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Sulfate Binding with a Tripodal Tris(4-pyridylurea) Receptor
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The tris(2-aminoethyl)amine (tren)-based tris(4-pyridylurea) receptor L has been synthesized and its anion

binding properties were studied. The ligand forms a 2 :

1 (host/guest) complex with MgSOy, [SO,"cLy,], in which

a sulfate ion is encapsulated by six urea groups from the two ligands through multiple hydrogen bonds. The metal

ions do not coordinate to the pyridyl groups but exist as the hydrate [Mg(H,0)]*"

and interact with the [SO4cL;]

capsules in the outer coordination sphere to form a three dimensional extended structure. The anion binding behav-

ior of ligand L in solution was studied.
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Introduction

Anion coordination chemistry has been an important
research topic due to the relevance of anions in many
fields such as life science, medicine, catalysis, and en-
vironmental chemistry.'"! A wide variety of hydrogen
donor groups, such as ammonium, guanidine, pyrrole,
indole, amide, and urea/thiourea units have been incor-
porated into different backbones for the binding and

.. . [2-4] .
recognition of anions. In particular, urea-based
ligands have attracted much interest because of their
ability to bind anions, from the spherical halides to the
tetrahedral oxoanions, with double H-bond motifs.”

The tripodal, tren-based tris(urea) receptors display
an excellent shape complementarity to tetrahedral ani-
ons and are therefore very promising for the binding and
extraction of sulfate anion, which is of importance in
environmental remediation and nuclear waste cleanup.'®’
A number of such ligands have been synthesized with
different functional substituents, and their binding
properties toward inorganic anions like CI", PO;  and
SO?™ have been thoroughly investigated.”” For ex-
ample, the meta-cyanophenyl-appended tripodal tris
(urea) ligand forms a silver-based MOF that encapsu-
lates the SO  ion by twelve hydrogen bonds from
two ligands.®™™ The 4-nitrophenyl and pentafluoro-
phenyl-functionalized ligands show selectivity toward
halides and oxyanions.”"'” Recently, Wang et all'”
reported the squaramide-based tripodal anion receptors
which can selectively encapsulate SO3  ion, and
Frontera et all" reported the squaramide-ammo-

*  E-mail: wubiao@nwu.edu.cn

nium-based tripodal receptors for carboxylate anion
binding.

We have reported a tris(3-pyridylurea) ligand (L
that can selectively encapsulate a sulfate ion with one or
two ligands in different second-sphere, hydrogen-
bonded networks."¥ Moreover, the tripodal tris(urea)
ligand has been modlﬁed with ferrocen%ll groups (L)
and quinolinyl (LQ“) or Ru(blpy)3 moieties for the
electrochemical or fluorescent signaling purposes. The
results further demonstrate the excellent affinity and
selectivity of tripodal tris(urea) ligands for sulfate and
phosphate ions. It is noticeable that the 3-pyridyl sub-
stituents do not coordinate to the metal ions in the sul-
fate complexes; instead, the metal ions exist as
[M(H20)6]2+.[“’14a] In order to further study the anion
coordination properties of tripodal tris(urea) ligands and
to explore the effects of the potentially metal-coordi-
nating pyridyl substituents on the structure of the anion
complexes, we synthesized an analogous ligand, the
tripodal tris(4-pyridylurea) (L), and now report the sul-
fate ion encapsulation by ligand L in the complex
[Mg(H,0)6][SO4cL;] (1) (Scheme 1).

3-py)

Experimental

General

'H and “C NMR spectra were measured with a Var-
ian unity INOVA-400 spectrometer with calibration
against the solvent signal (DMSO-ds: d 2.50 for 'H
NMR) or tetramethylsilane (TMS). Elemental analyses
were done on a VarioEL III Elemental Analyzer.
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Scheme 1 Self-assembly of ligand L with MgSO,
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Melting points were detected on an X-4 Digital Vision
MP Instrument. ESI-MS measurements were performed
on a MALDI-TOF Mass Spectrometer. IR spectra were
obtained on a Bruker EQUINOX-55 FTIR spectrometer
as KBr pallets.

