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A tripodal tris(3-pyridylurea) receptor (L) assembles with metal
sulfate salts MSO4 (M = Mn, Zn) to afford supramolecular
cages [SO4cL,| that encapsulate the SO, ion via multiple
hydrogen bonds in a three-dimensional structure held by second-
sphere coordination; "H NMR and negative-ion mode ESI-MS
spectra reveal significantly strong sulfate binding in solution.

Anion complexation is an important and fast-growing subject
in supramolecular chemistry.! Bowman-James recently in-
duced the concept of coordination number of transition metal
complexes to anion coordination chemistry and summarized
the definition and geometrical features of anion complexa-
tion.? Tripodal molecules bearing amide, urea or other func-
tions are widely used in the binding and recognition of anions
due to their favorable conformation for multiple hydrogen
bonds.> The binding and extraction of sulfate anion is of
particular interest due to its biological and environmental
importance and high charge density according to the Hofme-
ister effect, and great efforts have been put into the design of
sulfate receptors.* However, there are only a few examples of
sulfate encapsulation, including two recent reports of complete
entrapping of SO,*~ ion by tren-based tris(urea) ligands.”™ A
tris(2-aminoethyl)amine-based receptor with —CN groups
encapsulated SO,>" ions in a 1D MOF with a total of twelve
N-H- - -O hydrogen bonds—the highest and saturated coordi-
nation number observed so far for sulfate.® Another sulfate
ion encapsulation has been achieved by the neutral molecule of
a similar tris(urea) receptor equipped with p-nitrophenyl
groups.’

Urea-based pyridyls are a class of ligands that are capable of
coordinating with metal ions and hydrogen bonding with
anions.”'® We have previously reported the anion binding
properties of some N-aryl-N’-pyridylureas and their metal
complexes.!! In an effort to achieve enhanced hydrogen
bonding affinities by the cooperative formation of multiple

“State Key Laboratory for Oxo Synthesis & Selective Oxidation,
Lanzhou Institute of Chemical Physics, CAS, Lonzhou 730000,
China. E-mail: wubiao@lzb.ac.cn; Fax: 86 931 4968286

b State Key Laboratory of Applied Organic Chemistry, College of
Chemistry and Chemical Engineering, Lanzhou University, Lanzhou
730000, China

¢ Institut fiir Anorganische und Analytische Chemie, Universitdt
Freiburg, Albertstr. 21, D-79104 Freiburg, Germany

1 Electronic supplementary information (ESI) available: Synthesis

and crystal structure of the ligand L, IR spectrum of 1, '"H NMR,

ESI-MS and IR spectra of 2, hydrogen bond parameters for 2, and

crystallographic data. See DOI: 10.1039/b719019k

hydrogen bonds, the work has been expanded to tris(urea)
receptors. Herein we report the sulfate anion encapsulation in
supramolecular assemblies [M(H,0)¢][SO4=L,] (M = Mn,
Zn) formed by MSO4-xH»O and a tris(3-pyridylurea) ligand L.

The new receptor N-[2-[bis[2-[N'-(3-pyridyl)ureido]ethyl]-
aminolethyl]-N'-(3-pyridyl)urea (L) was readily synthesized
from tris(2-aminoethyl)amine and pyridyl isocyanate (Scheme
1, ESI¥). The solid-state structurei of L shows a 1D chain
formed by eight bifurcated intermolecular urea- - -urea hydro-
gen bonds around each L molecule (Fig. 1), which is similar to
the phenyl-substituted analog.'> Reaction of L with 0.5
equivalent of MSO,4-xH,O in water—-methanol (50 : 50 v/v)
gave the crystalline products with the composition
[M(H,O0)][L,SO4] M = Mn, 1; Zn, 2).§ The compounds
are only sparingly soluble in methanol and DMSO and are
insoluble in other common organic solvents. They are
thermally stable up to the melting points of 163 °C for 1 and
164 °C for 2.

