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Diol-substituted boron complexes of dipyrrolyl diketones as anion
receptors and covalently linked ‘pivotal’ dimers
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Diol-substitution at a boron unit results in the formation of anion
receptors consisting of dipyrrolyl diketones and covalently
linked dimers, which exhibit selective binding for dianions with
appropriate lengths.

Regularly arranged multiple binding sites in m-conjugated
oligomeric systems' are fascinating as efficient receptors for
polyionic species. One of the advantages of receptors based on
n-conjugated oligomers is that they have amplifying properties
that are sensitive to subtle perturbations caused by guest
species. Among the various external stimuli, inorganic and
organic anions such as halide, acetate and phosphate, which
are involved in many biological processes, are essential for
enzymatic activities, hormone transportation, protein synthesis
and DNA regulation.”® The simple acyclic geometries of
oligopyrrole receptors make them suitable for use even with
anionic species having various conformation changes and their
binding behaviours can be modulated by the structural mod-
ifications.* We have reported the synthesis of pyrrole oligomers,
such as BF, complexes of 1,3-dipyrrolyl-1,3-propanediones
(e.g., 1a,b, Fig. 1(a)),>® in which anions are efficiently bound
by the inversion of pyrrole rings. According to the number of
monomeric units, covalently linked oligomeric systems can
exhibit not only efficient binding behaviours for biotic poly-
anions but also anion-controllable dynamic conformation
changes. The replacement of fluorine substituents in a boron
moiety by 1,2-diol units such as ‘catechol’ derivatives enables
the attachment of acyclic anion receptors to the m-conjugated
‘backbone’.” In this communication, we report the synthesis
and anion binding properties of diol-substituted boron com-
plexes of dipyrrolyl diketones and covalently linked dimers.
We synthesized catechol-substituted receptors 2a and 2b
(Fig. 1(a)) in 22 and 68% yields, respectively, from the corre-
sponding dipyrrolyl diketones®® by treatment with BCl; and
then with excess catechol in refluxing CH,Cl,. The B-O
linkages were fairly stable and therefore the structures of the
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receptors were maintained during purification by silica gel
column chromatography. We determined the chemical identi-
ties of 2a and 2b by '"H NMR and FAB-MS. A singlet signal
was observed at 8.45 ppm in the "B NMR spectrum of 2b in
CDCl;. The signal exhibited a downfield shift in comparison
with the singlet signal of 1b, which appeared at 0.44 ppm.” The
UV/Vis absorption spectra of 2a and 2b in CH,Cl, exhibited
the absorption maxima (4,,x) at 435 and 454 nm, respectively.
These values were red shifted by 2-3 nm in comparison with the
maxima of the corresponding BF; complexes: unsubstituted 1a
(432 nm) and B-ethyl 1b (452 nm). Further, compared with the
high-intensity fluorescence of 1b at 471 nm (A, excited at

420 nm; emission quantum yield: &g = 0.98), the weak
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Fig. 1 (a) Dipyrrolyl diketone boron complexes (1-3) and their anion
binding scheme and (b) single-crystal X-ray structures (top and side
views) of (i) 2a, (ii) 2b and (iii) 2b’. Atom colour code: brown, pink,
yellow, blue and red represent C, H, B, N and O, respectively.
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fluorescent emission of 2b observed at 474 nm (/. excited at
420 nm; @ = 0.026) was attributed to the quenching path of
the intramolecular electron transfer involved in the HOMO
and HOMO— 1, which were localized at catechol moiety.'® This
observation was consistent with the higher value of &g = 0.82
(Zem = 458 nm excited at 440 nm) of pinacol-substituted
analog 2b’, whose frontier orbitals were localized only at the
n-conjugated receptor unit, possibly due to the sp® diol moiety.

