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Since M. Gramaccioli published the paper on crystal
structures of zinc glutamate dihydrate,' a large number of
coordination polyimers with carboxylate ligands have been
structurally characterized and the design of coordination
polymers with specific physicochemical properties have
been to elicit intense interest.> Nowadays, metal-organic
framework (MOF) structures expect to be predictable on the
basis of organic ligand design and known metal coordination
pattemns, even though most of these materials have not been
discovered in serendipitous mode with respect to potential
applications. The recent interest in new porous MOF
materials with advanced functionality has concentrated on
the design of porous network materials with the aid of
crystal engineering techniques from pre-designed molecular
building blocks.

Limited studies, however, have been only available
regarding the applications of MOF materials to catalysts so
far, while Aovama has reported the use of organic zeolitic
materials to enhance endo-selectivity in Diels-Alder reac-
tions.** For example, [Zn:O(L-H)s)2H:0:12H:0 (L = C)5H 1405,
POST-1) shows enantioselective catalytic activity for the
transesterification of 1-phenyl-2-propanol with few %
enantiomeric excess.* It is the first chiral catalyst of porous
MOF complexes using a chiral organic building block,
although Cd(4.4’-bipyridine):(NOs)> and Zr(POJ)(PV)X;
are catalysts for the cyanosilylation of aldehydes and the
production of H:0- from H: and O», respectively. POST-1
used the well-detined chiral tartaric derivative as a building
block. Feist's acid has a similar structural character with
tartaric acid. It has been used for the conformationally
restricted analogues of amino acid or asymmetric synthesis
of chiral compounds as starting material.® Here we describe
the synthesis and structure of MOF using a chiral organic
building block, Feist’s acid, 3-methylenecyclopropane-
trans-1,2-dicarboxylic acid (H2MCPD).
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Experimental Section

Feist’s acid, cadmium(Il) nitrate tetrahvdrate and N,N-
dimethylforamide (DMF) were used as received from
Aldrich. A DMF /toluene (3.5 mL) mixture of Cd(II) nitrate
tetrahydrate (14.9 mg, 0.05 mmol) and Feist’s acid (7.1 g,
(.05 mmol) was added into a small vial, which was placed
in a larger vial containing 1 wt% of triethylamine in toluene
(3 mL). The larger vial was sealed and left undisturbed at
room temperature for 6 days. The block crystals were
isolated and then washed with 3 % 10 mL of toluene to give
20 mg (56%) of product. Anal. Caled. For Cd:CisH2701:Ny
= (Cd:(MCPD), s(NO:)(DMF):: C, 30.18; H, 3.80; N, 7.82.
Found: C, 30.33; H, 3.80; N, 7.73. FT-IR (KBr, 3500400
cm™): 3450 (br), 2941 (w), 1659 (vs), 1559 (vs), 1495 (s),

Tahble 1. Crystal Data and Structure Refinement for Cd «{MCPD), s-

(NO:)}(DMF);

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system. Space group
Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coetficient
F(000)

Crystal size

Grange for data collection
Limiting indices

Absorption correction

Retlections collectedmnique
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices (I=2¢ (1))

R indices (all data)

Largest diff. peak and hole

Cis Hiz Cd: Ny Op2
716.24

13%2)K

0.71073 A

Trigonal, R(-3)c (No. 167)
a=13123%8) A ¢ = 90°
b=13.123%8) .f?\ﬁ = 90"
¢=52655() A y=120°
T853.3(7) A

1
1.817 Mg/m’

1.689 mm™

4260

0.26 x0.24 X 0.10 mm’

1.95 to 28.38°

A7 <=k <=16,-10 <=k <=17.
69 <=]<= 68

SADABS (Ta = 1.000, Ty, =
0.871)

14374:2097 [R(int) = 0.0268]
2097:4/125

1.185

R1=10.0696, wR2 =0.1179
R1=10.0964, wR2 ={(1.1271
1.179 and -1.040 e A~
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1387 (vs), 1291 (s), 1118 (m), 1072 (w), 1037 (w), 986 (w),
935 (w), 802 (w), 690 (m), 665 (m), S68 (w).

