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Abstract—A new tripodal imidazolium ligand 2 comprising three 2,2’-bipyridine-imidazolium subunits connected through a mesityl
spacer has been synthesized and 1:1 complexes of 2 with Fe(II) and Ru(Il) ions have been prepared. '"H NMR spectroscopy includ-
ing NOE analysis and molecular modeling study established that the complexes exist as a pseudocryptand type twisted structure in
solution. The Fe(II) and Ru(II) complexes show strong 1:1 binding of C1™, Br™, and I" anions in MeCN-d; with a large enhance-
ment of the guest selectivity (CI” > Br~ >17) upon metal complexation.

© 2007 Elsevier Ltd. All rights reserved.

Metal-directed self-assembly has received considerable
attention in the area of molecular recognition and
supramolecular chemistry because of the efficiency pro-
vided for generation of well-defined structures.! In par-
ticular, there is an increasing interest in metal-templated
hosts, since the ability of a transition metal to organize
binding subunits around its coordination sphere has
emerged as a versatile strategy to create a specific recog-
nition site.> Such metal-induced cooperative systems
controlling their molecular recognition properties by
allosteric regulation have recently been reported by
several groups.>

On the other hand, molecular recognition of anions by
synthetic receptors is now an expanding field of re-
search.* Receptors with flexible multi-podal structures
have good affinity for guest species because the geo-
metry and orientation of the host molecule favors for-
mation of a stable host—guest complex. Our previously
reported tripodal receptor 1a, in which three imidazo-
lium (imd) groups compose an efficient binding subunit
for anions through electrostatic force and [C-H---X™]
type hydrogen bonding, also showed strong binding
ability for halide ions.’

Keywords: Anion recognition; [C-H---X"] hydrogen bonding; Allo-

steric effect; Pseudocryptand; Imidazolium.

* Corresponding author. Tel.: +81 426 77 2848; fax: +81 426 77
2821; e-mail: sato-kiyoshi@c.metro-u.ac.jp

0040-4039/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.tetlet.2006.12.118

We present herein the formation of a metal-templated
pseudocryptand3®&hd  type host by complexation
between transition metal ions (Fe(II), Co(II), Ni(II), and
Ru(Il)) and new tripodal ligand 2, which were equipped
with 2,2'-bipyridine (bpy) units instead of the n-butyl
groups in 1b. And we also report preliminary results
of anion recognition properties of the pseudocryptand
Fe(I1)'* and Ru(II) complexes (2-Fe(II) and 2-Ru(Il)).

Compound 2 was prepared by the reaction of three
equivalents of 5-(bromomethyl)-2,2-bipyridine® with
1,3,5-tris(1-imidazolylmethyl)benzene’ in acetonitrile
followed by counterion exchange with NH4PFg
(Scheme 1).

The Fe(Il) complex of 2 was obtained by similar synthe-
sis with Fe(II)-tripode complexes.® To a solution of the
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Scheme 1. Synthesis of tripodal ligand 2.
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Figure 1. Absorption spectra of 2 (0.01 mM) in CH;CN-H,O0 (50:50
v/v) for varying FeSO,4 concentrations.

ligand 2 was added a solution of FeSO47H,0 in 50%
aqueous acetonitrile at room temperature to give char-
acteristic deep-violet complex with MLCT absorption
band at A, = 528 nm. The UV-vis titration indicated
1:1 metal-ligand complex formation (Fig. 1). After
exchange of the counterion using an aqueous solution
of NH,4PFg, the complex [2-Fe(I1)](PFe)s" was obtained
in a good yield (91%) and characterized by '"H NMR,
ESI-MS, and UV-vis spectroscopy and elemental analy-
sis. The Co(II) and Ni(II) complexes were also obtained
similarly.’