Synthesis of ligand L and the sulfate complex 1

A solution of isonicotinic acid acyl azide (1.23 g, 8.0
mmol; see Supporting Information for the synthesis) in
toluene (80 mL) was refluxed under nitrogen for 1 h,
and tris(2-aminoethyl)-amine (tren) (0.33 g, 2.0 mmol)
in toluene (25 mL) was added dropwise. The mixture
was stirred for another 1 h and cooled to room tempera-
ture. The crude product was purified by recrystallization
from CH;0H/H,O (V' : V=1 . 4) to give L as a white
solid. Yield 0.47 g, 46%; 'H NMR (DMSO-ds, 400
MHz) 9: 2.60 (t, J=6.4 Hz, 6H, NCH,), 3.18 —3.21 (m,
6H, CH,), 6.36 (t, J/=4.8 Hz, 3H, NH), 7.34 (d, J/=5.2
Hz, 3H, H1), 8.26 (d, J=5.2 Hz, 3H, H2), 9.01 (s, 3H,
NH); “C NMR (DMSO-d;, 100 MHz) J: 37.6, 53.6,
147.2, 111.9, 150.0, 154.8; FT-IR (KBr) v: 3328, 3266,
2837, 1691, 1589, 1527, 1416, 1200, 822 cm'; Anal.
caled for Cy4H30N;¢O5 (506.56): C 56.90, H 5.97, N
27.65; found C 57.10, H 5.92, N 27.56; ESI-MS m/z:
505.5 ([L+H]").

A methanol solution (2 mL) of L (25 mg, 0.05 mmol)
and an aqueous solution (0.5 mL) of MgSO, (3 mg,
0.025 mmol) were mixed and the trace precipitate was
removed by filtration. Slow diffusion of diethyl ether
into the filtrate for several days gave colorless crystals
of complex [Mg(H,0)6][SO4L,] (1). Yield 28 mg, 90%;
'H NMR (DMSO-d;, 400 MHz) J: 2.42 (t, J=6.0 Hz,
6H, NCH,), 3.08—3.10 (m, 6H, CH,), 7.65 (t, J=4.8
Hz, 3H, NH), 7.46 (d, J=5.6 Hz, 3H, H1), 8.11 (d, J=
5.6 Hz, 3H, H2), 9.90 (s, 3H, NH); FT-IR (KBr) v: 3299,
2810, 1689, 1540, 1250, 1208, 1101 (SO ), 992, 810
cm'; Anal. caled for [Mg(H,0)6][SO4L;,]: C 44.16, H
5.56, N 21.46; found C 44.21, H 5.51, N 21.43; ESI-MS
m/z: 505.2 ([L-H]), 554.6 ([2L~+S0,]*), 603.2 ([L+
HSO4]).

X-ray crystallography

Diffraction data for receptor L and complex 1 were
collected on a Bruker SMART APEX II diffractometer
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at room temperature (292 K) with graphite-monochro-
mated Mo Ka radiation (1=0.71073 A). Empirical ab-
sorption correction by using SADABS was applied for
all data. The structures were solved by direct methods.
All non-hydrogen atoms were refined anisotropically by
full-matrix least-squares on F°. Hydrogen atoms bonded
to carbon and nitrogen atoms were included in idealized
geometric positions with thermal parameters equivalent
to 1.2 times those of the atom to which they were at-
tached. CCDC-935225 (L) and 935226 (1) contain the
supplementary crystallographic data for this paper.
These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data_request/cif.

Crystal data for L: CyH31N 00350 (515.59), color-
less, block, monoclinic, space group C2/c, a=25.391(4)
A, b=9.8909(17) A, ¢=20.453(4) A, p=94.59(3)°,
V=5120.0(15) A°, T=296(2) K, Z=8, Deuca=1.338
g-cmﬂ, Fooo=2184, 14=0.09 mm ', 15188 reflections
collected, 6187 unique (R, =0.0248 ), no. of observed
reflections 4461 (I>20(1)), R1=0.0719, wR,=0.2207.

Crystal data for 1: CusH7,MgN20O02S (1305.63),
colorless block, rhombohedral, space group R-3, a=b=
13.7339(17) A, ¢=28.756(3) A, V=4697.3(9) A®, T=
293(2) K, Z=3, Deaieca=1.385 geem >, Fooo=2064, u=
0.15 mm ', 7783 reflections collected, 1837 unique
(Rin=0.0599), no. of observed reflections 1468 (/>
20(0)), R1=0.0845, wR,=0.2594.

Results and Discussion

Syntheses and crystal structures

The receptor L was synthesized in moderate yield by
a three step process (Scheme S1). The free ligand crys-
tallizes in the space group C2/c. In the structure, two
urea arms form the typical intramolecular N—H:--O
hydrogen bonds between the NH groups and carbonyl
(Figure S7 and Table S1). Moreover, intermolecular
urea*--urea hydrogen bonds lead to an infinite 1D chain
(Figure S8) which is similar to the analogous tris(3-
pyridylurea)'* and other known tripodal tris(urea)
ligands.!'>'®!