Single crystal X-ray diffraction data were collected on a
standard Bruker SMART APEX CCD-based X-ray diffrac-
tometor equipped with a normal focus Mo-target X-ray tube
(A=0.71073 A). Data frames for the Ewald hemisphere were
collected with a scan width of 0.3 in & with an exposure
time of 20 s/frame. The frames were integrated with the
Bruker SAINT software package with a narrow frame algo-
rithm. The integration of the data yielded a total of 14374
reflections to a maximum 28 value of 56.76° of which 2097
were independent and 1581 were greater than 2 o(I). The
final cell constants (Table 1) were based on xyz centroids of
3964 reflections above 10 o(I). The collected X-ray data
with Ewald hemisphere containing Friedel pairs’ reflections
are composed of many sets of redundant reflections. These
data were merged to produce unique reflections. This gave
rise to the conspicuous reduction of the number of reflec-
tions from 14374 to 2097. Analysis of the data showed
negligible decay during data collection. The structure was
solved by direct methods and the subsequent difference
Fourier methods. Refinement processes were camried out
with the Bruker SHELXTL (version 5.10) software package,
using the centrosyminetric space group R(-3)c with Z=12
for the formula.” All non-hydrogen atoms were refined
anisotropically. All hydrogen atoms were also included with
ideal geometry. The reliability factors converged to R(Fo) =
0.0696 and wR>(Fy®) =0.1179. Additional details are pre-
sented in Table 1 and selected bond distances and angles in
Table 2. Fractional atomic coordinates, anisotropic dis-
placement parameters, and hydrogen coordinates are given
as supplementary.

Table 2. Selected Bond Lengths [A] and Angles [°] for Cdx(MCPD), s-
(NO;)DMF);

Cd(1)-O(1) 2.275(5)  Cd(D-O(1S5) 2.233(6)
Cd(2)-0(2) 2.197(3) Cd(2)-O(2A) 251(2)

Cd(2)-0(24") 2252y O(D-C(1) 1.247(9)
Of2)-C(1) 1.238(9) C(1)-C(2) 1.523(10)
C(2)»-C(2A) 1.499(14) C(2)-C(3) 1.456(11)
C(3)-C(4) 1.303(18) O(15)-C(1S) 1.181(10)
Of18)-Cd(13-O(1} 173.1 (2) O(2)-Cd(2)-0(2C) 118227}
O(1S)-Cd(1}-O(1C)  88.3(2)  O(2)-Cd(2)-O0(2D) 118227}
O(1SB)-Cd(1)-O(1) 88.3(2) O(2D)-Cd(2)-02C) 118227y

O(1SA)-Cd{1)-O(1C) 173.1(2)
O(18)-Cd(1)-O(1D)
O(1SA)-Cd{1)-0(1)
O(1C)-Cd(1)-0(1)
O(1D)-Cd(1)-0(1)

O2D)-Cd(2)-0(2A) 88.2(15)
97.46(19) O(2)-Cd(2)-O(2A) 81.3(12)
97.47(19) O2C)-Cd(2)-02A) 123.1(5)
86.02(19) O(2)-Cd(2)-0{24") 74.2(10)
86.02(19) O2C)-Cd(2)-02A7 101(3)

C(130O(1)-Cd(1} 136.3(5y C(1S}-0(15)-Cdt1) 125.2(6)
C(13-0(2)-Cd(2} 108.3(5} O(2)}-C(1)-0t1) 124.1(7)
O(2)-C(1)-C(2) 114.3(7y  O(1)-C(1)-C(2) 121.6(8)
C(3)-C(2)-C(2A} 59.0(4)  C3)»C(2)-Ctl) 118.4(6)
C(2A)-C(2)»-C( 1} 116.5(8y C(4)-C(3)-C(2}) 149.0(4)
C(4)-C(3)-C(2A} 145.014y C(2)-C(3)-C(2A) 61.9(7)

