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Self-assembly of the [Fe(DABP)3]SO, (DABP = 5,5'-diamino-2,2’-bipyridine) or [Fe(bipy)s]SO4 (bipy = 2,2'-bipyridine)
complex with a tripodal tris(3-pyridylurea) ligand (L) results in a layered structure that includes a sulfate anion in the cleft of one
L molecule. The two compounds, [Fe(DABP)3][SO,CL] - 10H,0 (2) and [Fe(bipy)s][SO4CL] - 9H,0 (3), show very similar
sheets formed by the anionic units [SO,CL]*~ and cationic building blocks ([Fe(DABP)s]** or [Fe(bipy)s]* ). However,
there are different water clusters that link the adjacent layers in the two products, that is, water parallelograms and quasi “water
cubes” in 2 versus single water molecules, water dimers, and hexamers in 3. The half-encapsulation of sulfate by a single L
molecule contrasts with the previously reported full-encapsulation of the sulfate ion by two L molecules in [M(H20)g][SO4CLy]
(1). This different anion encapsulation is traced to the hydrogen-acceptor properties of the pyridyl groups of L together with the
hydrogen-bonding properties of the cation secondary coordination sphere for a solid-state packing optimization. In 1 the direct
hydrogen bonding from the secondary coordination sphere of octahedral [M(H,0)¢]> " to L-pyridyl helps in the formation of an
octahedral cation—anion coordination in the NaCl-type structure. In 2 and 3, crystal water instead of the cations has to satisfy
the hydrogen-accepting demands of L. Consequently, a non-spherical and only partly water-surrounded half-encapsulated
[SO4CLJF~ anion allows for a closer approach of the [Fe(DABP)s]** or [Fe(bipy)s]* " cations than the [SO,CLoJ*~ anion.
Then, the similar cation and anion size in 2 and 3 with the Coulomb attraction confined to a two-dimensional plane leads to the
formation of a hexagonal BN (or graphite) lattice. Competition experiments with different anions for compound 2 reveal that
S0.% can be selectively crystallized against NO;~, OAc, or CIO, .

Introduction

Anions play numerous indispensable roles in biology,
medicine, catalysis, environmental events, and so forth, and
the coordination chemistry of anions has become an impor-
tant aspect in supramolecular chemistry." A large number of
synthetic anion receptors have been designed by incorporat-
ing hydrogen bonding donors such as NH moieties.” Urea
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and thiourea functionalities are promising hydrogen bonding
donors because the two NH groups can form chelating
hydrogen bonds with oxoanions, and (oligo)urea derivatives
represent a class of excellent anion receptors by taking
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advantage of their cooperative multiple binding sites and
shape complementarities.*> The binding and separation of
sulfate ions from aqueous phases by synthetic receptors is of
interest yet challenging to chemists because of the high charge
density and hydration energy of this anion.® A few tripodal
receptors have been shown to be able to encapsulate SO,
ion effectively by multiple hydrogen bonds from their hydro-
gen-bonding donors.”™

Recentl_?/ we have designed a series of oligourea anion
receptors,” including a tren-based tris(3-pyridylurea) com-
pound (L) which can encapsulate a sulfate anion in the cavity
formed by two L molecules in the hydrogen-bonded architec-
ture [M(H,0)¢][SO4CL,] gM = Mn, Zn) (1a, 1b) from the
reaction of MSO, with L.” The same results have also been
reported by Custelcean et al. ** It is noticed that in 1 the pyridyl
ends of the tripodal ligand L do not coordinate directly to the
metal ion, but interact with the hydrated metal cation
[M(H,0)¢]*" through hydrogen bonding between the nitrogen
atoms and the coordinated water molecules (O—H- - -N,).
These results imply that the sulfate capsules found in 1 may also
be generated via the second-sphere coordination by using other
complexes containing hydrogen-bond donors. Therefore, we
chose the [Fe(DABP);]SO4 (DABP = 35,5-diamino-2,2'-bi-
pyridine) complex, which has been proven to be able to serve as
a building block in the construction of large supramolecular
architectures via hydrogen bonding interactions of the free
amino groups,”'” to assemble with the ligand L. Herein we
report the formation of sulfate-included networks with the
compositions [Fe(DABP);][SO4CL]-10H,O (2) and [Fe(bi-
py)sl[SO4CL]-9H,O (3), both with a half-encapsulated
[SO,CL]*" anion (Scheme 1). Furthermore, full- versus half
anion encapsulation is traced to the metal-cation second-sphere
coordination in connection with solid-state packing arguments.