X-Ray diffraction analyses of 2a, 2b and 2b’ revealed that
their structures consisted of five-membered rings including two
diol oxygens (Fig. 1b).1 The two pyrrole NH sites of 2a and 2b
were oriented in the same direction as the diketone oxygen sites
and had intramolecular hydrogen bondings, as observed in the
reported BF, derivative 1a; in contrast, intriguingly, in 2b’, one
of the pyrrole rings was oriented in the opposite direction in the
solid state. In a manner similar to 1a, the ‘BO,’ complexes 2a, 2b
and 2b’ formed 1-D assembled chain structures by intermole-
cular interaction between pyrrole NH and catechol oxygens.

The anion binding property of 2b, which was fairly soluble
in ordinary organic solvents, was investigated by studying the
changes in the UV/Vis absorption spectrum in CH,Cl, upon
the addition of anions in the form of tetrabutylammonium
(TBA) salts. For example, when H,PO,  was added to
CH,Cl,, it was observed that the absorbance at /.«
(454 nm) decreased and A, shifted to 459 nm. The binding
constants K, of 2b (and the ratios to the K, values of 1b°) for
several anions were 2300 (0.34) (C17), 270 (0.23) (Br™), 33000
(0.10) (CH3CO,7), 67000 (0.74) (H PO, ) and 80 (0.07)
(HSO,") mol~! dm®. These values were obtained possibly
because the electronegativity of catechol oxygens (2b) was
lower than that of fluorines (1b). The K, values of pinacol-
substituted 2b’ for anions were comparable to those of 2b in
CH,Cl,: 1800 (Cl17), 350 (Br ), 23000 (CH,CO, ), 21000
(H,PO, ") and 280 (HSO, ") mol ' dm?. The binding stoichio-
metry (1 : 1) was determined by using a continuous titration
method. The relatively low stability of the preorganized
geometry of 2b (5.32 kcal mol™'), which had two inverted
pyrrole rings, was comparable to that of 1b (4.98 kcal mol ™),
as estimated by the DFT calculations.'”

The substitution at a boron unit by the vicinal hydroxyl
groups of various functional units enabled the formation of new
derivatives. For example, nitro-substituted receptors 3a and 3b
(Fig. 1(a)) were obtained in 24 and 23% yields, respectively,
using procedures similar to those used for 2a and 2b. The
absorption maxima (4y,,x) and emission maxima (Ae, excited at
Amax) Of 3b in CH,Cl, were 466 and 492 nm, respectively, and
they were red shifted at 11 and 18 nm in comparison with the
maxima (Apa and Aey,) of 2b. The &y value of 3b was
determined to be 0.13. This value was higher than that of 2b
possibly because of the lower levels of MO in the catechol
moiety of 3b and, consequently, the smaller interactions with
the frontier orbitals of the receptor moiety. The K, values for
anions of B-ethyl-substituted 3b were higher, due to the effect of
electron-withdrawing nitro groups, than those of 2b in CH,Cl,.
The K, values of 3b were 46000 (CI™), 5400 (Br™), 1300000
(CH;CO, "), 150000 (H,PO, ") and 2300 (HSO, ) mol ' dm?>.

We synthesized the ditopic receptors 4a and 4b (Fig. 2(a)) in
11 and 38% yields, respectively, by the treatment of intermediate
BCl, complexes with p-phenylene-bridged dicatechol.!' These

receptors were extended systems bridged by ‘spacer’ moieties
between the acyclic anion receptors. The structure of 4b was
determined by "H NMR (CDCls), wherein a signal attributed to
the centre aryl moiety appeared as a single peak at 7.88 ppm at
—60 °C. This suggested that the rotation around the terphenyl-
bridge was rapid for the NMR time scale. The UV/Vis absorp-
tion spectrum of 4b in CH,Cl, at 453 nm was similar to that of
monomer 2b, thereby corroborating the observation that no
significant interactions existed between the two receptor units.
Further, single-crystal X-ray analysis of 4b (4b(i)) suggested that
both the receptor units were oriented in the same direction so
that a Il-shaped syn conformation was generated with an
intramolecular B-B distance of 8.68-9.17 A (Fig. 2(b)).§"* On
the other hand, a single crystal from CHCls/octane (4b(ii)),
which was not of high enough quality for detailed analysis,
generated conformations where all four pyrrole rings were
inverted and the NH groups were pointing away from the boron
site (see ESIT).4'? In the solid data, any hydrogen bonding
interactions of pyrrole NH were not observed.