The binding of L with sulfate anion was tested by
using various sulfate salts. The complex [Mg(H,O)s]°

Chin. J. Chem. 2013, 31, 679—683
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[SO4cL;] (1) was obtained by slow diffusion of diethyl
ether to a CH;OH/H,O solution of the ligand and
MgSO,4. Under similar conditions, crystals were also
isolated from L and the zinc(II) and manganese(Il) sul-
fate, and preliminary structures display a similar sulfate
capsule as in complex 1. Unfortunately, the crystal data
are too poor to allow for a satisfactory refinement of the
structures.

Complex 1 crystallizes in the rhombohedral R-3
space group, which is different from the analogous sul-
fate complexes of the 3-pyridyl-substitued tris(urea)
ligand, [M(H,0)6][SOs=(L*™),] (M=Mg, Zn, Mn, Cd,
Co) (monoclinic space group P21/n).[“’14a] In the struc-
ture of complex 1, the ligand molecule displays the C;
symmetry, which also differs from the complexes of
L. Nevertheless, the main structure of 1 is similar to
the latter complexes, with a sulfate ion being encapsu-
lated in a cavity formed by two inversion-symmetric
molecules of ligand L through multiple hydrogen bonds
(Figure 1). The separation between the two bridgehead
N atoms in 1 (9.990 A) is slightly longer than that of the
complex of L™ (9.667 A). As in the case of the L’
complexes, due to the inversion symmetry, each oxygen
atom of the sulfate ion is distributed to two positions
(Figure 1d) to form a cube.

(a)

0(3'),."%}(‘;-). N(3A)
” ] . -~
N(3AY) F(\

o (d

Figure 1 Crystal structure of complex 1. (a) The sulfate capsule
[ SO cL,]; (b) Coordination of SO3™ ion by six urea groups;
(c) Extended structure showing the [Mg(H,O)]>" unit sur-
rounded by [SO3 cL,] capsules; (d) Two inversion-related L
molecules and the disordered sulfate ion.

The most important structural feature of 1, however,
is the sulfate coordination by the ligands. Previous
theoretical calculations and experiments proved that the
tetrahedral sulfate ion can reach a saturated coordination
of twelve hydrogen bonds, which can be provided by six
urea groups.[gb’ "' In our recently reported analogous
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complex of L*", although the sulfate ion is surrounded
by six urea groups, there are eleven stronger N—H:*--O
hydrogen bonds (N---O distance <3.2 A) plus five
weaker ones (N---O distance <<3.5 A) for the sulfate
ion. In the present complex 1 (with the 4-pyridyl sub-
stituted ligand L), the situation is again different: the
sulfate ion is coordinated by a total of eighteen hydro-
gen bonds, nine with N-+-O distance <3.2 A and nine
in the range 3.2—3.5 A (Table 1, Figure 1a). This de-
viation from the twelve hydrogen-bond coordination
and formation of relatively weaker hydrogen bonds may
be attributed to the fact that one of the ligand molecules
is less complementary for the optimal binding, i.e. che-
lating the edges of the tetrahedral anion.

Table 1 Hydrogen bonds (A) and angles (°) around the SO3~
ionin 1

©2013 SIOC, CAS, Shanghai, & WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

D—H-A d(N—H) d(H---0) d(N-+-0) Z(NHO)
N@2)—H(2)+-0(2) 086 220 3.041(6) 165
N@3)—H@3)+-0(2) 086 274 3.4883) 146
N@3)—H(@3)+-0(3) 086  2.01 2.798(6) 155

NBAY—HBA"):--0(3) 0.86 2.32
N(2A"Y—H(2A"):--0(3) 0.86 2.63  3.370(7) 144
NBA"—HBA"):--0(3) 0.86 2.55 3.295(8) 145
Symmetry codes: (A) —x, -y, —z; (A") y, —x+y, —z; (A") x—y, x, —z.

3.1248) 156

As in the analogous complex of L*®, the 4-pyridyl
groups in ligand L do not coordinate to the metal ions
either. They are also involved in second-sphere coordi-
nation with water molecules of the hydrated cation
[Mg(H,0)]*" through O—H--*N hydrogen bonding
interactions. Each [SO4cL;] capsule is located in the
center of an octahedron formed by six [Mg(H,0)e]*"
cations via six Ow—H-**N and six Ow—H-***O interac-
tions (Figure S9a), while each [Mg(H,O)s]*" cation is
also surrounded by six [SO4cLs;] units in an octahedron
(Figure S9b), resulting in a NaCl-type structure as in the
case of > 1114

Complex 1 was further characterized by the IR spec-
trum, which shows the stretching vibration peak of sul-
fate at 1100 cm™ (Figure S5). Moreover, the powder
XRD spectrum of the bulk sample matches well with
the diffraction patterns simulated from the structure of
complex 1 (Figure S6).