Single-crystal X-ray diffraction analyses§ reveal that com-
plexes 1 and 2 are isomorphous. Two inversion-symmetric
molecules of L form a cavity that encapsulates a sulfate anion
in its center via hydrogen bonding to the six urea groups (Fig.
2(a)). There are a total of eleven N-H- - -O bonds between the
twelve NH groups and the four O atoms of SO,*>~ (when the
N---O distance is set to <3.20 A). One of the oxygen atoms
(09) accepts four hydrogen bonds, while O7 takes three, and
the other two O atoms (O8 and O10) form two N-H-:--O
contacts each. This is in contrast to the SO4>~ binding by the
silver MOF complex, in which each O atom accepts three, and
each NH group donates one N-H---O bond, resulting in
twelve hydrogen bonds.®

Furthermore, the asymmetric binding mode allows for
several weaker interactions between SO,>~ and the NH
groups. If the N---O distance is restricted to <3.5 A for
hydrogen bonding, five more N-H---O contacts could be
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Scheme 1 Synthesis of the ligand L and complexes 1 and 2.
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Fig.1 The solid-state structure of L showing the 1D chain formed by
intermolecular urea- - -urea hydrogen bonds.

added, especially for the ‘unsaturated’ sulfate oxygen atoms,
08 and O10 (Table 1, Fig. 3). These supplementary contacts
may provide additional stability for the sulfate binding of the
host, as confirmed by ESI-MS studies described below. A
correlation of N-H---O angle vs. H---O distance (Fig. 3)
shows that in the region of dy...0 <2.5 A, which corresponds
to N- - -O distances shorter than 3.2 A, only one contact has an
N-H---O angle smaller than 140°. In the weak interaction
region (2.5 < dyp..0 < 2.8 A and 3.2 < dn..0 < 3.5 A), the
angles are around 130-140°.

The metal ions lie on an inversion center and exist as
hexaaqua complex [M(H,O0)¢]*" in the assemblies 1 and 2,
and the [SO4°~ <L,] units are held together into a three-
dimensional structure by interacting with [M(H,O)¢*" ca-
tions. Interestingly, the pyridyl N donors of the ligand are not
coordinated to the metal ions directly, but are involved in
second-sphere coordination with a water molecule of
[M(H,0)¢** through O-H---N hydrogen bonding. There is
also an O-H- - -O contact between the same H,O molecule and

(b)

Fig. 2 Crystal structure of 1. (a) The hydrogen-bonded [SO4=L,J*~
capsule. (b) Two inversion-related L molecules and the disordered
sulfate ion. (c) Interaction of [SO,cL,]*~ with six [Mn(H,O)¢*"
cations through second-sphere coordination. (d) [Mn(H,O)¢*" at
the center of an octahedron formed by six [SO4< L,J*~ capsules.

Table 1 Hydrogen bonding parameters (A, °) for SO4>~ binding in 1

N-H:--0 H---0 N---0 /N-H:--0
N2-H2A- --08 2.24 3.034(3) 154
N2'-H2A-: - -09 2.17 2.970(3) 155
N3-H3A:--07 2.28 3.135(4) 173
N3'-H3A. - -09 2.39 3.140(3) 146
N5-H5A.- 09 2.36 2.986(3) 130
N5'—H5A- - -010 1.96 2.822(3) 179
N6-H6A- --07 2.11 2.950(3) 166
N8-HSA- --010 2.18 2.946(3) 148
N8'-HSA. --08 2.08 2.908(3) 161
N9-H9A.- --07 2.27 3.124(4) 175
N9’-H9A. - -09 242 3.168(3) 146
N5-H5A- --07 2.56 3.282(4) 142
N5'-H5A.- - -08 273 3.252(3) 120
N6/—H6A. - -08 2.70 3.340(3) 133
N6'—H6A- - -010 2.76 3.444(3) 138
N9’-H9A.- - -08 2.65 3.355(3) 140

“ Primed atoms related by symmetry code —x, 1 — y, 1 — z.