Notes

Crystallographic data for the structure reported here have
been deposited with the Cambridge Crystallographic Data
Center (Deposition No. CCDDC-183679). The data can be
obtained free of charge Vi www.ccde.camn.ac.uk/conts/
retrieving html (or from the CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK, fax: +44 1223 336033, e-mail:
deposit(@ccde.cam .ac.uk).

Results and Discussion

Block crystals of this compound were produced at room
temperature upon diffusing triethylamine into a clear DMF/
toluene solution containing Cd(NOsz);-4H>O and HyMCPD
inan 1 : 1 mole ratio. Its FT-IR spectruin showed the expect-
ed absorptions for the vibrations of MCPD (1659 and 14935
cm™), DMF (1559 cm™), and nitrate (1387 cm™). It showed
no absorptions for any protonated MCPD (1699 cm™), indi-
cating the complete deprotonation of HyMCPD by addition
of triethylamine to the reaction mixture.®

A single-crystal X-ray diffraction study revealed an extend-
ed 2-D framework fornulated as Cdo(MCPD); s(NQ1)(DMF)a,
which is consistent with that derived from elemental micro-
analysis. Selected bond lengths and angles are given in Table
2. The fundamental building unit of the crystal structure is
shown in Figure 1. It is composed of two different cadmium
(II) centers (Cd1, Cd2) that bridged by carboxylates (O1,
02:01C, 02C; O1D, O2D) of separate MCPD units. All the
symmetry equivalent O1 atoms are linked to Cd1, and all the
syimumetry equivalent O2 atoms are linked to C'd2. Progre-

Figure 1. A perspective drawing of the building block unit for the
structure of Cdx(MCPD) s(NO:)}(DMF);, represented by 30%
thermal ellipsoids. The coordinated nitrate anion is statistically
disordered about the crystallographic 3-fold axis of the unit cell
which passes through Cdl, Cd2, N1A and Ol A.
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Figure 2. Topological views of the Cd-MCPD framework layer of
Cd-(MCPD); s(NO)(DMF); in the ab plane (top) and bc¢ plane
{bottom).

ssion of the framework in the structure employs this unit and
its linkage motif using the remaining carboxylate oxygens
(O1B, O2B). In this way, each MCPD unit acts as a tetra-
dentate unit, linking two pairs of cadmium atoms to yield a
tightly held framework. The remaining positions on Cdl and
Cd2 are respectively, occupied by three DMF ligands (OIS,
O1SA, O1SB: Cd1-01S 2.253(6) A) and one disordered
bidentate nitrate (O2A, O2AA) ligand. The nitrate ions are
bound tightly to the cadmium to give a Cd2-O2A’ distance
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of 2.25(2) A, which does not allow for their ion exchange. It
should be noted that the low precision of the final bond
lengths and angles is not unexpected given by the inherent
disorder of the nitrate ion. This building unit is connected to
another building unit through carboxylates of the ligand to
form a dimer, [Cds(MCPD)x(NO:)2:(DMF)], each of which
MCPD ligands is linked together. This arrangement leads to
a 12-membered ring composed of 6 dimers linked by three
MCPD units, and the overall crystal structure of this material
results from fusing such rings together as shown in Figure 2.
Extension of the structure gives a 2-D layvered Cd-MCPD
network as shown in Figure 3, which is the projection view
of the packing framework along the ¢ direction. Two
neighboring layers are separated by ¢/6 (1/6 distance of the
c-axis length) and related by an inversion syminetry. One
enantiomeric MCPDs are participated in one layer and the
other MCPDs in the other layer, which means that each layer
is chiral but the adjacent layer has its mimror configuration.
Therefore these layers are alternatively stacked along the ¢-
axis to give a centrosymimetric and achiral structure.

