M etal-promoted assembly of organic-based cages into a porous material
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Metal-assembled cages form grids in the solid-state and pack
into a manner that creates a material with pores and
channels.

Zeolites are very valuable because of their extensive use as
molecular sieves, catalysts, and ion exchange materials.l One
essential feature to zeolites is their porous structure. We have
synthesized a porous material, CayCo,1,-xH,0O, composed of
metal and organic components that has a zeolite like porous
structure and adsorbs water. This materia is a part of an
expanding area of metal—organic frameworks which have
porous structures, but are not based on silicates or aluminates.2
These new materials are important because they have different
properties than those of zeolites, and may be used as specific
catalysts for organic transformations or selective trapping
agents. Even though part of their framework is organic, these
meaterials retain their structure after water or solvent molecules
are removed and up to temperatures of 300 °C.2

Similar to porous metal—organic materials are the metal-
assembled supramolecular compounds that form sguares,
arrays, grids, ladders, sheets and even cages.3 The assembly of
nonporous metal compounds, like the formation of porous
metal—organic frameworks, relies on the coordination ability of
metal ionsand the proper choice of organic ligand. Both of these
classes of compounds may haveinfinite structures, however, the
porous materials have often been investigated for adsorptivity.
The non-porous metal-assembled compounds sometimes have
cavities that encapsulate guests or solvent molecules4 The
metal-assembled cages act as molecular boxes that bind guests
until the cages are signaled by pH change to open and alow
guest release.

During our research on metal-assembled cage molecules
(Scheme 1), we have discovered that the cages assemble into
arrays linked by coordinating cations. The array formation is
promoted by the presence of carboxylate groups on four sides of
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the cages, which are positioned 90° apart in a nearly planar
arrangement. Carboxylate groups, having two oxygens and
more than one lone pair of electrons on each oxygen, can bind
to more than one metal ion and in some cases hel p create porous
materials. Examples of bridging carboxylate groups are very
common in metalloproteins and small molecule models of
metalloproteins, where metal centers are linked by carboxylates
from amino acids or alkyl carboxylates.> The four carboxylate
groups in CayCo41,-xH,0 come from 1, which is a cup-shaped
resorcinarene molecule that has four pairs of carboxylates
positioned on its upper rim. These carboxylates coordinate to
transition metal ions and, in the process, form octaanionic cage
complexes.® One can think of the carboxylate groups on the
cagesasfour metal binding sites equally spaced from each other
around the middle of an ellipsoid.

Owing to the anionic nature of these metal-assembled cages,
counter cations are associated with them. When calcium is the
counter cation and an aqueous solution of cobalt-assembled
cages is alowed to crystallize by slow diffusion of isopropyl
acohol, the calcium ions coordinate to oxygen atoms of the
carboxylates and in so doing form Ca;Co41,:xH,O.t This
bonding of oxophilic calciumionsto carboxylate oxygensis not
unusual, but what isnovel isthat the calcium ions coordinate to
carboxylates from two cages and create a bridge between two
cages. In addition to coordinating to carboxylate oxygens, the
cacium ions aso coordinate to water molecules, which
complete their coordination sphere. As the calcium ions bring
together two cages, they assemble a two-dimensional array of
cages (Fig. 1) The cages are ca. 18 A apart from each other
(center of one cage to the center of the next nearest cage). When
the rows of cages line up, voids are formed which would have
diameters of ca. 15 A, except that they contain water molecules
that are a part of aring of molecules hydrogen-bonded together
around the cages. Thus, the voids have edge lengths of ca. 9.5
A (Cato Cavan der Waals radii).

The placement of the next layer of cages is also of interest.
Though the voids of one layer would seem to be the optimum
place for the cages of the next layer, the cages do not position
themselves there, but rather lie over the cation bridges of the
first layer.” In so doing, rhombic pores and channels form

Fig. 1 A top view of Ca,Co,1, from the X-ray crystal structure showing the
packing of the cagesinto two-dimensional arrayswith linking calciumions.
Note the four carboxylate groups are on the exterior of the cages, 90° apart,
and help connect the cages together.
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Fig. 2 A sideview of Ca,Co41, showing the packing of threelayers of cages
and the channels connecting the pores. The cages in the middle layer are
behind the first and third layers. The first and third layers are separated by
carboxylate groups of the middle layer. The water molecules within the
channels have been omitted for clarity.

