the solid state were also observed in the solution state and were
also supported by the optimized structures. These observations in
X-ray analysis have revealed that the peripheral alkyl substituents
such as a-aryl moieties could stabilize the anion complex using
two pyrrole NH and bridging CH under the conditions without
solvents.

Fig. 3 (a) 1-D infinite chains bridged by anions of 1a·Cl−,8 (b) penta-
coordinated geometry of Cl− complex of phenyl-substituted receptors9

and (c) tricoordinated geometry of 2a2·Cl− in the solid state (Cl anion is
represented by yellow-green spheres). In all cases, counter cations (Bu4N+

(a,c) and Pr4N+ (b)) and solvents are omitted for clarity.

DFT studies also estimated the relative stabilities of the
‘preorganized’ conformations, adequate for anion binding, with
two ‘inverted’ pyrrole rings.15 The preorganized structures of 2a1,
2a2, 2a3 (a-propyl-substituted receptor, not synthesized), 2a4, 2a6
and 2a8 are estimated to be less stable than the structures with two
pyrrole NH facing carbonyl oxygens at 9.19, 9.12, 9.27, 9.16, 9.17
and 9.10 kcal mol−1, which are almost similar to the a-free 1a (9.08
kcal mol−1). These calculations suggest that the smaller Ka values
in the derivatives with longer alkyl chains are possibly due to their
electron-donating properties located next to the binding NH sites.
Furthermore, the optimized structures of the Cl− complexes of
2a1–4, 2a6 and 2a8 suggest that the interaction between the anion
and aliphatic moieties is not so significant.
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The acyclic receptors shown in this report are required to invert
their pyrrole rings to the same side in order to bind anions; this
characteristic point would affect the binding kinetics according to
the peripheral substituents. Therefore, we have attempted to esti-
mate the rate constants of the anion binding process by stopped-
flow measurements.9,16 The rate constants of anion binding cannot
be determined by 1H NMR exchange studies readily due to the
equilibrium of the host–guest complexation. As derived via pseudo
first order k′ with excess Cl−, the second order rate constants
k (mol dm−3 s−1) of Cl− binding in CH2Cl2 at r.t. have been
determined to be 6.7 × 105 (1a), 2.5 × 105 (2a1), 1.9 × 105 (2a2) and
1.3 × 105 (2a4–16), respectively. The k values are smaller depending
on the alkyl chain lengths, although they appear to be saturated in
the receptors 2a4–16. The rate constants for anion binding would
be affected by the electron-donating properties of alkyl chains,
to afford more rigid C(sp2)–C(sp2) linkage between pyrrole and
boron-diketone units, as well as their bulkiness. In fact, correla-
tions between the ‘gradients’ in k and Ka (Table 1) are observed.

The anion binding behaviours have also been investigated in a-
perfluorobutyl-substituted receptor 2b4, synthesized by the n-C4F9

substitution of 1a using C4H9I, H2O2 and FeSO4.17 The binding
constants (Ka) of 2b4 and the ratios to a-butyl 2a4 (parentheses)
for Cl−, Br−, CH3CO2

− and H2PO4
− in CH2Cl2 are 56 000 (16),

4700 (5.9), 270 0000 (16) (with ca. 40% error due to an extremely
large Ka value) and 560 000 (19) mol−1 dm3, respectively. The
affinities of 2b4 for anions are about twice as large as those of b-
fluorinated 1d. These Ka augmentations in 2b4 as compared to 1d
are possibly derived from the effective electron-withdrawing effect
at a-substituents as well as the relatively preferable preorganized
structure of 2b4 as compared to 1d as seen in the less stable values
of 7.59 (2b4) and 15.04 (1d) kcal mol−1.

In summary, we have controlled anion binding properties
such as rate constants (k) as well as binding constants (Ka) by
introducing alkyl chains at the periphery. Furthermore, an effective
binding system with electron-withdrawing perfluoroalkyl moieties
has also been obtained. a-Substituents such as alkyl chains, which
interfere with the extension to the covalently-linked oligomeric
systems, would afford more stable receptors due to the ‘lack’
of reactive free a-positions. Long aliphatic chains would enable
the incorporation of these acyclic anion receptors into functional
materials systems. This is currently being investigated.
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Mãnez and F. Sancenón, Chem. Rev., 2003, 103, 4419; P. A. Gale and
R. Quesada, Coord. Chem. Rev., 2006, 250, 3219.