Experimental Section

General Procedures. '"H NMR spectra were recorded on a
Bruker AV400 instrument with calibration against the solvent
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Scheme 1. Schematic Representation of the 1:1 and 1:2 Sulfate
Encapsulation in Compounds 1—3
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DABP = H,N-Q—@—NH,

[Fe(DABP);][LS0,]-10H;0 (2)
[Fe(bipy);][LSO.]-9H,0 (3)

Scheme 2. Numbering Scheme for DABP and bipy

signal (DMSO-dg, 2.50 ppm for 'H). IR spectra were measured
using a Nicolet AVATAR 360 FT-IR spectrometer as KBr
disks. Elemental analyses were performed on a VarioEL from
Elementaranalysensysteme GmbH. ESI-MS measurements
were carried out using a Waters ZQ4000 spectrometer in
methanol/water. Melting points were detected on an X-4 Digital
Vision MP instrument. Powder X-ray diffraction patterns were
obtained with a D/max RB diffractometer using Cu Ko radia-
tion. Thermogravimetry was carried out under N, flow (60 mL
min~ ') with a Pyris Diamond TG/DAT instrument at a heating
rate of 10 °C min~" up to 1000 °C.

Synthesis of [Fe(DABP);][SO4CL]-10H,O (2). The ligand
N-[2-[bis[2-[ N'-(3-pyridyl)ureido]ethyl]-amino]ethyl]- N'-(3-pyridyl)-
urea (L), 5,5-diamino-2,2'-bipyridine (DABP, Scheme 2) and its
iron(IT) complex, [Fe(DABP);]SO,, were prepared following pre-
viously published procedures.”™ An aqueous solution (10 mL) of
the in situ prepared [Fe(DABP);]SO, (0.05 mmol) was combined
with a methanol solution (10 mL) of L (25 mg, 0.05 mmol). The
solvent was then allowed to evaporate slowly at room temperature.
After 1 week, red crystals of compound 2 were obtained. Yield:
52mg (75%). Mp > 300 °C. Positive-ion mode ESI-MS: m/z 187.3
(IDABP + H]™M), 214.3 ([Fe(DABP),]*"), 307.5 ([Fe(DABP);]*"),
467.6 ([Fe(DABP), + LJ*"), 507.6 (IL + H]"), 560.6 ([Fe-
(DABP); + LJ*"); Negative-ion mode ESI-MS: 301.0 ([L +
SO4%), 5052 (IL — H] "), 554.3 (2 L + SO4*), 603.1 ([L +
HSO,4] ). Anal. Found: C, 47.04; H, 5.39; N, 22.85. Calcd. For
[FG(DABP)3][SO4CL] . 9H20 (C54H7gF€N22oK,S)Z C, 4704, H,
5.70; N, 22.34%. '"H NMR (DMSO-d,, 400 MHz): 2.36 (s, 6H,
N—CH,—), 3.07 (s, 6H, urea—CH,—), 5.93 (s, 12H, NH>), 6.57 (d,
J = 1.9 Hz, 6H, DABP-H6, H6'), 7.06 (m, 9H, Py-H5, DABP-H4,
H4'), 7.93 (m, 6H, Py-H4, H6), 8.0 (d, J = 8.8 Hz, 6H, DABP-H3,
H3'),8.22 (s, 3H, NH), 8.77 (s, 3H, Py-H2), 10.22 (s, 3H, NH). FT-
IR (KBr, v/em™): 3339 m (br.), 3222 m (br.), 3048 m, 2813 w, 1669 s
(br.) (C=0), 1601 s, 1577 s, 1550 s (br.), 1485 s, 1420 m, 1296 m,
1263 m, 1230 m, 1190 w, 1111 m (br.), 1066 m, 1027 w, 973 w, 881 w,
843 w, 802 w, 706 w, 609 w, 560 w, 543 w, 448 w, 405 w.

