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Abstract: The structure elucidation of a
new zinc phosphate [CoII(en)3][Zn4(H2-
PO4)3(HPO4)2(PO4)(2H2O)2] (1) reveals
that the racemic cobalt complex tem-
plates the zinc phosphate framework in
such a way that the local C2 point
symmetry of the structural motif of the
inorganic framework conforms with that
of the cobalt complex pairing with it, in
essence transferring its chirality to the
inorganic host. An analysis of hydrogen

bonding between the guest molecules
and the inorganic host framework re-
veals that hydrogen bonding is respon-
sible for the stereospecific structural
arrangement. Upon examining previ-

ously reported chiral metal-complex-
templated structures of metal phos-
phates, it is revealed that such hydrogen
bonding is the common origin for induc-
ing chirality transfer in metal ± phos-
phate frameworks templated with chiral
metal complexes. Crystal data of 1:
orthorhombic, Pbcn (no. 60),
a� 10.4787(8) ä, b� 20.0091(14) ä,
c� 14.9594(10) ä, and Z� 2.
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Introduction

Chiral molecular sieves attract considerable attention, be-
cause of their potential application in enantioselective
catalysis and separations.[1] There have been three general
methodologies that have been employed for obtaining chiral
molecular sieves. One is to modify an existing inorganic
material with a chiral organic component through either
intercalation[2] or surface anchoring.[3, 4] The second is to
incorporate chiral moieties into the building blocks of an
organic ± inorganic hybrid framework constructed through
coordination of the organic component to metal cations.[5] The
third approach is to impart chirality to an as-synthesized
inorganic open-framework by using a chiral template. The
first two approaches have been remarkably successful. For
example, by using chirally modified zeolites as catalysts,[3, 4]

stereoselective photoreactions have been achieved; therefore,
racemic mixtures of small organic molecules have been
resolved using materials obtained by the second approach.[5]

However, the third approach to chiral molecular sieves, in
spite of some remarkable effort, has led to few successes.[6]

Optically pure chiral zeolitic material has never been made,
even though it has long been recognized that both zeolite �[1, 7]

and ETS-10[8] are heavily intergrown materials with one of the
polymorphs being chiral.
Inasmuch as no chiral template is necessary for the

formation of a chiral zeolitic polymorph, a small number of
metal phosphates with a chiral framework have also been
prepared by using achiral templates, such as [Na12-
(H2O)12][Zn12P12O48],[9] [NH3(CH2)2NH2(CH2)2NH3]-
[(ZnPO4)HPO4],[10] [CN3H6][Sn4P3O12],[11] [CH32NH2]K4-
[V10O10(H2O)2(OH)4(PO4)7] ¥ 4H2O,[12] ULM-5,[13] UCSB-7,[14]

and [Ti3P6O27] ¥ 5 [NH3CH2CH2NH3] ¥ 2H3O.[15] Since no part
of the initial reaction mixture is intrinsically chiral, their bulk
products are invariably 50:50 mixtures of enantiomeric crys-
tals.
The lack of success to impart chirality from a template to a

molecular sieve is perhaps due to, firstly, a lack of under-
standing of the interactions between a template and a
corresponding framework. Furthermore, it may not have
been appreciated that, in order for transfer of chirality to
occur, multipoint cooperative non-covalent interactions
stronger than van der Waals forces are perhaps necessary.
As a starting point for understanding the role of a chiral
template in determining the stereospecificity of an inorganic
framework structure, we have chosen metal phosphate
systems that are known to incorporate chiral metal complexes
and in which extensive hydrogen bonding between the
template and the inorganic host is possible. We have chosen
to focus on the role of hydrogen bonding, because it has been
suggested to play a role in inducing chirality in an alumi-
nophosphate with a chiral template,[16] and multiple hydrogen
bonds are known to cooperatively exert dramatic influences
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on the supramolecular assemblies in chemical and biological
systems.[17]

