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This paper reports four homochiral zinc phosphonates, R-(S)-
[Zn2(pemp)(pempH)Cl] (1), R-(R)-[Zn2(pemp)(pempH)Cl] (2), �-(S)-
[Zn2(pemp)(pempH)Cl] (3), and �-(R)-[Zn2(pemp)(pempH)Cl] (4)
[pempH2 ) (1-phenylethyl)amino]methylphosphonic acid]. Both 1
and 2 are enantiomers, crystallizing in an orthorhombic P212121

space group, while 3 and 4 are polymorphic phases of 1 and 2,
respectively, crystallizing in a monoclinic P21 space group. The
polymorphism is induced by temperature or additional organic
molecules.

Chiral coordination polymers have been of intense current
interest mainly because of their potential applications in the
areas of enantioselective catalysis and separation.1 Among
the different approaches to introducing chirality, the main
synthetic strategy is to use optically pure chiral multidentate
ligands.2 By employment of enantiomerically pure phospho-
nic acids, a few chiral metal phosphonates have been
prepared and crystallographically characterized. These in-
clude layer compounds (R)-R-Zn(O3PCH2P(O)(C6H5)(CH3)),
(R)-R-Zn(O3PCH2P(O)(C6H5)(C2H5)) ·H2O, and (R)-�-
Zn(O3PCH2P(O)(C6H5)(CH3)) ·H2O,3 chain compounds Ln[(S)-
HO3PCH2NHC4H7CO2]3 ·2H2O (Ln ) Tb, Dy, Eu, Gd),4three-
dimensional compound Zn2[(S)-O3PCH2NHC4H7CO2]2,5 and
lamellar or pillared layered lanthanide diphosphonates based

on derivatives of 1,1′-binaphthalene-6,6′-bisphosphonic acid.6,7

Some chiral porous zirconium phosphonates have also been
reported that show promising heterogeneous asymmetric cata-
lytic properties.8–10 In this paper, we use an enantiopure organic
phosphonic acid, (S)- or (R)-[(1-phenylethyl)amino]methylphos-
phonic acid (pempH2), to react with zinc salts under hydro-
thermal conditions. Homochiral zinc phosphonates R-(S)-
[Zn2(pemp)(pempH)Cl] (1) and R-(R)-[Zn2(pemp)(pempH)Cl]
(2) are obtained successfully. More interestingly, the presence
of organic molecules in the reaction mixture or a higher
reaction temperature can lead to new phases, �-(S)-
[Zn2(pemp)(pempH)Cl] (3) and �-(R)-[Zn2(pemp)(pempH)Cl]
(4), which are polymorphic to compounds 1 and 2, respectively.

It is well-known that controlling polymorphism is of great
interest in the fields of materials science and pharmacology
because the various polymorphs of the same substance may
have significantly different physical properties.11 The crystal-
lization of polymorphs could be affected by such factors as
temperature, additives, solvents, cooling rate, interface, etc.12

Polymorphism in metal phosphonates has been rare. As far
as we are aware, the only example is a nanotubular uranyl
phenylphosphonate (UO2)3(HO3PC6H5)2(O3PC6H5)2 ·H2O,
which shows δ- and ε-polymorphs, both crystallizing in
orthorhombic space group P212121. In the higher temperature
ε phase, a tilting of the organic groups to accommodate the
nanotubes more efficiently is observed.13,14 Polymorphism
of homochiral metal phosphonates has never been reported.

Hydrothermal reactions of (S)-pempH2 or (R)-pempH2 with
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pH ) 5.7 by NaOH at 140 °C, afforded colorless platelike
crystals of 1 and 2, respectively. Complexes 3 and 4 were
obtained by following a similar procedure except at 160 °C
or using additional organic molecules such as racemic
3-hydroxypiperidine, ethanolamine, (CH3)4NOH, and
(C2H5)4NOH.15 The same compounds can be obtained
without NaCl by using ZnCl2 instead of ZnSO4 as the starting
material.

Single-crystal structural analyses reveal that complexes 1
and 2 are enantiomers crystallizing in the orthorhombic
system, chiral space group P212121 (No. 19).16 Take com-
pound 1 as an example. The asymmetric unit of 1 contains
two independent Zn atoms, two phosphonate ligands, and
one Cl- anion (Figure 1). Both Zn1 and Zn2 atoms adopt
slightly distorted tetrahedral coordination geometries. Zn1
is coordinated to three phosphonate O atoms (O1, O5, and
O3B) and one N atom (N1) from three phosphonate ligands,
withZn1-OandZn1-Nbondlengthsbeing1.872(3)-1.983(3)
and 2.044(3) Å, respectively. The four coordination sites
around Zn2 are provided by three phosphonate O atoms
(O2A, O4, and O6C) and one Cl- anion. The Zn2-O and
Zn2-Cl bond lengths are 1.948(3)-1.997(3) and 2.201(1)
Å, respectively.