Synthesis of [Fe(bipy);][SO4CL]-9H,0 (3). The preparation
of [Fe(bipy);]SO4 was similar to that of [Fe(DABP);]SO,4 except
that DABP was replaced by bipy (bipy = 2,2'-bipyridine, Scheme 2).
An aqueous solution (10 mL) containing FeSO,4-7H»0 (14 mg,
0.05 mmol) and bipy (23 mg, 0.15 mmol) was heated and then
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combined with a methanol solution (10 mL) of L (25 mg,
0.05 mmol). The reaction mixture was heated and then filtered.
Red crystals were obtained either by slow diffusion of diethyl ether
into the filtrate or by slow evaporation of the filtrate in the
presence of diethyl ether solvent at room temperature for several
days. Yield: 41 mg (70%). Mp > 300 °C. Positive-ion mode ESI-
MS: mjz 1573 ([bipy + H]"), 184.3 ([Fe(bipy),]*"), 262.4
([Fe(bipy)s]*™), 507.6 ([L + H]); Negative-ion mode ESI-MS:
301.0 ([L + SO4J*7), 505.2(IL — H] "), 554.3 ([2 L + SO4* "), 603.3
([IL + HSO4]"). Anal. Found: C, 51.10; H, 4.91; N, 17.95. Calcd.
For [Fe(bipy)s][SO4CL]-7.5H,0 (Cs4HgoFeN6014.5S): C, 51.39;
H, 5.51; N, 17.76%. "H NMR (DMSO-ds, 400 MHz), 2.42 (s, 6H,
N—-CH,—), 3.09 (s, 6H, urea—CH,—), 7.04 (s, 3H, NH), 7.37 (d,
J = 5.3 Hz, 3H, Py-H5), 7.46 (dd, J = 5.1, 6.9 Hz, 2H, bipy-HS5,
HY),7.52(t,J = 6.0 Hz, 4H, bipy-H5, HY), 7.64 (s, 3H, Py-H4),
7.86 (d, 3H, Py-H6), 7.94 (s, 6H, bipy-H4, H4), 8.21 (s, 4H, bipy-
H3, H3), 8.39 (d, 2H, bipy-H3, H3'), 8.69 (d, 6H, bipy-H6, H6'),
8.86 (d, 3H, Py-H2), 9.73 (s, 3H, NH). FT-IR (KBr, v/cm—1):
3251 s (br.), 3109 m, 3048 m (br.), 2815 w, 1684 s (C=0), 1602 m,
1546s, 1483 s, 1443 m, 1424 m, 1354 w, 1294 m, 1259 m, 1226 m,
1189 w, 1117 s (br.), 1067 m, 933 w, 834 w, 803 m, 777 m, 732 m,
710 m, 616 m, 554 w, 499 w, 443 w, 409 w.

Competitive Crystallization Experiment of 2. DABP (28 mg,
0.15 mmol) was added to an aqueous solution (10 mL) containing
FeSO4-7H,O (14 mg, 0.05 mmol), NaOAc-3H,O (7 mg,
0.05 mmol), NaNO; (4 mg, 0.05 mmol), and NaClO,4 (6 mg,
0.05 mmol). The mixture was heated for 10 min, and a methanol
solution (10 mL) of L (25 mg, 0.05 mmol) was added. The solvent
was allowed to evaporate slowly at room temperature. After
1 week, red crystals were obtained. Mp > 300 °C. Positive-ion
mode ESI-MS: m/z 187.3 (DABP + H] "), 214.3 ([Fe(DABP),]* "),
307.5 ((Fe(DABP);*"), 467.6 ([Fe(DABP), + LI*"), 507.7 ([L +
H]™), 560.7 (Fe(DABP); 4+ LJ*"); Negative-ion mode ESI-MS:
301.0 ([L + SO4* ), 505.2 ([L — H] "), 554.3 (2 L + SO4* "), 603.1
(L + HSO4]"). Anal. Found: C, 46.90; H, 5.38; N, 22.78. Calcd.
For [Fe(DABP);][SO4CL]-9H,0 (CssH73FeN»,06S): C, 47.04;
H, 5.70; N, 22.34%. FT-IR (KBr, v/em™'): 3338 m (br.), 3221 m
(br.), 3050 m, 2813 w, 1667 s (br.) (C=0), 1601 s, 1575 s, 1550 s
(br.), 14855, 1416 m, 1297 m, 1264 m, 1229 m, 1191 w, 1116 m (br.),
1066 m, 1028 w, 974 w, 880 w, 842 w, 802 w, 707 w, 612 w, 562 w, 542
w, 449 w, 406 w.

Competitive Experiment for Tetrahedral Anions in Solution. A
methanol solution of L (1 equiv) was combined with an aqueous
solution containing 1 equiv of [Fe(DABP);]SO4, K,CrOy,
and K;3PO,, respectively, and the reaction mixture was used
for ESI-MS test. Negative-ion mode ESI-MS: 301.5, [L + SO,4*~
or[L +HPO,*"; 554.7,[2 L + SO4]*” or[2 L + HPO,J*"; 603.7,
[L 4+ HSO4] or[L+ H,POy4];564.7,[2 L+ CrO,*; 623.7[L +
HCrO4] .