Among the large number of open-framework metal phos-
phates,[18±20] several metal phosphates templated by chiral
metal complexes have become known recently, including
aluminophosphates,[16, 21±24] gallium phosphate [�-Co(en)3]-
[H3Ga2P4O16],[25] [Co(en)3][Ga3(H2PO4)6(HPO4)3],[26] boron
phosphate [Co(en)3][B2P3O11(OH)2],[27] and zinc phosphates,
[CoII(en)3]2[Zn6P8O32H8], and [CoIII(en)3][Zn8P6O24Cl] ¥
2H2O.[28] More recently, by using a racemic mix of chiral
[Co(dien)2]Cl3 complex as the template, an interesting open-
framework zinc phosphate H3O[Co(dien)2][Zn2(HPO4)4] has
been prepared with multidirectional helical channels.[29] The
rigid octahedrally coordinated metal amine complex is chiral,
which exists as both the � and � enantiomers. As has been
demonstrated in the recent work by Morgan[16] and by us,[28, 29]

a chiral inorganic structural motif can be induced by the chiral
complex template.
In this work, the synthesis of a new zinc phosphate by using

a racemic mixture of the chiral metal complexes, [Co(en)3]Cl3,
is reported. The single-crystal structure solution of this
compound, and the analysis of the hydrogen bonding between
the template and the host reveal that there exists a stereo-
specificity between the template and the host, and that
hydrogen bonding is its origin. Further examination of this
type of chiral molecular-recognition phenomenon in several
previously reported metal phosphates templated by chiral
complexes identifies, for the first time, a common chiral
configuration and symmetry in their inorganic microenviron-
ment as a result of chirality transfer from chiral metal
complexes.

Experimental Section

Synthesis : The title compound was prepared by means of a hydrothermal
reaction between Zn(OAc)2 ¥ 2H2O, H3PO4, [Co(en)3]Cl3 and H2O in a
molar ratio of 1:3:0.5:488. Typically, Zn(OAc)2 ¥ 2H2O (0.25 g) was
dissolved in H2O (10 mL), and then H3PO4 (85wt%, 0.23 mL) was added
and stirred. Finally, [Co(en)3]Cl3 (0.22 g) was added to the above reaction
mixture. The resulting gel was stirred for one hour until it was homoge-
neous, and it was then sealed in a Teflon-lined stainless steel autoclave and
heated at 110 �C for 26 hours under static condition. The product, which
contained orange plate-shaped single crystals, was separated by sonication,
and further washed with distilled water and then air-dried. The X-ray
diffraction pattern of the product was in good agreement with that
generated from single-crystal structural data; this confirmed the phase
purity of the as-synthesized product.

Characterization : X-ray powder diffraction (XRD) data were collected on
a Siemens D5005 diffractometer with CuK� radiation (�� 1.5418 ä).
Inductively coupled plasma (ICP) analysis was performed on a Perkin ±
Elmer Optima 3300DV spectrometer. The determined data (Zn, 23.5%wt
P, 16.7%wt Co, 5.30%wt) are in agreement with those calculated values
(Zn, 22.9%wt P, 16.1%wt Co, 5.27%wt). The elemental analysis was
conducted on a Perkin ±Elmer 2400 elemental analyzer. The determined
data (C, 6.48%wt H, 3.15%wt N, 7.55%wt) are in agreement with those
calculated values (C, 6.37%wt H, 3.90%wt N, 7.38%wt).

A Perkin ±Elmer TGA 7 unit was used to carry out the thermogravimetric
analysis (TGA) in air with a heating rate of 10 �Cmin�1. A weight loss of
20% in total (calcd 21.5%), which occurred at 200 ± 660 �C was observed;
this was attributed to the dehydration of the product and the decom-
position of the metal complex.

Structural determination : A suitable single crystal with dimensions of
0.20� 0.05� 0.04 mm was selected for single-crystal X-ray diffraction
analysis. Structural analysis was performed on a Siemens SMART CCD
diffractometer by using graphite-monochromated MoK� radiation
(�� 0.71073 ä). The data were collected at temperature of 20� 2 �C.
Intensity data of 14343 reflections of which 2251 were independent
(�11� h� 10, �22� k� 19, �16� l� 14) were collected in the � scan
mode (Rint� 0.0588).
Data processing was accomplished with the SAINT processing program.[30]

The structure was solved in the space group Pbcn by the direct methods,
and was refined on F 2 by full-matrix least-squares by using SHELXT-
L97.[31]All Zn, Co, P, and O atoms were easily located. Hydrogen atoms that
were attached to the terminal P�O groups and to the metal complex cation
were placed geometrically, and were refined by using a riding model. Zn(2)
was disordered over two sites.