T{1,3,5-Tris[3-(2,2'-bipyridin-5-yl)methylimidozolio-1-methyl]ben-
zene}iron(Il) penta-hexafluorophosphate. 'H NMR (270 MHz,
CD;CN): o6 8.55 (d, J=8.4Hz, 3H, bpy-3), 8.55 (d, J=8.4Hz,
3H, bpy-3’), 8.22 (d, J=8.4 Hz, 3H, bpy-4), 8.11 (dd, /=84 and
7.5 Hz, 3H, bpy-4'), 7.71 (s, 3H, imd-4), 7.65 (s, 3H, benzene-H), 7.63
(s, 3H, imd-5), 7.43 (s, 3H, bpy-6), 7.43 (s, 3H, imd-2), 7.35 (dd,
J="7.5and 5.4 Hz, 3H, bpy-5'), 7.24 (d, J = 5.4 Hz, 3H, bpy-6'), 5.32
(d, J=14.6 Hz, 3H, imd-CH,.benzene), 5.27 (d, J = 14.6 Hz, 3H,
imd-CH,4-benzene), 5.10 (d, J=15.1 Hz, 3H, bpy-CH,,-imd),
4.87 ppm (d, J=15.1 Hz, 3H, bpy-CH,,—imd). UV-vis (CH;CN):
Jmax =528nm (¢=53x10°M'em™), 302nm (¢=5.9x%
10* M~ em™"). MS (ESI) m/z 1462 [M—PF4]", 658 [(M—2PF4)/2]".
Anal. Calcd for Cs HysNoPsF3oFe: C, 38.12; H, 2.82; N, 10.46.
Found: C, 38.15; H, 2.97; N, 10.43.

2¢Fe(ll) : 91%
2+Co(ll) : 91%
2eNi(ll) : 41%
2+Ru(ll) : 46%

Scheme 2. Synthesis of metal complexes 2-M(II).

In the case of the Ru(II) complex, self-assembly into the
pseudocryptand structure is much more difficult due to
slow ligand substitution between Ru(Il) ion and bpy.
The complex was prepared by the reaction of equimolar
amounts of 2 and Ru(DMSO)Cl, in ethylene glycol/
DMF (5:2) at 90 °C for 6 h. After counterion exchange
into PF;~ salt, the crude product can be purified by
gel-column chromatography on Sephadex® LH-20 elut-
ing with acetonitrile-methanol (1:1). The red-orange
colored [2:Ru(Il)[(PF4)s* was isolated in 46% yield
(see Scheme 2).

Complexation of the metal ion rigidifies the ligand and
induces pronounced changes in the '"H NMR spectrum
(Fig. 2). In the case of [2-Fe(I1)](PF¢)s, the signals of
the 6,6’-protons of bpy subunits are moved upfield by
A0 =126 and 1.43 ppm, respectively. This strong
shielding is due to octahedral complexation of the bpy
subunits in which the 6,6’-protons ortho to the chelating
nitrogen atoms lie above the plane of neighboring bpy
units. The CH, signals, seen as two singlets in the free
ligand 2 at 6 =544 (bpy—-CH,-imd) and 5.31 ppm
(imd-CH,-benzene), are split into AB coupling patterns
upon complexation (Fig. 2, middle). This is due to the
fact that the CH,-protons locate unequivalently around
the C; symmetry axis of the complex in the NMR time
scale. The spectrum of [2-Ru(II)](PF¢)s is nearly identi-
cal to that of the [2-Fe(I1)](PF)s except for the chemical
shifts of 6,6’-protons. The signals for 6,6’-protons of
2-Ru(Il) are lower upfield shift by 0.2-0.4 ppm com-
pared with that of 2-Fe(Il). Such a difference between