a carbonyl O atom of another ligand. Thus, each [SO4*~ = L,]
cage is located in the center of an octahedron formed by six
[M(H,0)¢*" cations via six Oy—H---N and six Oy—H:--O
interactions (Fig. 2(c)). Meanwhile, each [M(H,0)¢*" cation
also sits at the center of an octahedron with six [SO,*~ = L,]
moieties as the nodes (Fig. 2(d)). The S atom of the tetrahedral
sulfate anion also resides on an inversion center, with the eight
half-occupied O atoms defining the corners of a cube (Fig.
2(b)). The extended 3D solid-state structure of the second-
sphere assemblies in this work is quite different from the two
known examples of sulfate entrapment with similar tris(urea)
ligands, both of which feature 1D structures.”®

'"H NMR spectrum of the Zn(ir) compound 2 shows sig-
nificant downfield chemical shifts (Ad 1.01 and 0.74 ppm) for
the two urea NH protons relative to L in DMSO-dj. Titration
of ZnSO4-7H50 to the solution of L in DMSO-d; resulted in a
binding constant of 6.42 (log K), which is considerably larger
than those reported for other receptors, e.g. 4.50 for a macro-
cyclic tetraamide’ and 4.97 for a tripodal receptor.” The
changes of the NH signals of L upon addition of ZnSOy-
7H,0 are shown in Fig. 4.

Negative-ion mode ESI-MS spectra of 1 (Fig. 5) and 2
displayed anionic peaks at mj/z 1109.8 for the monovalent
[2L + SO, + H] ™ and m/z 554.6 for divalent [2L + SO,*~,
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Fig. 3 The scatterplot of N-H-:--O angle vs. H---O distance of the
hydrogen bonds (including the weaker contacts) in 1. Similar plot for 2
is given in ESL.¥
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Fig. 4 Downfield shifts of the urea NH groups upon addition of
ZnSOy to the solution of L in DMSO-ds. (a) L; (b) L + 0.25 equiv.
ZnSOy4; () L + 0.5 equiv. ZnSOy4. Note: the intensity of the
NH signals decreases due to exchange with water molecules of
ZnS0O4-7TH,0.
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Fig. 5 Negative-ion mode ESI-MS spectrum of 1.

which agree well with the calculated values of 1109.5 and
554.2, respectively. These data further proved that sulfate ion
is chelated tightly in the molecular capsules in solution.

Binding of L with other anions was also tested by 'H NMR
spectroscopy. Addition of half equivalent of Zn(1) salt, e.g.
Zn(ClOy),, Zn(NO3), or Zn(OAc), to a 10 mM solution of L
in DMSO-d; resulted in only minor changes (0.00-0.09 ppm)
of the two NH protons relative to the receptor L. Compared to
the sulfate ion, these anions show much weaker interaction
with the tris(urea) ligand in solution.

In summary, we designed a tris(3-pyridylurea) receptor (L)
that constructs cages to encapsulate sulfate ion. Aggregation
of the molecular capsules [SO4>~ = L,] through second-sphere
coordination of transition metals [M(H,0)¢]** with the pyr-
idyl functions of L leads to a three-dimensional structure. 'H
NMR spectroscopy and negative-ion mode ESI-MS spectro-
metry show that the binding of sulfate ion is rather strong and
the capsules can exist in solution with a considerable stability.

We thank the “Bairen Jihua” program of the Chinese
Academy of Sciences for funding.
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ZnS0,4-7TH,0 (7.2 mg, 0.025 mmol). Colorless crystals were obtained
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For crystallographic data in CIF or other electronic format see
DOI: 10.1039/b719019k