All non-hydrogen atoms were refined anisotropically. Experimental details
for the structure determination are presented in Table 1. The atomic
coordinates, and the selected bond lengths and angles are presented in

Tables 2 and 3, respectively. CCDC-208133 contains the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (�44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.
uk).

Computer simulations : The calculation was based on the Burchart 1.01-
Dreiding 2.21 force field that combines the Burchart force field,[32] which
was used to treat the frameworks of zeolites, and Dreiding II force field,[33]

which was used to treat the intra- and intermolecular interactions. Because
the energy terms for Co species were not addressed in this force field, we
divided them into bonding and nonbonding terms.

For the bonding terms, we used a UFF generator, since the Universal force
field facilitated the optimization for the configuration of the metal
complexes.

For the nonbonding terms, we used Lennard ± Jones 6 ± 12 potential
function to express the van der Waals energy. Some parameters not given
in the Dreiding force field were added according to the reference;[34] which
were as follows: Co ¥ ¥ ¥O: D0� 0.055 kcalmol�1, R0� 3.18 ä; Co ¥ ¥ ¥H: D0�
0.055 kcalmol�1, R0� 2.16 ä. Other parameters were the same as those
used in Burchart 1.01–Dreiding 2.21 force field given in the Cerius2

package.[35] The hydrogen bonding energies between the host inorganic
network and the guest template molecules were studied in this work. The

Table 1. Crystal data and structure refinement for [CoII(en)3]-
[Zn4(H2PO4)3(HPO4)2(PO4)(H2O)2].

formula C6H36CoN6O26P6Zn4
Mr 1112.64
T [K] 293(2)
� [ä] 0.71073
crystal system, space group orthorhombic, Pbcn
a [ä] 10.4787(8)
b [ä] 20.0091(14)
c [ä] 14.9594(10)
V [ä3] 3136.5(4)
Z/�calcd [Mgm3�] 4/2.356
� [mm�1] 3.949
F(000) 2228
crystal size [mm] 0.20� 0.05� 0.04
� range [�] 2.04 ± 23.23
reflections collected/unique 14343/2251 [R(int)� 0.0588]
completeness to �� 23.23 [%] 99.7
absorption correction empirical
transmission max/min 0.8580/0.5056
data/restraints/parameters 2251/0/232
goodness of fit 1.063
final R indices [I� 2�(I)] R1� 0.0538, wR2� 0.1446
R indices (all data) R1� 0.0689, wR2� 0.1532
largest difference peak/hole [eä�3] 1.887/� 1.047
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hypothetical structural models relevant to the experimental structures were
built up by reversing the configuration of the complex cations followed by
energy minimization. During energy minimization, the inorganic frame-
work was fixed, and each Co complex cation was considered as a rigid body.
The hypothetical structural model had the same space group as the
experimental structure.

Results and Discussion

The structure of compound 1 consists of a macroanionic
[CoII(en)3][Zn4(H2PO4)3(HPO4)2(PO4)(H2O)2]2� framework.
Charge neutrality is achieved by the metal complex cation
[Co(en)3]2�. A cobalt cation has apparently been reduced
during the hydrothermal synthesis process. While it is only
speculated that labile ethylenediamine may be the reducing
agent for the transformation of [Co(en)3]3� to [Co(en)3]2�

during synthesis, it has been unambiguously established in a
similar reaction system that the cobalt complex is indeed
reduced under the hydrothermal synthesis conditions.[28] The
asymmetric unit, as seen in Figure 1, contains two unique Zn
atoms and four unique P atoms. Both Zn(1) and Zn(2) are
tetrahedrally coordinated making four Zn-O-P linkages.
Zn(2) is positionally disordered over two sites, with a lattice
water molecule, O(13), that contributes to the coordination of
Zn(2)�. The Zn�O distances are in the range of 1.890(6) to
1.979(8) ä. Three types of phosphate groups, H2PO4�,
HPO42�, and PO43�, are found to share their non-hydroxyl
oxygen atoms with Zn atoms. The P�Obridging distances are in

Figure 1. Thermal ellipsoid plot (50%) showing the labeling scheme in 1.