£{1,3,5-Tris[3-(2,2'-bipyridin-5-yl)methylimidozolio-1-methylJben-
zene} ruthenium(Il) penta-hexafluorophosphate. "H NMR (270 MHz,
CD;CN): 6 8.52 (d, J = 8.6 Hz, 3H, bpy-3), 8.50 (d, J =8.1 Hz, 3H,
bpy-3'), 8.16 (d, J = 8.6 Hz, 3H, bpy-4), 8.04 (dd, J = 8.1 and 7.2 Hz,
3H, bpy-4'), 7.70 (s, 3H, imd-4), 7.67 (s, 3H, imd-2), 7.64 (s, 3H, imd-
5), 7.60 (s, 3H, bpy-6), 7.60 (s, 3H, benzene-H), 7.33 (dd, J = 7.2 and
5.3 Hz, 3H, bpy-5'), 7.59 (d, J=5.3Hz, 3H, bpy-6'), 528 (d,
J =14.3 Hz, 3H, imd-CH,,-benzene), 5.20 (d, J = 14.3 Hz, 3H, imd—
CH,benzene), 5.11 (d, J = 15.1 Hz, 3H, bpy-CH,4-imd), 4.88 ppm
(d, J=15.1Hz, 3H, bpy-CH,,—imd). UV-vis (CH;3;CN):
Imax =457nm (e=12x10*M'em™), 291 nm (¢ =8.2x
10* M~ em™!). Fluorescence (CH;CN): Amax = 640 nm. MS (ESI)
m/z 405 [(M*3PF(,)/3]+ Anal. Calcd for C51H45N12P5F30Ru: C,
37.08; H, 2.75; N, 10.18. Found: C, 37.13; H, 3.02; N, 9.95.
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Figure 2. '"H NMR spectra (270 MHz, 0.5mM in CD;CN) of 2
(upper), 2-Fe(Il) (middle), and 2-Fe(Il) with 1equiv of BusN"CI~
(bottom).

Fe(IT)(bpy)s and Ru(II)(bpy); complexes has been
observed and attributed to the size of the central metal
ions, that is, the smaller size Fe(Il) ion causes lager
shielding effect of bpy ligand than Ru(II) ion.5b<

Molecular modeling study (CAChe® ver4.4, MM3) of
the Fe(Il) complex predicted two stable structures as
shown in Figure 3. The structure A, in which twisting
conformation turns at the CH, linker of bpy-CH,-
imd, is slightly stable (ca. 2 kcal/mol) than the structure
B, which has an overall helical conformation around the
central benzene/Fe axis. However, NOE measurement
in CD3;CN confirmed that the Fe(II) complex predomi-
nantly exists in the structure A in the solution. When the
upper field bpy—CH»—imd proton (Hb) was irradiated,
strong NOE interactions are observed with bpy-6 and
imd-2 protons, while the other lower-side proton (Ha)
shows same strong NOE interactions with bpy-4 and
imd-4 protons (Scheme 3). These observations are con-
sistent with the structure A.

The recognition of anions was investigated using 'H
NMR titration. The addition of 1 equiv of tetrabutyl-
ammonium chloride to a CD3;CN solution of 2-Fe(II) re-

Figure 3. Two energy optimized structures (CAChe®, MM3) of
2-Fe(Il). Structure A is slightly stable than structure B.

Scheme 3. The strong intra-ligand NOE signals in 2-Fe(II).

sulted in significant downfield shifts of the C(2)-H of
imidazolium (imd-2) and 6-proton of bipyridine (bpy-
6) units up to Ad =2.67 and 0.30 ppm, respectively,
and gave rise to large separation of CH, signals (Hc
and Hd) of the imd-CH,-benzene (Fig. 2, bottom). Fur-
ther addition of Cl™ resulted in a saturation of the chem-
ical shift changes. The similar behaviors were observed
with bromide and iodide (Fig. 4). These '"H NMR titra-
tion experiments suggest that 2-Fe(II) formed stable 1:1
stoichiometric inclusion complex with halide ions. The
similar observation was obtained for 2-Ru(II). Associa-
tion constants were determined from the titration curves
by using a nonlinear least-squares curve-fitting method.
However, the association constants of 2-Fe(Il) and 2:
Ru(Il) for CI~ and Br~ were too large (K, >10° M)
to be measured accurately by simple "H NMR titration,
those values were determined by competitive titration
method'? (Table 1).

On the other hand, titration of the metal free ligand 2
with halide ions gave association constants,
K,=25x10* (ClI"), 82x10° (Br), and

A / ppm

[Anion] / [2¢Fe(II)]

Figure 4. "H NMR titration curves of the receptor [2-Fe(II))(PFg)s
(0.5 mM in CD;CN) with halide anions. A¢ is the shift difference in
ppm of the imidazolium C(2)-H proton.