Solution anion binding studies

'H NMR spectrum of complex 1 (Figure S4) showed
significant downfield shifts (Ad=1.29 and 0.89) of the
two urea NH protons relative to the free ligand L in
DMSO-dg, indicating strong binding for sulfate ion. The
CH protons also display slight changes. ESI-MS spec-
trum (negative mode) of complex 1 (Figure 2) displays
anionic peaks at m/z 554.6 for the divalent [2L+SO4]*
and 603.2 for [L+HSO,4] (calculated 554.2 and 603 .4,
respectively), suggesting that the [SO4cL;] capsule can
persist in solution.

www.cjc.wiley-veh.de 681
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observed for many receptors.*'"”) However, the sulfate
850484 603.2 capsule could also be detected in the gSI—MS spectrum
505.2 of complex 1 with the [Mg(H,O)s]°  countercation.
6x10% - The sulfate ion binding constant (Ig K=3.77, Figure
=y S11) was obtained by fitting the '"H NMR titration data
& 4x10% A with the EQNMR program."*®! This affinity is compara-
= 4 554.2 ble to the reported phenyl-substituted tripodal urea re-
Zw10" ceptor (Ig K=3.48).7%
T 1. ‘ .
500 550 600 650 700 (a)
miz N T TP N
X L |
. . X A |
Figure 2 ESI-MS spectrum (negative mode) of complex 1. - 7 H
x i A
The solution binding behavior of ligand L with i L
various anions was studied by 'H NMR spectroscopy in y ——1
DMSO0-d¢/0.5% water (Figure 3). The tetrabutylammo- : : .
nium salts of NO3 , ClO;, CI, Br, I, AcO, 1.0 100 90 80 70
H,PO,, HSO;, SO42_ ions were used in the investiga- (b) 6
tions. Upon addition of 1.0 equiv. of AcO, CI, 281
H,PO;, HSO;, and SO3 anions, the two NH sig- 2.0 S ’
nals of ligand L showed significant downfield shifts. In N
particular, the SO;  anion induced the largest down- T 151 'f“ e :
field shifts of NH protons (Ad(NHa)=2.16, A6(NHb)= = 101
1.60), indicating strong binding affinity for sulfate. On <" . * NHa
the other hand, addition of Br, I, NO3, and CIlO4 05 - o * NHb
ions resulted in almost no change. oo by

L Nﬁb 1 j NHa
usoz NP NHay
L/HSO, NHb NHa
L/H,PO; .
LACO NHb i
Lcr NHb ) NHa

L/

Licio; e
L/NO; | 1 i
110 100 90 80 70 6.0

o

Figure 3 'H NMR spectra of L (5 mmoleL™") in the presence of
1.0 equiv. of various anions (added as Bu,N" salts, DMSO-d,
400 MHz).

'H NMR titration of sulfate ions to ligand L was
carried out. With the addition of SO3™ ions (as Bu,N"
salt, 0 to 5 equiv.), the urea NH signals displayed grad-
ual downfield shifts, and the spectrum reached satura-
tion with 1.2 equiv. of SOj ions, indicating a 1 : 1
binding mode in solution (Figure 4). The aromatic re-
gion (protons H3, H4) showed only very slight changes.
The 1 : 1 binding stoichiometry in DMSO-ds was fur-
ther verified by the Job’s plot analysis (Figure S10). It is
noticeable that this binding ratio is different from the
2 7 1 complex 1 in the solid state, and such a difference
between solid-state and solution binding has also been
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[anion]/[L]

Figure 4 (a) Partial 'H NMR spectra during the titration of L (5
mmol+L™") with [#-Buy;N],SO, (from up to bettom, the dosage is
0,0.2,0.4,0.6,0.8, 1.0, 1.2, 1.4, 2.2, 5.0 equiv.) in DMSO-d; (b)
'H NMR titration curves of L with [#-Bu;N],SO, in DMSO-ds
showing the changes in the chemical shifts of NHa and NHb.

Conclusions

In summary, the tren-based tris(4-pyridylurea) re-
ceptor (L) was synthesized. Assembly of L. with sulfate
salts (e.g. MgSQO4) led to the anion complex
[Mg(H,0)6][SOscL,], in which a sulfate ion is encap-
sulated by two L molecules through multiple hydrogen
bonds from six urea groups. The pyridyl groups do not
coordinate to the metal ions; instead, they contact with
the [Mg(H,0)]*" cations through hydrogen bonds in
the second coordination sphere, resulting in a three-di-
mensional structure. 'H NMR and ESI-MS studies con-
firm the binding affinity and selectivity of sulfate ion.
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