the range of 1.482(7) to 1.530(7) ä. All the hydroxyl groups
are free from bonding to Zn atoms, and have longer P�O
distances in the range of 1.522(7) to 1.568(6) ä. Of the four
distinct P atoms, P(1) and P(2) lie on a twofold axis, while P(3)
and P(4) occupy general positions. As shown in Figure 1, each
asymmetric unit also contains one unique Co atom lying on
the twofold axis.
The Zn- and P-centered tetrahedra alternate to form a

three-dimensional open framework with channels running
along the [001] direction. A pair of enantiomeric [Co(en)3]2�

ions reside within the channel (Figure 2). Eight Zn and P

Figure 2. The open-framework structure of compound 1 viewed along the
[001] direction (Zn(2�) atoms and water molecules are omitted for clarity).
The chiral structural motif composed of three four-membered rings is
associated with the chiral-metal complex cation with the same C2
symmetry.

atoms form a 16-membered-ring window that circumscribes
the channel opening. The channels are partially blocked by
the H2PO42� groups that protrude into the channel. It is
helpful to view the inorganic framework as built from a simple
structural motif composed of three four-membered rings.
These structural motifs are stacked along the [001] direction
and are linked together through bridging oxygen atoms, O(3)
and O(4), along the [100] and [010] directions to form the
three-dimensional open-framework. Notice that the motifs
can twist in either the right- or left-handed direction along
their symmetric axis. The former is denoted as� configuration
and the latter as � configuration. The significance of
describing the structure with such a structural motif becomes

Table 2. Atomic coordinates [�104] and equivalent isotropic displacement
parameters [ä2� 103] for [CoII(en)3][Zn4(H2PO4)3(HPO4)2(PO4)(H2O)2]
U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

x y z U(eq)

Zn(1) 735(1) 2437(1) 8866(1) 32(1)
Zn(2) 4057(2) 889(1) 10658(1) 30(1)
Zn(2�) 3674(3) 839(1) 9821(2) 62(1)
Co(1) 0 1440(1) 12500 21(1)
P(1) 0 1198(2) 7500 40(1)
P(2) 0 3620(2) 7500 28(1)
P(3) 3077(2) 2343(1) 10215(1) 22(1)
P(4) 3636(3) � 587(1) 10790(2) 48(1)
O(1) 753(7) 1616(4) 8140(5) 60(2)
O(2) 800(6) 3209(4) 8112(5) 59(2)
O(3) 2450(5) 2542(3) 9348(3) 37(2)
O(4) � 542(5) 2420(3) 9796(4) 33(1)
O(5) 870(7) 689(3) 7019(5) 65(2)
O(6) 921(8) 4068(4) 6980(5) 72(2)
O(7) 2358(6) 2671(3) 11023(4) 35(1)
O(8) 2928(6) 1600(3) 10397(4) 43(2)
O(9) 3093(7) 63(3) 10505(5) 54(2)
O(10) 2559(8) � 1065(3) 11030(5) 64(2)
O(11) 4471(8) � 914(4) 10119(9) 110(4)
O(12) 4434(16) � 440(6) 11622(10) 194(8)
O(13) 2862(9) 818(4) 8634(6) 88(3)
N(1) 348(6) 1412(3) 11209(4) 30(2)
N(2) 1241(6) 2159(3) 12673(4) 28(2)
N(3) 1318(7) 766(3) 12753(5) 36(2)
C(1) � 252(10) 790(5) 10831(6) 43(2)
C(2) 564(8) 2806(4) 12802(5) 34(2)
C(3) 1545(9) 714(5) 13728(6) 45(2)
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apparent once it is recognized that the structural motif has the
same C2 symmetry as the chiral complex cation, and that each
chiral structural motif is associated with a chiral metal-
complex cation in such a way that the metal complex with the
� configuration is in close contact with the chiral motif with
the � configuration, and the metal complex with the �

configuration is in close contact with the chiral motif that has
the � configuration. This remarkable stereospecific corre-
spondence between the metal-complex template and the
structure of the inorganic host clearly indicates that molecular
recognition between the guest and the host exists; this allows

the configuration and symmetry
information of the guest tem-
plate to be passed onto the
inorganic framework.
To understand the cause for