5 P. A. Gale, Acc. Chem. Res., 2006, 39, 465.
6 K. Kavallieratos, S. R. de Gala, D. J. Austin and R. H. Crabtree, J. Am.

Chem. Soc., 1997, 119, 2325; C. B. Black, B. Andrioletti, A. C. Try,
C. Ruiperez and J. L. Sessler, J. Am. Chem. Soc., 1999, 121, 10438; P.
Anzenbacher, Jr., A. C. Try, H. Miyaji, K. Jursikova, V. M. Lynch, M.
Marquez and J. L. Sessler, J. Am. Chem. Soc., 2000, 122, 10268; F. M.
Pfeffer, K. F. Lim and K. J. Sedgwick, Org. Biomol. Chem., 2007, 5,
1795.

7 H. Maeda, Eur. J. Org. Chem., 2007, 5313.
8 H. Maeda and Y. Kusunose, Chem.–Eur. J., 2005, 11, 5661; C. Fujimoto,

Y. Kusunose and H. Maeda, J. Org. Chem., 2006, 71, 2389; H. Maeda
and Y. Ito, Inorg. Chem., 2006, 45, 8205; H. Maeda, Y. Kusunose, Y.
Mihashi and T. Mizoguchi, J. Org. Chem., 2007, 72, 2612.

9 H. Maeda, Y. Haketa and T. Nakanishi, J. Am. Chem. Soc., 2007, 129,
13661.

10 B. Oddo and C. Dainotti, Gazz. Chim. Ital., 1912, 42, 716.
11 W. M. Stark, M. G. Baker, F. J. Leeper, P. R. Raithby and A. R.

Battersby, J. Chem. Soc., Perkin Trans. 1, 1988, 1187.
12 H. Maeda, Y. Kusunose, M. Terasaki, Y. Ito, C. Fujimoto, R. Fujii

and T. Nakanishi, Chem.–Asian J., 2007, 2, 350; H. Maeda, Y. Ito, Y.
Kusunose and T. Nakanishi, Chem. Commun., 2007, 1136.

13 J. S. Yadav, B. V. Reddy, S. G. Kondaji, R. S. Rao and S. P. Kumar,
Tetrahedron Lett., 2002, 43, 8133.

14 R. Greenhouse and C. Ramirez, J. Org. Chem., 1985, 50, 2961.
15 Gaussian 03, Revision C.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel,

G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A. Montgomery, Jr.,
T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar, J.
Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G. A.
Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. Fukuda,
J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai,

This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 433–436 | 435



M. Klene, X. Li, J. E. Knox, H. P. Hratchian, J. B. Cross, C. Adamo, J.
Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R.
Cammi, C. Pomelli, J. W. Ochterski, P. Y. Ayala, K. Morokuma, G. A.
Voth, P. Salvador, J. J. Dannenberg, V. G. Zakrzewski, S. Dapprich,
A. D. Daniels, M. C. Strain, O. Farkas, D. K. Malick, A. D. Rabuck,
K. Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S.
Clifford, J. Cioslowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz,
I. Komaromi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y.

Peng, A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson,
W. Chen, M. W. Wong, C. Gonzalez and J. A. Pople, Gaussian, Inc.,
Wallingford CT, 2004.

16 J. Hirose, K. Inoue, H. Sakuragi, M. Kikkawa, M. Minakami, T.
Morikawa, H. Iwamoto and K. Hiromi, Inorg. Chim. Acta, 1998,
273, 204; M. Sato, T. Kanamori, N. Kamo, M. Demura and K. Nitta,
Biochemistry, 2002, 41, 2452.

17 B. Enrico and M. Ester, Tetrahedron Lett., 1993, 34, 3799.

436 | Org. Biomol. Chem., 2008, 6, 433–436 This journal is © The Royal Society of Chemistry 2008