X-ray Crystallography. Diffraction data for the compounds 2
and 3 were collected on a Bruker SMART APEX II diffract-
ometer at room temperature (293 K) with graphite-monochro-
mated Mo Ka radiation (A = 0.71073 A). An empirical
absorption correction using SADABS was applied for all data."!
The structures were solved by direct methods using the
SHELXS program.'! All non-hydrogen atoms were refined
anisotropically by full-matrix least-squares on F> by the use of
the program SHELXL.'? Hydrogen atoms bonded to carbon
and nitrogen were included in idealized geometric positions with
thermal parameters equivalent to 1.2 times those of the atom to
which they were attached. Hydrogen atoms of the crystalline
water molecules were not included.

Crystal data for 2: Cs4HgoFeN»,O S (1397.31), red block,
crystal system: trigonal, space group: R3¢, a = 13.812(1), b =

(11) Sheldrick, G. M. SADABS: Area-Detector Absorption Correction;
University of Gottingen: Gottingen, Germany, 1996.
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13.812(1), ¢ = 121.731(1) A, y = 120°, V = 20112(3) A>, T =
293Q2)K, Z = 12, D, = 1.384 gem >, Fygo = 8832, u = 0.34
mm_ ", 34970 refl. collected, 4625 unique (R = 0.125), 1269
observed [/ > 20(])]; final R1 = 0.086, wR2 = 0.238 [I > 20(1)].
CCDC 721311. It should be noted that compound 2 displays the
typical graphite-type layered structure with a long c-axis (ca.
121 A) and twelve layers in the unit cell (Supporting Informa-
tion, Figure S3). We have repeated the structural measurement
using crystals from different preparations, and the current
structure is reproducible. The purity of the product was con-
firmed by powder X-ray diffraction (PXRD) studies and ele-
mental analysis. Nevertheless, in one case another packing mode
was obtained, with a shorter c-axis (compound 2/, see Support-
ing Information).

Crystal data for 3: Cs4HgoFeN;60,6S (1289.19), red block,
crystal system: trigonal, space group: R3¢, a = 13.9945(9), b =
13.9945(9), ¢ = 116.519(16) A, y = 120°, V' = 19763(3) A", T =
2932) K, Z = 12, D, = 1.300 gcm >, Fyo = 8136, u = 0.335
mm™ ', 40415 refl. collected, 3783 unique (R;,, = 0.068), 2297
observed [I > 20(D)]; final R1 = 0.080, wR2 = 0.24 [I > 20(])].

Results and Discussion

The compound [Fe(DABP);][LSO4]- 10H,O (2) was ob-
tained as red crystals by slow evaporation of a solution of
[Fe(DABP);]SO,4 with equimolar ligand L in water—metha-
nol (50:50 v/v). Slow diffusion of diethyl ether into a
methanol solution containing a mixture of [Fe(bipy);]SOy4
and equimolar ligand L gave red crystals of 3,
[Fe(bipy)s][LSO4]-9H,0. Compound 2 is soluble in metha-
nol and DMSO, sparingly soluble in water and ethanol, while
3 is soluble in water, methanol, ethanol, and DMSO, and
slightly soluble in acetonitrile.

The structure of compound 2 is built of the [Fe(DABP);]*"
cations, [SO4CL]*" anionic units, and two types of water
clusters, that is, water tetramers and octamers. The ratio of L
to SO,> is 1:1, and each L includes a sulfate anion in its cleft
via nine hydrogen bonding interactions (Figure 1). The urea
NH groups of the three arms all point to the inside of the
cavity, forming six N—H---O hydrogen bonds with the
sulfate ion. There are also three additional C—H- - -O con-
tacts around each SO,* anion. One of the oxygen atoms
(O2) sits at the C3 axis and thus accepts three N—H---O
bonds (N7-::02, 2.940(9) A; £N7—H7B:--02, 166.3°),
while each of the other three O atoms (which are related by C5
symmetry) forms one N—H:--O (N6---03, 2.947(10) A;
ZN6—H6A---03,154.2°) and one C—H---O (C11--- 03,
3.056 A; ZC11—HI11A---03, 140.5°) hydrogen bond. This
is remarkably different from the complete sulfate encapsula-
tion by two L molecules in the [M(H,0)4][SO4CL,] com-
pounds, in which 11 N—H- - -O bonds were found between
the 12 NH groups and the 4 O atoms of SO4*~.7

The [SO4CL])* moieties and the [Fe(DABP);]*" cations in
2 align in the ab plane, forming a corrugated 2D layer
(Figure 2)."* Both of them are located at the C; axes and
are linked to each other by N—H:--O hydrogen bonds
between the amino groups of DABP and the oxygen atoms
of urea carbonyl groups (N2::--O1, 2.967(8) A;
ZN2—H2A---01, 121.2°). Viewed down the ¢ axis, three
[SO4CL]*™ or [Fe(DABP);]*" units are arranged as a regular
triangle (side length Fe—Fe or N—N: 13.8 A). Each