the observed chiral molecular
recognition, a detailed hydro-
gen-bonding network that in-
volves the metal complex and
the inorganic structure has been
analyzed. Figure 3 shows the
hydrogen-bonding arrangement
between the complex cations
and the nearby chiral structural
motifs in 1. The hydrogen bonds
are all of N�H ¥ ¥ ¥O type, and
the N ¥ ¥ ¥O distances involved in
the hydrogen bonding are in the
range of 2.917 ± 3.066(8) ä.
These hydrogen bond distances
are within the range expected
for this type of bonding.[36] Each
[Co(en)3]2� forms ten hydrogen
bonds with four chiral inorganic
structural motifs of the inorgan-
ic host nearby; these all have
the same chirality. Namely the
chiral structural motifs that
have � configuration form hy-
drogen bonds with chiral com-
plex cations that have � config-
uration, whilst the chiral struc-
tural motifs that have �

configuration form hydrogen
bonds with chiral complex cat-
ions with � configuration, as
can be seen in Figure 3. This
implies a chirally selective rec-
ognition, that is, a chiral dis-
crimination effect. Having ex-
amined the hydrogen-bonding
network, it is readily recognized
that if a metal complex with the
� configuration is to be inserted
into the lattice position of the
metal complex with the � con-
figuration, or vice versa, the
number of hydrogen bonds per

cobalt complex will be reduced to eight in the reversed
framework. The difference between the experimental struc-
ture and the reversed hypothetical structure of the hydrogen
bond energy of the host ± guest is �27.13 kJmol�1 per com-
plex.
As a consequence, the complex cations and the chiral

structural motifs are related by a twofold axis. Therefore, the
hydrogen bonding imposes the C2 symmetry operation of the
chiral complex template onto the chiral structural motif. This
demonstrates that chiral molecular recognition between the
guest and host occurs through hydrogen bonds.

Table 3. The selected bond lengths [ä] and angles [�] for [CoII(en)3][Zn4(H2PO4)3(HPO4)2(PO4)(H2O)2].[a]

Zn(1)�O(2) 1.913(6) Zn(1)�O(4) 1.930(5)
Zn(1)�O(3) 1.948(5) Zn(1)�O(1) 1.969(7)
Zn(2)�O(8) 1.890(6) Zn(2)�O(11)#1 1.932(9)
Zn(2)�O(9) 1.952(7) Zn(2)�O(6)#2 1.979(8)
Zn(2�)�O(8) 1.917(6) Zn(2�)�O(11)#1 1.951(9)
Zn(2�)�O(9) 1.956(7) Zn(2�)�O(13) 1.970(10)
P(1)�O(1) 1.496(7) P(1)�O(1)#4 1.496(7)
P(1)�O(5) 1.544(7) P(1)�O(5)#4 1.544(7)
P(2)�O(2)#4 1.489(6) P(2)�O(2) 1.489(6)
P(2)�O(6)#4 1.530(7) P(2)�O(6) 1.530(7)
P(3)�O(3) 1.507(6) P(3)�O(8) 1.520(6)
P(3)�O(4)#5 1.523(6) P(3)�O(7) 1.568(6)
P(4)�O(9) 1.482(7) P(4)�O(11) 1.483(9)
P(4)�O(10) 1.522(7) P(4)�O(12) 1.529(11)