Table 1. Association constants K, for 1:1 complex of the receptors 1a,
1b, 2, 2-Fe(11), and 2-Ru(Il) with halide anions (as tetrabutylammo-
nium salts) determined by "H NMR titration in CDsCN at 298 K

Receptor KAM™!

cl- Br~ I~
1a° 7.5% 10* 4.6 x 10* 7.2%10°
1b 1.5x 103 7.0 x 10% 4.4x10°
2 2.5% 10* 8.2x 103 3.8x10°
2Fe(II) 1.4 x 10°%° 3.2x10%¢ 3.5% 10%
2-Ru(Il) 5.1x107¢ 3.2x10°¢ 8.1x10°

#Errors are estimated to be <10%.
®Data taken from Ref. 5.
¢ Obtained by competitive titrations.
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3.8x10° M~! (IM), respectively. The pseudocryptands,
2-Fe(II) and 2-Ru(II), bind CI™ ion ca. 60 and 2000 times
stronger than 2, respectively, whereas, only 2-40 times
larger with Br™ and 17, thus the amplification affinity
and selectivity for chloride anion is attained by the com-
plexation of metal ion. This selectivity can be explained
by the size complementarity and rigidity of the binding
site. Interestingly, rigid connection of Ru(II) ion to the
bpy ligands renders 2-Ru(II) much more size-selective
binding compared to 2-Fe(II).

In summary, the novel tripodal bipyridine-imidazolium
ligand 2 forms a stable 1:1 metal complex with Fe(II)
and Ru(Il) ions and shows positive allosteric anion-
binding behavior. Initial binding of the metal ion preor-
ganizes the bicyclic anion-binding site and results in an
increase of the affinity and selectivity for chloride anion.
The pseudocryptands, 2-Fe(II) and 2-Ru(Il), are also ex-
pected to be electrochemical and optical anion sensing
receptors.''2 We are currently investigating various
receptors incorporated with imidazolium rings as
anion-binding subunits.'3

Acknowledgement

This research was financially supported by Saneyoshi
Scholarship Foundation.

References and notes

1. Saalfrank, R. W.; Demleitner, B. In Transition Metals in
Supramolecular Chemistry; Sauvage, J. P., Ed.; John Wiley
and Sons: New York, 1999; pp 1-52.

2. Reviews of metal-templated receptors: (a) Linton, B.;
Hamilton, A. D. Chem. Rev. 1997, 97, 1669-1680; (b)
Nabeshima, T. Coord. Chem. Rev. 1996, 148, 151-169.

3. Recent examples of metal controlled molecular recogni-
tion: (a) Lee, A. B.; Hong, J.-1. Tetrahedron Lett. 1998, 39,
4317-4320; (b) Schwabacher, A. W.; Stefanescu, A. D.;
Rehman, A. J. Org. Chem. 1999, 64, 1784-1788; (c) Al-
Sayah, M. H.; Branda, N. R. Angew. Chem., Int. Ed. 2000,
39, 945-947; (d) Haino, T.; Yamanaka, Y.; Araki, H.;
Fukazawa, Y. Chem. Commun. 2002, 402-403; (e) Katoh,
A.; Kudo, H.; Saito, R. J. Supramolecular Chem. 2002, 2,
79-84; (f) Telfer, S. G.; Bernardinelli, G.; Williams, A. F.
Dalton Trans. 2003, 435-440; (g) Nabeshima, T.; Yoshi-
hira, Y.; Saiki, T.; Akine, S.; Horn, E. J. Am. Chem. Soc.
2003, 725, 28-29; (h) Katoh, A.; Kudo, H.; Saito, R.
Heterocycles 2005, 66, 285-297; (i) Baylies, C. J.; Riis-
Johannessen, T.; Harding, L. P.; Jeffery, J. C.; Moon, R.;
Rice, C. R.; Whitehead, M. Angew. Chem., Int. Ed. 2005,
44, 6909-6912; (j) Nabeshima, T.; Tanaka, Y.; Saiki, T.;

10.

11.

12.

13.

Akine, S.; Ikeda, C.; Sato, S. Tetrahedron Lett. 2006, 47,
3541-3544; (k) Amendola, V.; Boiocchi, M.; Colasson, B.;
Fabbrizzi, L. Inorg. Chem. 2006, 45, 6138-6147, and
references cited therein.