(13) (a) Fabelo, O.; Pasan, J.; Canadillas-Delgado, L.; Delgado, F. S.;
Labrador, A.; Lloret, F.; Julve, M.; Ruiz-Pérez, C. CrystEngComm 2008, 10,
1743-1746. (b) Ye, B.-H.; Ding, B.-B.; Weng, Y.-Q.; Chen, X.-M. Inorg. Chem.
2004, 43, 6866—6868.
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Figure 1. Sulfate ion inclusion in the [SO4CL]*” anionic unit in 2. Non-
interacting hydrogen atoms are omitted for clarity. Symmetry code: a,
—x+y, 1=x,z;b, 1=y, | +x—y, z

[SO4CL])* is located at the center of a triangle formed by
three [Fe(DABP);]*" complexes and accepts three
N—H- - -O bonds. On the other hand, each [Fe(DABP);]**
cation s1ts at the center of a triangle formed by three
[SO4CLJ*™ moieties. It is noticed that the hydrogen bonding
interactions between the cation and anion in 2 are different
from those in 1. The first-sphere ligand DABP in 2 forms only
N—H- -0 bonds through the amino group with the urea
carbonyl group of the tris(pyridylurea) L, while each of the
coordinated water molecules in 1 donates hydrogen bonds
both to the carbonyl (O—H:::-O) and pyridyl groups
(O—H-::-N) of L. The pyridyl nitrogen is involved in the
hydrogen bonding with the crystalline water molecules in 2.

There are two types of water clusters,'* namely, water
tetramers and octamers, in the structure of 2. The four
oxygen atoms of the water tetramer form a parallelogram
(O- -0 distances: 2.795 and 2.917 A, and O—0O—O0 angles:
62.0 and 118.0°, respectively; see Figure 3a), which links two
inversion-related layers via two O—H- - -N hydrogen bonds
with the pyridyl N atom of L (O5---NS5, 2.739 A). The
distorted “water cube” (octamer), with eight short O---O
edges (2.787—3.056 A) and four longer (weaker) O---O
contacts (3.667 A, Figure 3b), accepts six N—H- - - O hydro-
gen bonds (N2- - - 06, 3.206(13) A) from the amino groups of
six [Fe(DABP);]*" cations (Figure 3c). Thus, the layers
containing the [SO4CL]*~ moieties and the [Fe(DABP);]*"
cations are further linked by alternative water parallelograms
and quasi-cubes and are packed along the ¢ axis to form a 3D
supramolecular structure (Figure 4a). Notably, the com-
pound can partially lose the crystalline water molecules even
at room temperature, as shown by the TGA (Supporting
Information, Figure S2) and elemental analysis. It is known
that the [Fe(DABP);]*" complexes are chiral. Within a layer,
the [Fe(DABP);]*" units adopt the same A or A configura-
tion. Two adjacent monolayers linked by the water tetramers
are of opposite configurations, while two of the (H,O)g-
related layers consist of [Fe(DABP);]*" units with the same
configuration (A, A, A, A in Figure 4a, from top to bottom).

When [Fe(bipy);]SO4 was used to react with the tris-
(pyridylurea) ligand L, an analogous compound,
[Fe(bipy)s][SO4CL]-9H,0 (3), was isolated, which is essen-
tially isomorphous with 2. In compound 3, the sulfate ion is
also half-encapsulated in the cleft of one L molecule
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Figure 2. [SO,CLJ*™ anionic units and [Fe(DABP);]* " cations align in
the ab plane, forming a 2D layer via N—H- - - O hydrogen bonding.