O(2)-Zn(1)-O(4) 117.6(3) O(2)-Zn(1)-O(3) 95.7(3)
O(4)-Zn(1)-O(3) 112.0(2) O(2)-Zn(1)-O(1) 110.3(3)
O(4)-Zn(1)-O(1) 112.9(3) O(3)-Zn(1)-O(1) 106.6(3)
O(8)-Zn(2)-O(11)#1 110.9(4) O(8)-Zn(2)-O(9) 106.8(3)
O(11)#1-Zn(2)-O(9) 111.3(3) O(8)-Zn(2)-O(6)#2 100.5(3)
O(11)#1-Zn(2)-O(6)#2126.2(5) O(9)-Zn(2)-O(6)#2 99.2(3)
O(8)-Zn(2�)-O(11)#1 108.9(3) O(8)-Zn(2�)-O(9) 105.6(3)
O(11)#1-Zn(2�)-O(9) 110.3(4) O(8)-Zn(2�)-O(13) 104.2(3)
O(11)#1-Zn(2�)-O(13)118.2(5) O(9)-Zn(2�)-O(13) 108.7(3)
O(1)-P(1)-O(1)#4 111.9(6) O(1)-P(1)-O(5) 110.8(4)
O(1)#4-P(1)-O(5) 112.4(4) O(1)-P(1)-O(5)#4 112.4(4)
O(1)#4-P(1)-O(5)#4 110.8(4)
O(5)-P(1)-O(5)#4 97.6(5)
O(2)#4-P(2)-O(2) 112.9(6) O(2)#4-P(2)-O(6)#4 106.3(4)
O(2)-P(2)-O(6)#4 111.5(4) O(2)#4-P(2)-O(6) 111.5(4)
O(2)-P(2)-O(6) 106.3(4) O(6)#4-P(2)-O(6) 108.2(7)
O(3)-P(3)-O(8) 111.6(4) O(3)-P(3)-O(4)#5 108.9(3)
O(8)-P(3)-O(4)#5 113.9(3) O(3)-P(3)-O(7) 110.1(3)
O(8)-P(3)-O(7) 102.8(3) O(4)#5-P(3)-O(7) 109.6(3)
O(9)-P(4)-O(11) 114.7(6) O(9)-P(4)-O(10) 109.6(4)
O(11)-P(4)-O(10) 108.7(4) O(9)-P(4)-O(12) 105.9(6)
O(11)-P(4)-O(12) 108.2(9) O(10)-P(4)-O(12) 109.5(7)
P(1)-O(1)-Zn(1) 144.6(5) P(2)-O(2)-Zn(1) 142.0(4)
P(3)-O(3)-Zn(1) 133.8(3) P(3)#6-O(4)-Zn(1) 130.2(3)
P(1)-O(5)-H(5) 109.5 P(2)-O(6)-Zn(2)#7 122.7(5)
P(3)-O(7)-H(7) 109.5 P(3)-O(8)-Zn(2) 135.1(4)
P(3)-O(8)-Zn(2�) 130.9(4) P(4)-O(9)-Zn(2) 120.8(4)
P(4)-O(9)-Zn(2�) 136.7(5) P(4)-O(11)-Zn(2)#1 150.1(6)
P(4)-O(11)-Zn(2�)#1 121.5(7) P(4)-O(12)-H(12) 109.5
P(4)-O(10)-H(10) 109.5

D�H ¥¥¥A d(D ¥¥A) �(DHA)
O(5)-H(5) ¥¥O(10)#8 2.426(10) 162.5
O(7)-H(7) ¥¥O(10)#9 2.531(8) 172.0
O(12)-H(12) ¥¥O(12)#10 2.88(2) 108.4
N(1)-H(1A) ¥¥O(4) 3.066(8) 155.9
N(1)-H(1B) ¥¥O(8) 2.987(9) 156.3
N(2)-H(2A) ¥ vO(3)#2 2.919(8) 145.9
N(2)-H(2B) ¥¥O(7) 2.917(8) 150.9

[a] Symmetry transformations used to generate equivalent atoms: #1; �x� 1,� y,� z� 2 #2; �x� 1/2,�
y� 1/2,z� 1/2 #3;�x,y,� z� 5/2 #4;�x,y,� z� 3/2 #5; x� 1/2,� y� 1/2,� z� 2 #6; x� 1/2,� y� 1/2,� z� 2 #7;
�x� 1/2,� y� 1/2,z� 1/2 #8; x,� y,z� 1/2; #9; �x� 1/2,y� 1/2,z ; #10; �x� 1,y,� z� 5/2
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Figure 3. The hyrogen bonds between the complex templates and nearby
chiral structural motifs in 1.

By extending our understanding of compound 1, taking into
account previously reported metal phosphates that are
templated with either an optically pure or a racemic mixture
of chiral metal complex, we find that the observed chirality
transfer between the chiral templates and the inorganic host
framework occurs by the symmetry correspondence between
the chiral metal complex and the chiral structural motif. This
template ± host symmetry relationship in six-metal-complex-
templated metal phosphates, including compound 1, is shown
in Table 4.

The chiral aluminophosphate [�-Co(en)3][Al3P4O16] ¥ 3H2O
(2) is templated by an optically pure�-[Co(en)3]3� cation.[21] It
has a 2D-layered structure with 4.6-net, and is characteristic
of a [3.3.3]propellane-like chiral structural motif (Figure 4).