There are two crystallographically different phosphonate
ligands (pemp2- and pempH-). pemp2- behaves as a tet-

radentate ligand. It chelates to Zn1 through O1 and N1 atoms
and coordinates to the equivalent Zn1 and Zn2 via O3 and
O2 atoms, respectively (Scheme 1a). pempH- serves as a
tridentate ligand, with each of its three phosphonate O atoms
binding to one Zn1 and two equivalent Zn2, respectively
(Scheme 1b). Consequently, each {ZnO3N} or {ZnO3Cl}
tetrahedron is corner-shared with three {CPO3} tetrahedra
and vice versa, leading to a two-dimensional inorganic layer
in the ab plane where helical chains of -Zn1-O-P-O-
and -Zn2-O-P-O- are running along the a axis and are
alternatively arranged along the b axis (Figure 2). Hydrogen-
bond interactions are found between the amino N and
phosphonate O atoms within the layer. The N1 · · ·O4,
N2 · · ·O1, N2 · · ·O6i, and N2 · · ·O2 distances are 3.073(5),
2.981(4), 2.868(5), and 3.051(4) Å, respectively (symmetry
code: i, x - 1/2, -y + 3/2, -z + 1). The organic groups are
grafted onto the two sides of the inorganic layer. van der
Waals interactions dominate between the layers.

Complexes 3 and 4 are enantiomers and crystallize in the
monoclinic system, chiral space group P21 (No. 4).17 Both
contain the same composition as those of 1 and 2 and show
layer structures similar to those of 1 and 2, respectively.
Hence, 3 is selected to compare with 1. The Zn-O, Zn-N,
and Zn-Cl bond lengths of 3 are 1.845(5)-1.988(9),
2.033(7) and 2.196(3) Å, respectively, slightly different from
those of 1 (Figure 3). Hydrogen-bond interactions are again
observed within the layer, with the N1 · · ·O6, N2 · · ·O1,
N2 · · ·O2, and N2 · · ·O4ii distances being 3.075(8), 2.964(8),
3.038(1), and 2.873(8) Å, respectively (symmetry code: ii,
2 - x, 1/2 + y, 2 - z). A significant structural difference
between 3 and 1 lies in the packing modes of the layers. In
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Figure 1. Coordination geometries of Zn in 1 with an atomic labeling
scheme. Thermal ellipsoids are at the 30% probability level. All H atoms
except those attached to N and chiral C atoms are omitted for clarity. Figure 2. Inorganic enantiomorphous layer structures of 1 (S isomer, left)

and 2 (R isomer, right). Color code: Zn, cyan; P, purple; O, red; N, blue;
Cl, green.

Scheme 1
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compound 1, neighboring layers are stacked along the c axis
and repeat in an · · ·ABAB · · · sequence, while in compound
3, they are stacked in the sequence of · · ·AA · · · (Figure 4).
The layer-to-layer separations are 13.420 Å for 1 and 13.969
Å for 3.

The structural and composition similarity of compound 3
to 1 suggests that the two compounds are polymorphic
isomers. Considering that the other experimental conditions
are almost the same in preparing the two compounds, the
polymorphism could be induced by temperature or by the
presence of the additional organic molecules. The cell volume
of 3 is 1.2% smaller than that of 1, indicating that 3 could
be thermodynamically more stable.18 This is supported by
the experiments; e.g., higher reaction temperature favors the
formation of 3 instead of 1. The same conclusion is held for
2 and 4.

Solid-state circular dichroism (CD) spectra were measured
on KBr pellets for compounds 1-4 (Figure 5). Clearly,
compounds 1 and 3 exhibit positive Cotton effects while 2
and 4 show negative Cotton effects at the same wavelengths

(254, 261, and 268 nm), reflecting that the optical activities
of these compounds originate from the chiral organic
phosphonate ligands.19 For compounds 1 and 2, the opposite
sign of Cotton effects confirms that they are a pair of
enantiomers. Similarly, compounds 3 and 4 are also a pair
of enantiomers. The second harmonic generation (SHG)
properties of powder samples 1-4 were also studied. The
results indicate that both 1 and 2 exhibit SHG responses
about 0.4 times that of urea, while 3 and 4 exhibit SHG
responses about 0.5 times that of urea.

In summary, we report four novel enantiopure zinc
phosphonates synthesized by hydrothermal reactions of (S)-
or (R)-[(1-phenylethyl)amino]methylphosphonic acid and
zinc sulfate under hydrothermal conditions, namely, R-(S)-
[Zn2(pemp)(pempH)Cl] (1), R-(R)-[Zn2(pemp)(pempH)Cl]
(2), �-(S)-[Zn2(pemp)(pempH)Cl] (3), and �-(R)-
[Zn2(pemp)(pempH)Cl] (4). The results demonstrate that
polymorphism of chiral zinc phosphonates can be induced
by temperature or by additional organic molecules. Further
work is in progress to prepare novel homochiral materials
based on phosphonates with interesting chemical and physical
properties.
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Figure 3. Coordination geometries of Zn in compound 3 with an atomic
labeling scheme. Thermal ellipsoids are at the 30% probability level. All
H atoms except those attached to N and chiral C atoms are omitted for
clarity.

Figure 4. Packing diagrams of 1 along the b axis (left) and 3 along the a
axis (right). All H atoms are omitted for clarity.

Figure 5. CD spectra of 1 (black line), 2 (red line), 3 (blue line), and 4
(cyan line) in KBr pellets.
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