(Supporting Information, Figure S8). Although there is no
hydrogen bonding between [Fe(bipy)s]*" cations and [SO,-
CL]* anionic units in 3 because of the absence of the
hydrogen-bond donors (the amino groups), the arrangement
of the two building blocks is almost identical to that in 2
(Supporting Information, Figure S9) with a layered structure
(Figure 4b). The difference between 2 and 3 is that there are
single water molecules (Supporting Information, Figure S8),
water dimers and hexamers (2F1gure 3d,e, f)in3 between the
layers formed by [Fe(bipy)s]* " cations and [SO4CL]*~ anio-
nic units. Each of the O3 atoms of sulfate ion (related by C;
symmetry) accepts one O—H---O (06---03, 3.0 A) hydro-
gen bond from a single water molecule. Each water dimer
links two inversion-related layers via two O—H- - -N hydro-
gen bonds (O5- - -N5, 2.750 A) with the pyridyl N atom of
two L molecules (Figure 3d). The cyclic centrosymmetric
water hexamer'>® adopts the chair conformation (O---O
distances: 2.745 A, 0—0—0 angles: 100.0°; Figure 3e) and
donates six O—H: - - O hydrogen bonds (O4---01, 2.758 A)
to the urea groups of L (Figure 3f). As in the case of
compound 2, the [Fe(DABP);]*" complexes in the two
adjacent monolayers linked by the water dimers are of the
same configuration, while in the adjacent layers linked by the
water hexamers, they adopt the opposite configurations (A,
A, A A, in Figure 4b, from top to bottom).

"H NMR spectrum of compound 2 shows significant
downfield chemical shifts (Ad 1.93 and 1.48 ppm) of the
two urea NH protons relative to L in DMSO-d; (Figure 5).
These changes are considerably larger than those for
the previously reported [Zn(H,O)4][SO4CL,] compound
(A0 1.01 and 0.74 ppm, corresponding to a binding constant
(log K) of 6.42 in DMS0),” which may indicate stronger
binding in compound 2. Unfortunately, NMR titration of L
with [Fe(DABP);]SO,4 was not possible because of the limited
solubility of [Fe(DABP);]SO, in aprotic solvents, while the
NH signals could not be observed in protic solvents. On the
other hand, the compound 3 decomposes in DMSO-d; as
confirmed by its "H NMR spectrum (Supporting Informa-
tion, Figure S12) which prohibits further studies by NMR
spectroscopy.

A comparison with our previous report of the
[M(H,0)][SO4CL,] compound (1) shows that the cationic
part appears to have a great effect on the solid-state structure.
In the case of compound 1, the [M(H,0)s*" ions led to
complete encapsulation of sulfate by two tris(pyridylurea)
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Figure 3. (a) Water parallelogram that links two adjacent, inversion-related layers via hydrogen bonding in 2. (b) “Water cube” associated by hydrogen
bonding. (¢) N—H- - -O hydrogen bonds between one “water cube” and six [Fe(DABP);]> " cations viewed along the ¢ axis. (d) Water dimer that links two
adjacent layers in 3. (¢) The cyclic water hexamer with the chair conformation. (f) Hydrogen bonds between one water hexamer and six L molecules viewed
along the ¢ axis. Symmetry codes for the operations labeled in the structures, see the Supporting Information.

Figure 4. Layered structure (a) with water parallelograms and “water cubes” in 2; and (b) with single water, water dimers and hexamers in 3, located

between the layers.

ligands,” whereas the use of the larger first-sphere complex
[Fe(DABP)3rJr or [Fe(bipy)s]*" resulted in half-encapsula-
tion of SO4~ by only one ligand molecule in this work.
However, the solution behavior showed some difference
from the solid-state structure. In the negative-ion mode
mass spectra of 2 and 3 (Figure 6¢ and Supporting Informa-
tion, Figure S10b), both the 1:1 (301.0 in 2 and 3, [L +
SO4*"; and 603.1 in 2 and 603.3 in 3, respectively, [L -+
HSO,]") and 1:2 (5543 in 2 and 3, [2 L + SO,J*") anion
complexes are found, which is similar to the case of 1. The

U [ S S

T T
100 9.0 80 70 6.0 (Pppm)

Figure 5. Downfield shifts of the urea NH groups upon addition of
[Fe(DABP);]SO4 to the solution of L in DMSO-dg. (a) L; (b) L + 0.5 equiv
of [Fe(DABP);]SOy; (¢) The compound [Fe(DABP);][SO4CL]- 10H,O.
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Figure 6. ESI-MS spectra of compound 2 (a, positive-ion mode; ¢, negative-ion mode) and the product 2a obtained in the presence of SO4>~, OAc, NO;~
and ClO4 anion mixture (b, positive-ion mode; d, negative-ion mode).

