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There has been tremendous recent interest in the design and
synthesis of functional solids based on metal-organic coordina-
tion networks.1-7 In contrast to inorganic zeolites, metal-organic
frameworks are typically synthesized under mild conditions and
thus allow rational design of novel materials by incorporating
bridging ligands with desired size, shape, chirality, and electronic
properties. Over the past few years, many metal-organic
coordination networks have been shown to exhibit unique
properties including functional group/size selective sorption,
catalysis, gas storage, molecular recognition, and second harmonic
generation.2,6-7 With a few notable exceptions,6 homochiral
metal-organic frameworks have not been explored for applica-
tions in heterogeneous asymmetric catalysis and enantioselective
separation. Motivated by elegant work of Mallouk et al. on
preparative-scale chiral separation of a racemic mixture of
naphthylamines usingR-Zr(HPO4)2 intercalated with chiral cy-
clophanes,5 we have recently explored the design and synthesis
of thermally and hydrolytically robust, single-crystalline, chiral
porous metal-organic frameworks based on metal bisphospho-
nates. Herein we wish to report the synthesis, structures, chiral
separation, and catalytic properties of a series of homochiral
porous lamellar lanthanide bisphosphonates.

Homochiral lanthanide bisphosphonates with the general
formula of [Ln(L -H2)(L -H3)(H2O)4]‚xH2O (Ln ) La, Ce, Pr, Nd,
Sm, Gd, Tb, x ) 9-14, 1a-g) were synthesized by slow
evaporation of an acidic mixture of nitrate or perchlorate salts of
Ln(III) and 2,2′-diethoxy-1,1′-binaphthalene-6,6′-bisphosphonic
acid(L -H4)8 in methanol at room temperature (eq 1). The IR

spectra of1a-g display strong phosphorus-oxygen stretches at
950-1150 cm-1. In addition, the IR spectra of1a-g also exhibit

intense and broad O-H stretching vibrations between 3700 and
3200 cm-1. Thermogravimetric analyses show that1a-g lose
11.7-17.4% of total weight by 90°C, corresponding to the loss
of 9-14 water molecules per formula unit (expected 11.6-
17.2%).9 These formulations have been supported by microanaly-
sis results (Supporting Information).

A single-crystal X-ray diffraction study performed on [Gd(R-
L -H2)(R-L -H3)(H2O)4]‚12H2O (R-1f) reveals a 2D lamellar struc-
ture consisting of 8-coordinate Gd centers and bridging binaph-
thylbisphosphonate groups.1f crystallizes in the chiral space group
P212121.10 The asymmetric unit of1f consists of one Gd center,
two bridging binaphthylbisphosphonate groups, four coordinated
water molecules and 12 water guest molecules (Figure 1). The
Gd center adopts a square anti-prismatic geometry by coordinating
to four water molecules and four phosphonate oxygen atoms of
four different binaphthylbisphosphonate ligands. Three of the four
crystallographically independent phosphonate groups (P1-P3) are
monodeprotonated and coordinate to the Gd center in a mono-
dentate fashion, while the fourth phosphonate group (P4) remains
protonated and also coordinates to the Gd center in a monodentate
fashion.11 If we disregard the coordinated water molecules, the
four phosphonate groups coordinate to the Gd center in a highly
distorted tetrahedral geometry with O-Gd-O angles ranging from
81.4 to 147.4°. The binaphthyl subunits have dihedral angles of
118.2 and 121.0° for L -H2 andL -H3, respectively. The skewed
configuration of the binaphthyl subunits in combination with the
distorted tetrahedral phosphonate coordination allows the forma-
tion of an elongated 2D rhombohedral grid lying in theac plane
(Figure 2a). The 2D grid has Gd-Gd-Gd angles of 153.6 and
26.7°, and Gd-Gd separations of 16.83 and 16.78 Å. Such 2D
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Figure 1. Coordination environment of1f. The asymmetric unit
(excluding water guest molecules) is shown with ellipsoids at 30%
probability.
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grids stack along theb axis via interdigitation of the binaphthyl
rings from the adjacent layers (Figure 2b). There is still void space
formed between the lamellae after such interdigitation of the
binaphthyl rings, and a space-filling model of1f viewed along
the a axis clearly indicates the presence of large asymmetric
channels with a largest dimension of∼12 Å. X-ray powder
diffraction studies indicate that1a-g are isomorphous, while CD
spectra show that1e samples made fromR- and S-L -H4 are
supramolecular enantiomers (Supporting Information).