For recent reviews of anion recognition: (a) Sessler, J. L.;
Gale, P. A.; Cho, W. S. Anion Receptor Chemistry; Royal
Society of Chemistry: Cambridge, UK, 2006; (b) Steed, J.
W. Chem. Commun. 2006, 2637-2649; (c) Yoon, J.; Kim,
S. K.; Singh, N. J.; Kim, K. S. Chem. Soc. Rev. 2006, 35,
355-360; (d) Kubik, S.; Reyheller, C.; Stiwe, S. J.
Inclusion Phenom. Macrocyclic Chem. 2005, 52, 137-187,
(e) Special Issue on Anion Sensing, Top. Curr. Chem.,
2005, 255, 1-229; (f) Special Issue on Synthetic Anion
Receptor Chemistry, Coord. Chem. Rev., 2003, 240, 1-226;
(g) Beer, P. D.; Gale, P. A. Angew. Chem., Int. Ed. 2001,
40, 486-516.

Sato, K.; Arai, S.; Yamagishi, T. Tetrahedron Lett. 1999,
40, 5219-5222; See also: Ihm, H.; Yun, S.; Kim, H. G;
Kim, J. K.; Kim, K. S. Org. Lett. 2002, 4, 2897.

Polin, J.; Schmohel, E.; Balzani, V. Synthesis 1998, 321—
324.

Liu, H.-K.; Sun, W.-Y.; Ma, D.-J.; Yu, K. B.; Tang,
W.-X. Chem. Commun. 2000, 591-592.

(a) Ziessel, R.; Lehn, J.-P. Helv. Chim. Acta 1990, 73,
1149-1162; (b) Beeston, R. F.; Aldridge, W. S.; Treadway,
J. A.; Fitzgerald, M. C.; DeGraff, B. A.; Stitzel, S. E.
Inorg. Chem. 1998, 37, 4368-4379; (c) Hamann, C.; von
Zelewsky, A.; Neels, A.; Stoeckli-Evans, H. Dalton Trans.
2004, 402-406.

Details of the 2-M(II) complexes (M = Co®" and Ni*")
will be published in full paper.

Competition method. K, = (1+[X7]K,, )Kq,,. (a)
Schneider, H.-J.; Yatsimirsky, A. In Principles and Meth-
ods in Supramolecular Chemistry, John Wiley and Sons:
New York, 2000; pp 144-145; (b) Fielding, L. Tetrahedron
2000, 56, 6151-6170.

(a) Wong, W. W. H.; Phipps, D. E.; Beer, P. D.
Polyhedron 2004, 23, 2821-2829; (b) Vichers, M. S.;
Martindale, K. S.; Beer, P. D. J. Mater. Chem. 2005, 15,
2784-2790.

Cyclic voltammetry showed no significant change in the
Fe(II/III) redox potential but small cathodic shifts for bpy
reduction waves of 2-Fe(II) (+0.85 V vs Ag/Ag" in MeCN
containing 0.1 M BuyNPFg) in the presence of excess Cl™.
On the other hand, addition of 5equiv of CI” to an
acetonitrile solution of 2-Ru(Il) (1 uM) caused 18%
reduction of the luminescence intensity (1. = 640 nm).
(a) Sato, K.; Onitake, T.; Arai, S.; Yamagishi, T.
Heterocycles 2003, 60, 779-784; (b) Sato, K.; Sadamitsu,
Y.; Arai, S.; Shimada, T.; Inoue, H.; Yamagishi, T.
Heterocycles 2005, 66, 119-127.

. During course of this manuscript preparation, a similar

Fe(II) complex with ethyl groups at 2,4,6-position of
benzene has been reported very recently: Amendola, V.;
Boiocchi, M.; Colasson, B.; Fabbrizzi, L.; Douton, M.-J.
R.; Ugozzoli, F. Angew. Chem., Int. Ed. 2006, 45, 6920—
6924.



	Allosteric anion recognition by metal complexation of tris(bipyridine - imidazolium) ligand
	Acknowledgement
	References and notes