Figure 7. Solid-state correlation of 1 and 2. (a) Approximated cation and anion vdW radii in 1 as space-filling pink and yellow spheres; (b) approximated
cation and anion vdW radii in 2 as orange and yellow spheres, respectively; (¢c) NaCl-type structure of 1; (d) Hexagonal BN-structure of 2 with green
connecting lines as visual aids, both packing diagrams have the radii of the space-filling spheres reduced for better visibility.
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Figure 8. Octahedral anion—cation packing in compound 1a (ref 7a)
directed by hydrogen bonding interactions between a coordinated water
molecule and the pyridyl or the carbonyl group in L. Hydrogen bond
parameters (A, deg): O4b- - - N7, 2.728(2), 180(2); OSe- - -N4a, 2.727(2),
175(2); O6a---Nla, 2.789(2), 170(2); Odc---O1, 2.835(2), 158(2);
05d- - -03a, 2.7151(16), 168(2); O6- - -O2a, 2.7599(19), 164(2). Symme-
try code: a, —x, 1=y, 1—z; b, —1/2—x, 1/2+y, 3/2—z; ¢, 1/2+x, 1/2—y,
—12+zd, =12+x, 12—y, =12+ z e, 1/2—x, 1/2+y, 3/2—=z.
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Figure 9. PXRD patterns. (a) Simulated from the single-crystal X-ray
data of 2; (b) experimental pattern of 2; (¢) experimental pattern from the
crystals crystallized in the presence of S0,>7, OAc, NO; ™, and ClO,;
and (d) simulated from the 1:2 complex [Mn(H>O)s][SO,CL,] (1a) (ref 7a).

positive-ion mode ESI-MS spectrum of 2 is dominated by a
peak at m/z 307.5 (100%) for the [Fe(DABP);]*" cation with
a minor component at m/z 560.6 (ca. 5%) for the divalent
[Fe(DABP);(L)I*" fragment (Figure 6a), which agrees well
with the calculated value of 560.2. Although a peak at m/z
262.4 (100%) for the [ Fe(blpy)% cation exists in the ESI-
MS of 3, no [Fe(bipy)s(L)]"" fragment is observed
(Supporting Information, Figure S10b). These data are in
agreement with the fact that the [Fe(DABP);]*" cation and L
are linked by hydrogen bonds in 2 but there is no hydrogen
bondlng interaction between [Fe(bipy)s]*" and L in 3.

To gain deeper insight into the solid-state structures of 1, 2,
and 3, and to understand the reason for the occurrence of the
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Figure 10. FT-IR spectra of the competitive crystallization experi-
ments. (a) Crystals obtained from SO4>~ alone. (b) Crystals obtained in
the presence of S0,>", OAc™, NO;5~, and ClO,~ anion mixture.
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Figure 11. Negative-ion mode ESI-MS spectrum of the competition
reaction of L, [Fe(DABP)3]SO,, K>CrOy4, and K5POy,.

1:1 [SO4CL] or 1:2 [SO4CL,] capsule, a correlation of the
secondary coordination sphere and the crystal packing of the
overall structure has been studied. The [Mn(H,0)4][SO4CL,]
com ound (1a) shows a NaCl-type structure with [Mn(H,-
0)g]”" as the cation (estimated averdge van der Waals radius
ca. 3.2 A) and the capsule [SO4CL2 as the anion (est. av.
vdW radius ca. 6.5 A) (Figure 7a,c).” For the half-encapsulat-
ing compounds 2 and 3, the space-filling radii were estlmated to
be ~4 A for both the [Fe(DABP)3]2+ or [Fe(bipy)s]*" cation
and the [SO,CLJ*~ anion, when taking into account the now
quite aspherical shape of the anion. As described above, these
two compounds are 2D layers showing the graphite structure
with each hexagon consisting of alternating cations and anions,
like in hexagonal BN (Figure 7b,d).

In the three supramolecular systems, the pyridyl functions of
the tris(pyridylurea) ligand L are not involved in the direct
coordination with the metal ions, and thus serve as very good
hydrogen-bond acceptors. In 1a the [M(H,0)¢)*" cation can
satisfy this hydrogen-acceptor property through O —H---Npy
bonding (Figure 8). The octahedral [M(H,0)q*" cation may
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actually help in the formation of an octahedral cation—anion
coordination in the NaCl-type structure. Moreover, the
[SO4CL,]*~ anion has six pyridyl acceptors, which is certainly
advantageous for the octahedral packing.