Figure 4. The 4.6-net sheet in 2. The [3.3.3]propellane-like chiral motif and
the chiral-metal complex occluded in the interlayer region are shown.

The chiral structural motif and the complex cation both have
the same C2 symmetry. Notably, the complex templates
occluded in the interlayer region have the � configuration,
and the chiral inorganic structural motifs exclusively have the
� configuration. The stereospecific correspondence between
the metal-complex template and the inorganic structural
motifs can be well understood due to the fact that the number
of hydrogen bonds will be reduced, and the hydrogen bond
energy of the host ± guest will be increased upon replacing the

Table 4. The template ± host symmetry and configuration relationship in metal-complex-templated metal phosphates.

Formula Inorganic motif Metal complex Hydrogen bond interaction per Co complex
H-bond number in
experimental structure[a]

H-bond number in
hypothetical structure[a]

�Eexp-hypo
[kJmol�1]

1 [CoII(en)3][Zn4(H2PO4)3-
(HPO4)2(PO4)(H2O)2]

a pair of enatiomers of
structural motif composed
of three four-MRs (� and
�/C2)

[Co(en)3]2� (� and
�/C2)

10 8 � 27.13

2 [�-Co(en)3][Al3P4O16] ¥ 3H2O [3.3.3]propellane-like mo-
tif (�/C2)

[�-Co(en)3]3� (�/C2) 10 8 � 42.34

3 trans-[Co(dien)2]-
[Al3P4O16] ¥ 3H2O

[3.3.3]propellane-like mo-
tif (�/C2)

one enantiomer of
[Co(dien)2]3� (ion �/C2)

4 0 � 44.85

4 [Co(tn)3]-
[Al3P4O16] ¥ 2H2O

capped 6-MR (�/C1) Co(tn)3 (�/C1) 9 7 � 15.05

5 [CoII(en)3]2[Zn6P8O32H8] [3.3.3]propellane-like mo-
tif (� and �/C1)

[Co(en)3]2� (� and
�/C2and C1)

10 8 � 51.58

6 [Co(en)3]-
[Zn8P6O24Cl] ¥ 2H2O

caplike motif composed
of six 4-MRs and
three 3-MRs (� and �/C3)

[Co(en)3]2� (� and �/D3) 12 6 � 79.88

[a] Only strong hydrogen bonds are considered (H ¥ ¥ ¥A� 2.5 ä, D�H ¥ ¥ ¥A� 130�)



Guest Chiral-Metal Complexes 5048±5055

Chem. Eur. J. 2003, 9, 5048 ± 5055 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5053

metal complex with the � configuration by its enantiomer in
the framework (Table 4).
Compound 3, a chiral layered aluminophosphate [trans-

Co(dien)2][Al3P4O16] ¥ 3H2O, contains chiral layers stacked in
a helical fashion with only one enantiomer of the
[Co(dien)2]3� ions located in the interlayer region (Fig-
ure 5).[22] As with compound 2, its 4.6-net sheet is featured

Figure 5. The [3.3.3]propellane-like chiral motif and the chiral
[Co(dien)2]3� ions occluded in the interlayer region in 3.

by a series of [3.3.3]propellane-like chiral motifs exclusively
with the � configuration. Both the complex cation and the
chiral structural motif have the same C2 symmetry. If the
metal complexes with the ™wrong∫ configuration are inserted
into the experimental lattice, no hydrogen bonds will be
formed between the complex template and the inorganic host.
The difference in hydrogen bond energy of the host ± guest
between the experimental and the reversed hypothetical
frameworks is �44.85 kJmol�1 per complex. This explains
why a structural motif with the � configuration is induced
instead of the � configuration in the lattice.
In a chiral layered aluminophosphate [Co(tn)3][Al3P4O16] ¥