A thermogravimetric study of Cd:(MCPD); s(NO:z)}(DMF):
was perforned in a nitrogen atiosphere. Two distinct losses
of mass were observed around 150 and 320 “C. It shows that
the complex is stable up to 150 “C because there is no
expected space available for guest molecules in the 12-
membered ring, which can aftect the framework's stability.
At 150 °C, the observed mass loss of 24% corresponds to 3
DMFs bound per formula unit. Between 150 and 320 *C
slow mass loss of 30% corresponds to 1.5 MCPDs. The next
mass loss of 9% around 320 °C' corresponds to coordinated
nitrate.

In conclusion, a new cadmium(Il) 3-methylenecyclopropane-
t-1,2-dicarboxylate compound was synthesized as a single
crystal by slow diffusion method. It is the first MOF using
MCPD, which framework supports a 2-D layered structure

[+ WAC D Erver
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Figure 3. Projection view of the framework of Cd:(MCPD), <(NO:)(DMF), along the ¢ direction. Each chiral layer is separated by ¢/6 and
stacked altematively by an inversion symumetry along the ¢ direction. Shaded bars mean (=) MCPD layers and unshaded bars mean (+)

MCPD layers.
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that may be useful for the chiral recognition when the similar
structure forms using one of enantiomers of Feist’s acid. A
variety of chiral carboxylate ligands as building blocks for
inorganic framework are now under investigation.

Acknowledgment. We acknowledge financial support by
the Korean Science and Engineering Foundation through
Grant No. 2000-1-12200-002-3, and are also grateful to
Prof. O. M. Yaghi at the University of Michigan for using X-
ray facilities.

References

1. Gramaccioli, M. dcta Crystaflogr. 1966, 21, 600.

2. For recent reviews: {a) Moulton, B.; Zaworotko, M. I. Chem. Rev:
2001, {01, 1629, {b) Eddaoudi. M_; Moler, D. B,; Li. H.; Chen, B.;
Reineke, T. M.; O’Keeffe, M.; Yaghi, O. M. dcc. Chem. Res.
2001, 34, 319. (¢} Batten. S. R.: Robson, R. dngew: Chem,, Ini.

W

Notes

Ed. 1998. 37. 1460,

. Eddacudi. M.; Kim. J.; Rosi. N.; Vodak, D.; Wachter. J.;

O'Keeffe, M.; Yaghi. O. M. Science 2002, 295, 469.

. Seo, ). S.; Whang, D ; Lee, H; Jun, S. [.; Oh, J.; Jeon, Y. J.; Kim,

K. Nature 2000, 404, 983.

. (a) Endo, K.; Koike, T; Sawaki, T.; Hayashida, O.; Masuda, H;

Aoyama. Y. J. Am. Chem. Soc. 1997. 119, 4117. (b} Fujita. M,;
Kwon. Y. J.; Washizu, S.; Ogura, K. J. Am. Chem. Soc. 1994, 116,
775. (¢) Reis, K. P; Joshi, V. K.; Thompson. M. E. J. Caral. 1996,
161,62

. (a} Doering, W. von E.; Roth, H. D. Terrahedron 1970, 26, 2825,

(b} Wichmamm, J.. Adam, G. FEur: J. Org. Chem. 1999, 3131. (¢)
Ramasubbu. N.; Venkatesan, K. .4cta Ciyst. 1982, B38, 976.

. Sheldrick, G. M. SHELXTL. v. 6.10;, Bruker Analytical X-ray:

Madison. WI, 2000. Sheldrick. G. M. SADABS. v. 2.03. Program
Jfor Empirical Absorption Correction of Area Detector Dara; Uni-
versity of Gottingen: Gottingen, Germany, 2000.

. Bellamy, L. J. The Infrared Spectra of Complex Molecules: Wiley:

New York. 1958.