In contrast, in compounds 2 and 3 the cation ([Fe(DA-
BP);]*" or [Fe(bipy)s]* ) has only weaker (—NH, of DABP)
or no (bipy) hydrogen donor sites and can not form hydrogen
bonds with the pyridyl nitrogen (the amino groups in 2 form
N—H: - -:Oc—o contacts with the urea carbonyl groups of L).
Therefore, crystal water has to come in to satisfy the hydro-
gen-accepting demands of L (Figure 3a,d). If there is still a
[SO4CL,*™ anion, it would be surrounded by crystal water
molecules which could lower the Coulomb-attraction (and
consequently the lattice energy) between the cation and
anion, hence preventing the efficient crystallization of such
a species. On the other hand, the non-spherical and only
partly water-surrounded [SO4CL]*~ anion allows for a closer
approach of the [Fe(DABP);]** or [Fe(bipy)s]*" cation than
the [SO4CL,]*" anion. Furthermore, the hydration of the
[SO4CL]*™ anion leads to an anisotropic Coulomb attrac-
tion, as the cation—anion separation between the layers is at
least 3 A longer (>11.2 A) than within the layers (~8 A)
because of the presence of the interlayer water clusters (while
in 1a the anion capsule is not hydrated and the Coulomb
attraction is equal in all three directions). Thus, in 2 and 3
the cation—anion Coulomb attraction is confined to a
two-dimensional plane, which corresponds to the layered
structure. Since the cation and anion in 2 and 3 have about
the same size, a hexagonal BN (or graphite) lattice is formed.
Therefore, the encapsulation of sulfate by one versus two
L molecules may indeed be traced to the hydrogen bond-
ing properties of the secondary coordination sphere which
effectively affect the cation—anion Coulomb attraction in
the solid-state packing. It should be noted that the full- or
half-encapsulation of sulfate is observed only in the
solid state, while in solution all the three compounds show
both the 1:1 and 1:2 sulfate-to-ligand ratios as mentioned
above.

The sulfate selectivity against other anions was studied by a
competition crystallization experiment, which resulted in a
compound (2a) identical to 2 as confirmed by XRD
(Figure 9) and elemental analysis. The FT-IR spectra
(Figure 10) of compounds 2 and 2a display similar character-
istic peaks for sulfate anion at 1111 and 1116 cm ™', respec-
tively, and no detectable amounts of NO3; ™, OAc ™, or ClO4~
were found in the crystallized material. The ESI-MS spectra
of the competition product 2a (Figure 6) match well with
those of 2, which further support the sulfate separation by
selective crystallization of the sulfate complex 2. Further-
more, comparative anion recognition for isoelectronic tetra-
hedral anions SO4°~, CrO,*~, and PO,*~ was examined by
ESI-MS spectrometry. For the strongly basic PO,’” the
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protolytic equilibrium yields HPO,?~ as the most abundant
species between pH 7—11 in aqueous solution, followed by
H,PO, around and below pH 7. 4 Since SO,*~ and HPO,>~
have the same charge and same rounded mass of 96, an
isotope abundance does not allow for a distinction of them,
as ?hosphorus is an isotope-pure element and the abundance
of 348 as the only other significant sulfur isotope (besides S)
is only 4%. Thus, the mixture of L, [Fe(DABP);]SOy,
K,CrOy, and K3PO, showed negative ions ([L-anion] and
[L,-anion]) at 301.5 for [L + SO4]*~ or [L + HPO,*; 554.7
for [2 L+ SO4*” or [2 L + HPO,*"; 603.7 for [L + HSO,] ™
or [L + H,PO,] ™, and 564.7 for [2 L + CrO4*~ and 623.7 for
[L + HCrOy4] ", respectively (see Figure 11). While the bind-
ing of SO, and POs /HPO,* could only be clearly
discerned with a high-resolution MS experiment, the binding
of CrO,> is competitive to SO,* and PO, /HPO42_. The
competition between SO, and PO~ / HPO,> will be
addressed in future work.

Conclusions

In summary, we obtained two supramolecular architec-
tures, [Fe(DABP);][SO4CL]-10H,O (2) and [Fe(bipy)s]-
[SO4cL]-9H,O (3), via the self-assembly of [Fe(DA-
BP);]SO, or [Fe(bipy);]SO,4 with a tris(3-pyridylurea) ligand
(L). The two compounds show a similar layered structure, in
which each ligand molecule includes a sulfate anion in its cleft
via multiple hydrogen bonds. Alternative water parallelo-
grams and quasi “water cubes” link the 2D layers formed by
[SO4CLJ*™ anionic units and [Fe(DABP);]*" cations into a
3D network in compound 2, while in 3 single water molecules,
water dimers and hexamers are found between the layers.
FT-IR, PXRD, and elemental analysis reveal that SO4>~ can
be selectively crystallized from an aqueous solution contain-
ing other oxoanions, such as NO; , OAc™, and ClO4 , as
competing anions. The encapsulation of sulfate by a single
ligand molecule rather than two receptors is rationalized by
the better solid-state packing mode of the complex cations
[Fe(DABP);]*" and [Fe(bipy)s]*" without sufficient second-
ary hydrogen-bond donors and half-encapsulated anions
[SO4CL™.
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