2H2O (4) with a 4.6.8-net, one enantiomer of the metal
complex with C1 symmetry and the � configuration is present
(Figure 6),[23] therefore, the chiral capped six-membered-ring
motif has C1 symmetry and exclusively exhibits the �

configuration (Figure 6). The above discussion helps to
demonstrate the correspondence of the symmetry and con-
figuration of the chiral, inorganic structural motif to that of
the complex cation in chiral frameworks. In our recently
reported two cobalt-complex-templated zinc phosphates,
[CoII(en)3]2[Zn6P8O32H8] (5) and [CoIII(en)3][Zn8P6O24Cl] ¥
2H2O (6),[28] a pair of enantiomers with chiral, inorganic
structural motifs are induced by a pair of enantiomers with
chiral complex cations. Figure 7 shows a pair of enantiomers
with chiral complexes induced by a pair of enantiomers with
[3.3.3]propellane-like chiral structural motifs in the layered
structure of 5. The complex cations have C2 and C1 symmetry,
and the structural motif has C1 symmetry. Figure 8 shows a

Figure 6. The 4.6.8-net sheet in 4. The capped six-membered-ring chiral
motif and the chiral metal complex occluded in the interlayer region are
shown.

Figure 7. A pair of enantiomers of [3.3.3]propellane-like chiral structural
motifs in the inorganic layer, and a pair of enantiomers of chiral complexes
alternatively residing the interlayer region in 5.

Figure 8. A pair of enantiomers of caplike chiral structural motifs in the
inorganic framework and a pair of enantiomers of chiral complexes
alternatively residing in different channels in 6.
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pair of enantiomers with chiral complexes induced by a pair of
enantiomers with caplike chiral structural motifs in the 3D
open framework structure of 6. The chiral structural motif is
composed of six four-membered and three three-membered
rings. The chiral complex cation in 6 hasD3 symmetry, and the
chiral structural motif has C3 symmetry. Notice that the chiral
[Co(en)3]3� or [Co(en)3]2� templates in a regular octahedron
have D3 symmetry. The above two examples suggest that the
template can impose its individual symmetry constraint onto
the inorganic structural motif. That is, the chiral structural
motif has a subgroup of the point-group symmetry of the
complex. Notably, in these two structures the metal complex
with the � configuration forms hydrogen bonds to the
structural motifs with both the � and � configuration, or
vice versa. However, in both cases, if the configuration of each
metal complex is replaced by the ™wrong∫ enantiomer, the
number of hydrogen bonds will be reduced and the hydrogen
bond energy of the host ± guest will become unfavorable. This
indicates that hydrogen bonds play an important role in
determining the stereospecificity between the metal-complex
templates and the inorganic structural motifs.
More interestingly, it is found that the [3.3.3]propellane-like

chiral structural motif is frequently associated with the chiral
metal-complex template as in compounds 2, 3, and 5.
Recently, two new gallium phosphates [Co(en)3][Ga3P4O16] ¥
3H2O and trans-[Co(dien)2][Ga3P4O16] ¥ 3H2O, whose struc-
tures are isostructural to the layered aluminophosphates
[Co(en)3][Al3P4O16] ¥ 3H2O[16] and trans-Co(dien)2 ¥Al3P4O16 ¥
3H2O,[22] have been synthesized by us. Both of the structures
feature a chiral structural motif. Structurally, it appears that
the symmetry and configuration of the [3.3.3]propellane-like
structural motif is a good match with that of the metal-
complex template. Further understanding of the formation
mechanism for the chiral structural motif around the chiral
metal complex would facilitate the design of new chiral
inorganic microporous materials.

Conclusion

In this work, we have studied the role of a chiral-complex
template to determine the stereospecificity of an inorganic
framework structure. Upon investigating the structures of
a new open-framework zinc phosphate [CoII(en)3][Zn4(H2-
PO4)3(HPO4)2(PO4)(H2O)2] and several chiral-complex-tem-
plated metal phosphates, we reach the following conclusions:
1) An asymmetric microenvironment can be invariably in-
duced in the inorganic framework as a result of chirality
transfer from chiral metal complexes. 2) There exists molec-
ular recognition between the host framework and the guest
chiral template; this allows the symmetry and configuration
information of the guest template to be passed onto the
inorganic structural motif. 3) The remarkable stereospecific
correspondence between the complex template and the
inorganic host is attributed to the hydrogen bonding between
the host framework and the guest molecules. This work
provides some insight into the interactions between a chiral
template and a corresponding inorganic framework. It is
believed that the approach, which employs a rigid chiral

template to impart its chirality to the inorganic open-frame-
work, will eventually be successful.
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