The changes in the "H NMR spectra of the terphenyl-bridged
dimer 4b in CDCl; at —50 °C indicated stepwise but fairly
complicated binding for ordinary monoanions. Due to the appro-
priate locations of the two receptor units, 4b showed the [1 + 1]
binding for linear dicarboxylates (TO,C(CH,),CO,™, n = 2-6).
Some of these carboxylates are essential factors in biotic process.'
The K, values for succinate (n = 2), glutarate (n = 3), adipate
(n = 4), pimelate (n = 5) and suberate (n = 6) as their TBA salt
forms in CH,Cl, were 19000, 72000, 810000, 2600000 and
440000 mol~! dm?, respectively. The minimum and maximum
distances between carboxylate oxygens estimated by the DFT
calculation at B3LYP/6-31 +G(d,p) level'® are 4.90 and 591 A
(n=2),578 and 728 A (n = 3), 7.21 and 8.58 A (n = 4), 8.05
and 990 A (n = 5) and 9.65 and 1122 A (n = 6). This
observation suggested that the distance between the receptor units
(ca. 9 A) was crucial in the determination of the selectivity of the
dianions. The binding stoichiometry (I : 1) of 4b and the

Fig. 2 (a) Schematic representation of dimers 4a,b, (b) single-crystal
X-ray structure (one of the four conformations) of 4b (4b(i)) and (c)
optimized structures of 4a-("O,C(CH,),CO,") (n = 4-6) at AMI
level. Atom colour code: grey, white, pink, blue and red represent C,
H, B, N and O, respectively, in (c).
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dicarboxylates were determined using methods similar to those
used for 2b, although the exact binding mode could not be
determined due to complicated changes in the "H NMR spectrum.
Instead, the binding mode of the dimer for dicarboxylates (n =
4-6) was estimated by the AMI calculations'® of the complexes
using unsubstituted 4a (Fig. 2(c)). In the optimized structures, the
dihedral angles between two receptor planes that consisted of 16
core atoms were 24.37° (n = 4), 11.74° (n = 5) and 15.88° (n = 6);
the conformation closer to being parallel in the pimelate binding
complex was consistent with the selectivity. The guest dicarboxyl-
ates also underwent the conformation changes due to the interac-
tion with the receptor dimer. The minimum and maximum
distances between the carboxylate oxygens were changed from
the values in anion-frec states to 649 and 690 A
(n = 4), 845 and 9.06 A (n = 5) and 8.40 and 925 A (n = 6),
respectively. The observation that pimelate exhibited the relatively
smaller conformation change between the binding state and the
free state also suggested that the preferred interaction of the
receptor dimer with pimelate. Additionally, it was observed that
the odd number of methylene units in pimelate was an essential
factor for selective binding; this was confirmed by the changes in
the structures of adipate and suberate due to their even number of
methylene units. These observations suggest the [I + []-type
binding mode between the receptor dimer and dicarboxylates.
Further, appropriate spacer units between multiple receptor units
will enable selective binding and formation of various binding
modes for a variety of existing polyanions including biotic ones.

In summary, we have synthesized monomer and dimer
systems of m-conjugated acyclic anion receptors by diol-
substitution in a boron unit. In contrast to a-linked oligomers,'*
systems based on the ‘BO,” complexes in this report behave as
genuine multitopic receptors that can be incorporated in var-
ious macromolecules such as polymers. The utilization of these
systems as receptors is currently under investigated.
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