(Fig. 2). Cages line two sides of the pores while carboxylates
and calcium ions occupy the other four sides. Owing to the
presence of both phenyl, methyl, and carboxylate groups on the
cages, the pores have both anonpolar and polar nature. Sincethe
carboxylates do not fill the whole side of a pore asthe cages do,
channels lead into the pores from two directions. The pores are
roughly shaped like hexagons, 9.5 x 9.5 x 21 A, with two of
thelong sides occupied by cages. The connecting channels have
5 x 12 A edges and since they are lined with carboxylate
oxygens and water molecules bound to calcium ions, they are
expected to be hydrophilic and variablein size depending on the
amount of water bound to calcium. Fig. 2 shows that a line of
cagesis linear in one direction and zigzaged in the other. This
is because the bridging carboxylate arms of the cages are side-
by-side or one on top of the other.

An important property of porous materiasis their ability to
retain molecules within their pores. The pores of Cas-
Co41,xH,0 are occupied by water and isopropyl alcohol
molecules. Some water molecules are bound to the counter
cations, some hydrogen bonded around the cages, and others
disordered within the pores. This is similar to zeolites, where
water is bound to cations within a silica or aluminaframework.
In an attempt to understand the material’ s affinity for water, we
used thermogravametric analysis to measure the change in mass
of the material as a function of temperature. When the
temperature of the material israised at arate of 1 °C min—1from
2510 250 °C, initialy, afast rate of weight loss is observed up
to 120 °C, after which weight is lost more slowly until the
weight of the material becomes constant. The total weight loss
accounts for 20% of the material and gives a 40:1 water to
Ca,Co,l; ratio. A composition of 20% water ranksthis material
with zeolites in water content.! The water to complex ratio of
40:1 is in good agreement with the ratio found by X-ray
crystallography: 43:1.

Not surprisingly, after releasing water, this material adsorbs
water. When the dehydrated material is cooled in the presence
of a stream of water vapor (20 mm Hg), an initia fast rate of
water uptakeis observed below 90 °C, which leadsinto aslower
rate of water adsorption as the temperature reaches ambient.
The amount of water that was lost is regained. This process of
dehydration and adsorption can be repeated without a sig-
nificant change to the amount of water adsorbed. This is an
indication that the material’s internal structure remains intact
and that heating and water removal do not cause decomposition.
Another indication of retention of structural integrity isthat the
external block-shape of the crystals does not change during
adsorption and dehydration. Further studies on the retention of
structure are under way.

In conclusion, Ca;Co41,:xH-O is a new metal—organic
porous material composed of elaborate organic cage molecules
and cations. Four perpendicular carboxylate-binding groups on
the cage part of Co,41,8— provide sites for calcium binding and
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the assembly of the cagesinto arrays. The packing of the layers
of cages over the bridges of other layers creates pores and
channels within the material. Metal -assembled cages and water
molecules line the channel s that link the pores. These pores and
channels contain water, which can be removed and adsorbed.
Future research will focus on the use of C,CO41; as a small
molecule trapping agent, and the affect on pore size by the
substitution of the calcium ions by other metal ions.

We thank Brigham Young University for supporting this
research.

Notes and references

T Synthesis of CayCo41,:xH-0: thisis performed in asimilar manner to the
synthesis of Ba;Co,l,, see ref. 6. To a solution of Bas1-24H,0 (33 mg,
0.016 mmol) dissolved in 1 M hydrochloric acid (1 mL) and water (2 mL)
was added K,SO,4 (17 mg). The white precipitate of BaSO, that formed was
removed by filtration. Cobalt(i1) chloride hexahydrate (9.0 mg, 0.038 mmol)
and CaCl, were added to the solution and the pH raised to 5 by addition of
K>COs. Isopropyl acohol was then layered over the solution. After two
days, pink prismatic crystals of Ca;Co,41, formed (18 mg, 36% yield). Anal.
Calc. for C112H104Ng048Ca4C04-24H,0: C, 42.58; H, 4.82; N, 3.55. Found:
C, 42.83; H, 4.57; N, 3.31%.
I Crystallographic data for Ca;Co41,-2(CH3),CHOH-43H,0: M = 3618,
pink color, dimensions 0.5 x 0.4 x0.25 mm, monoclinic, space group C2/c
(no. 15), Z = 4, a = 18.598(4), b = 27.575(8), ¢ = 37.106(8) A, B =
92.318(10)°, V = 19014(8) A3, D, = 1.199gcm—3, T = 292(2) K; Mo-K«
radiation (A = 0.71073 A); 9469 total data, 6209 [F > 40(F)] observed
independent reflections with 2.1 < 6 < 21° collected: R = 0.0890, R, =
0.1352, GOF = 1.055. Crystals were mounted in a sealed capillary and
immersed in mother liquor during analysis. Disordered water molecules
were located in the crystal.