1 (@) Special Issue, Coord. Chem. Rev., 2003, 240(1-2); (b) V.
Amendola, D. Esteban-Gomez, L. Fabbrizzi and M. Licchelli,
Acc. Chem. Res., 2006, 39, 343; (¢) K. Wichmann, B. Antonioli, T.
Sohnel, M. Wenzel, K. Gloe, K. Gloe, J. R. Price, L. F. Lindoy, A.
J. Blake and M. Schroder, Coord. Chem. Rev., 2006, 250, 2987; (d)
P. D. Beer and P. A. Gale, Angew. Chem., Int. Ed., 2001, 40, 486.
2 K. Bowman-James, Acc. Chem. Res., 2005, 38, 671.
(a) P. S. Lakshminarayanan, E. Suresh and P. Ghosh, Inorg.
Chem., 2006, 45, 4372; (b) C. Raposo, M. Almaraz, M. Martin,
V. Weinrich, M. L. Mussons, V. Alcazar, M. C. Caballero and J.
R. Moran, Chem. Lett., 1995, 759; (¢) M. J. Berrocal, A. Cruz, 1.
H. A. Badr and L. G. Bachas, Anal. Chem., 2000, 72, 5295; (d) D.
R. Turner, M. J. Paterson and J. W. Steed, J. Org. Chem., 2006, 71,
1598; (e) P. S. Lakshminarayanan, I. Ravikumar, E. Suresh and P.
Ghosh, Chem. Commun., 2007, 5214.
4 (a) R. Custelcean and B. A. Moyer, Eur. J. Inorg. Chem., 2007,
1321; (b) B. Wu, X. J. Yang, C. Janiak and P. G. Lassahn, Chem.
Commun., 2003, 902; (¢) D. R. Turner, E. C. Spencer, J. A. K.
Howard, D. A. Tocher and J. W. Steed, Chem. Commun., 2004,
1352; (d) D. Seidel, V. Lynch and J. L. Sessler, Angew. Chem., Int.
Ed., 2002, 41, 1422.
5 D. A. Jose, D. K. Kumar, B. Ganguly and A. Das, Inorg. Chem.,
2007, 46, 5817.
6 (a)S. O. Kang, M. A. Hossain, D. Powell and K. Bowman-James,
Chem. Commun., 2005, 12, 328; (b) P. G. Plieger, S. Parsons, A.
Parkin and P. A. Tasker, J. Chem. Soc., Dalton Trans., 2002, 3928,
(¢) G. Mezei, P. Baran and R. G. Raptis, Angew. Chem., Int. Ed.,
2004, 43, 574; (d) 1. V. Geide, D. V. Soldatov, O. A. Kramarenko,
A. 1. Matern and Y. Y. Morzherin, J. Struct. Chem., 2005, 46, S28.
7 M. A. Hossain, J. M. Llinares, D. Powell and K. Bowman-James,
Inorg. Chem., 2001, 40, 2936.
R. Custelcean, B. A. Moyer and B. P. Hay, Chem. Commun., 2005,
5971.
C. R. Bondy, P. A. Gale and S. J. Loeb, J. Am. Chem. Soc., 2004,
126, 5030.
10 (@) D. R. Turner, B. Smith, A. E. Goeta, I. R. Evans, D. A. Tocher,
J. A. K. Howard and J. W. Steed, CrystEngComm, 2004, 6, 633; (b)
C. R. Bondy, P. A. Gale and S. J. Loeb, Chem. Commun., 2001,
729.

11 (a) B. Wu, X. Huang, Y. Xia, X.-J. Yang and C. Janiak, Cryst
EngComm, 2007, 9, 676; (b) B. Wu, X. Huang, J. Liang, Y. Liu, X.-
J. Yang and H.-M. Hu, Inorg. Chem. Commun., 2007, 10, 563.

12 M. d. Loos, A. G. J. Ligtenbarg, J. v. Esch, H. Kooijman, A. L.
Spek, R. Hage, R. M. Kellogg and B. L. Feringa, Eur. J. Org.
Chem., 2000, 3675.

w

(o]

=]

1764 | Chem. Commun., 2008, 1762-1764

This journal is © The Royal Society of Chemistry 2008


http://dx.doi.org/10.1039/b719019k