We have studied the framework stability of1a-g using powder
X-ray diffraction techniques. Upon evacuation at room temper-
ature and 10-2 Torr for 24 h, compounds1a-g experienced
weight losses consistent with the removal of 9-14 water
molecules per formula unit. While the major peaks in the XRPD
patterns of desolvated1a-g have broadened significantly, XRPD
patterns identical to those of the pristine samples were obtained
upon exposing desolvated1a-g to water vapor (Figure 3). Such
behavior is consistent with a distortion of the long-range lamellar-
type structure with preservation of local coordination environ-
ments of1a-g during desolvation.

Good framework stability and reversibility of the dehydration
processes of1a-g have prompted us to explore their applications
in heterogeneous catalysis and chiral separation. The presence
of both Lewis and Bro¨nsted acid sites in1a-g has rendered them
capable of catalyzing several organic transformations including
cyanosilylation of aldehydes and ring opening ofmeso-carboxylic
anhydrides. Treatment of benzaldehyde (1 mmol) and cyanotri-
methylsilane (2 mmol) with a CH2Cl2 (5 mL) suspension of
powdered and desolvated1e(0.1 mmol) afforded mandelonitrile
in 69% yield after acidic workup. Similar reactions with 1-naph-
thaldehyde and propionaldehyde afforded the corresponding
cyanohydrin products in 55 and 61% yield, respectively. The
indiscriminate catalytic efficiency between aldehydes with varying
sizes suggests that the lamellar lanthanide phosphonates can
readily swell to facilitate substrate transport under reaction

conditions. In all three cases, the products were essentially racemic
(ee< 5%).12 We have also examined the use of1e in the Lewis-
acid promoted ring opening ofmeso-anhydrides. Treatment of
meso-2,3-dimethylsuccinic anhydride (1 mmol) with methanol (10
mmol) in a dry THF (5 mL) suspension of powdered and
desolvated1e (0.1 mmol) afforded the corresponding hemiester
in 81% yield with a disappointingly low ee of<5%.13 Both
cyanosilylation and ring-opening reactions are apparently cata-
lyzed heterogeneously since no reaction took place with the
supernatant obtained from a suspension of1e.14 Moreover,31P
NMR spectroscopy shows that these supernatants are free from
ligand contamination. Upon completion of all reactions, the
catalysts could be recovered in quantitative yields (>98%) and
used repeatedly without the loss of catalytic activity.

A preliminary attempt of enantioselective separation of racemic
trans-1,2-diaminocyclohexane with ammonia-treatedR-1e at a
substrate/host ratio of 1.4 gives an enantio-enrichment of 13.6%
in S,S-1,2-diaminocyclohexane in the beginning fractions and an
enantio-enrichment of 10.0% inR,R-1,2-diaminocyclohexane in
the ending fractions.15 Despite the limited enantioselectivity,1a-g
represent a new generation of robust recyclable chiral porous
solids that are capable of chiral separation and heterogeneous
catalysis. With a precise knowledge of their single crystal
structures and facile tunability of their building blocks, the present
research holds great promise in the development of novel chiral
porous materials capable of separation and catalysis with practi-
cally useful enantioselectivity.
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(12) The enantiomeric excesses of the products were determined from1H
NMR analysis on the (+)-R-methoxy-R-trifluoromethylphenylacetic acid [(+)-
MTPA] esters of the cyanohydrins.

(13) The ee was assessed from the1H NMR analysis of the amide formed
from the reaction of the hemiester with (R)-(+)-1-(1-naphthyl)ethylamine in
the presence of thionyl chloride.

(14)1e also efficiently catalyzed Diels-Alder reaction between methyl
acrylate and cyclopentadiene.

(15) The ee was determined by chiral HPLC analysis after derivatization
with m-toluoyl chloride.

Figure 2. (a) A view of 2D framework of1f down theb axis. Ethoxy
groups have been omitted for clarity. (b) A view of stacking of 2D
framework of1f along thec axis showing interdigitation of binaphthyl
rings from adjacent layers. The coordination environments of P atoms
and Gd atoms are represented with blue and orange polyhedra, respec-
tively. (c) A space-filling model of1f viewed down thea axis.

Figure 3. XRPD for 1ebefore removal of water guest molecules (top),
after removal of water guest molecules (middle), and upon subsequent
exposure to water vapor (bottom).
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