CCDC 182/1690. See http://www.rsc.org/suppdata/cc/b0/b003187i/ for
crystallographic filesin .cif format.

1 D. W. Breck, Zeolite Moleculear Seves, Wiley, New York, 1974; R.
Szostak, Molecular Seves Principles of Synthesis and Identification,
Thomas Science, New York, 2nd edn., 1998.

2 P.J. Hagrman, D. Hagrman and J. Zubieta, Angew. Chem., Int. Ed., 1999,
38, 2638; T. M. Reineke, M. Eddaoudi, M. Fehr, D. Kelley and O. M.
Yaghi, J. Am. Chem. Soc., 1999, 121, 1651; H. Li, M. Eddaoudi, M.
O'Keeffeand O. M. Yaghi, Nature, 1999, 402, 276; C. J. Kepert and M. J.
Rosseinsky, Chem. Commun., 1999, 375; T. Niu and A. J. Jacobson,
Inorg. Chem., 1999, 38, 5346; H. Gudbjartson, K. Biradha, K. M. Poirier
and M. J. Zaworotko, J. Am. Chem. Soc., 1999, 121, 2599; D. M. L.
Goodgame, D. A. Grachvogel and D. J. Williams, Angew. Chem., Int.
Ed., 1999, 38, 153; J. Heo, S.-Y. Kim, D. Whang and K. Kim, Angew.
Chem,, Int. Ed., 1999, 38, 641; L. R. MacGillivray, R. H. Groeneman and
J. L. Atwood, J. Am. Chem. Soc., 1998, 120, 2676; M. Kondo, T.
Y oshitomi, K. Seki, H. Matsuzaka and S. Kitagawa, Angew. Chem., Int.
Ed. Engl., 1997, 36, 1725; G. B. Gardner, D. Venkataraman, J. S. Moore
and S. Lee, Nature, 1995, 374, 792.

3 B. Olenyuk, J. A. Whiteford, A. Fechtenkotter and P. J. Stang, Nature,
1999, 398, 796; N. Takeda, K. Umenmoto, K. Yamaguchi and M. Fujita,
Nature, 1999, 398, 794; T. N. Parac, D. L. Caulder and K. N. Raymond,
J. Am. Chem. Soc., 1998, 120, 8003; E. J. Enemark and D. P. Stack,
Angew. Chem., Int. Ed., 1998, 37, 932; P. N. W. Baxter, in Compre-
hensive Supramolecular Chemistry, ed. J. P. Sauvage and M. W.
Hosseini, Pergamon, Oxford, 1996, vol. 9, pp. 165-211; B. Linton and
A. D. Hamilton, Chem. Rev., 1997, 97, 1669.

4 O.D. Fox, J. F. Leung, J. M. Hunter, N. K. Dalley and R. G. Harrison,
Inorg. Chem., 2000, 39, 783; J. S. Fleming, K. L. Mann, C.-A. Carraz, E.
Psillakis, J. C. Jeffery, J. A. McCleverty and M. C. Ward, Angew. Chem.,
Int. Ed., 1998, 37, 1279; D. L. Caulder, R. E. Powers, T. N. Parac and
K. N. Raymond, Angew. Chem., Int. Ed., 1998, 37, 1840; M. Fujita, S.--Y.
Yu, T. Kusukawa, J. Funaki, K. Ogura and K. Yamaguchi, Angew.
Chem,, Int. Ed., 1998, 37, 2082; R. W. Saalfrank, V. Seitz, D. L. Caulder,
K. N. Raymond, M. Teichert and D. Stalke, Eur. J. Inorg. Chem., 1998,
1313.

5 S. J Lippard and J. M. Berg, Principles of Bioinorganic Chemistry,
University Science Books, Mill Valley, CA, 1994, pp. 291-319.

6 O.D. Fox, N. K. Daley and R. G. Harrison, J. Am. Chem. Soc., 1998,
120, 7111.

7 For acalixarene assembled into layers, see: A. W. Coleman, S. G. Bott,
S.D. Morley, C. M. Means, K. D. Robinson, H. Zhang and J. L. Atwood,
Angew. Chem., Int. Ed. Engl., 1988, 27, 1361.



