Inorg. Chem. 2006, 45, 7278—7285

Inorganic:Chemistry

* Article

1D and 2D Homochiral Metal-Organic Frameworks Built from a New
Chiral Elongated Binaphthalene-Derived Bipyridine

Chuan-De Wu, Lin Zhang, and Wenbin Lin*

Department of Chemistry, CB#3290, Weisity of North Carolina,
Chapel Hill, North Carolina 27599

Received May 22, 2006

Six homochiral coordination polymers 1-6 based on a new enantiopure elongated (S)-2,2'-diethoxy-1,1'-binaphthyl-
6,6'-bis(4-vinylpyridine) ligand (L) and divalent metal (Zn, Cd, and Ni) connecting points were synthesized and
characterized by single-crystal X-ray diffraction studies. These new homochiral coordination polymers adopt two
distinct framework structures: a one-dimensional infinite chain structure with bridging L ligands occupying the axial
positions of the metal centers and a two-dimensional rhombic grid structure formed by linking octahedrally coordinated
metal centers with four pyridyl groups of bridging L ligands in the equatorial positions. The structures of these
coordination polymers are sensitive to the nature of the anions as well as the solvents from which the coordination
polymer crystals were grown. Powder X-ray diffraction studies showed that the two-dimensional chiral rhombic
grids exhibited porosity, which could potentially find applications in enantioselective separations and catalysis.

Introduction Bipyridine-type ligands, PyX—Py (Py = pyridyl and

There is much current interest in the design and synthesisSPacer X= functional group, such as;CH,CH,—,* —CH=
of new functional porous metal-organic frameworks (MOFs), CH—,® =C=C—1® —=N=N— " phenyl and bipheny¥ and
which can be readily obtained by linking molecular building ©thers?), have been widely used as effective linkers in the
blocks via metal-coordination-driven self-assembly pro- synthesis of a variety of MOFs. Bipyridine-type ligands are
cessed.The interest in these species is in part fueled by their convenient neutral linkers for the crystal engineering of
size- and shape-selective properties, which make themdesired MOFs by modification of the spacer X. The porosity,
potentially useful in catalysi&,gas storagé, separation functionality, and chirality of the resulting MOFs can be
processe$,ion exchangé, and sensing devicésRecent
results clearly show that the crystal engineering of MOFs (3) (a) Noro, S.; Kitagawa, S.; Kondo, M.; Seki, Kngew. Chem., Int.
with predictable porous topological architectures can be Egézfggf%cf%%ls}’(a). fe"l'zc'ﬁer?"g”E’ga’asl%swlchsgdi(’(g T
achieved by connecting judiciously tailored building bloéks. Kim, J.; O'Keeffe, M.; Yaghi, O. M.Science2003 300, 1127. (d)
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controlled by tuning the spacer ®X.We have recently
explored the incorporation of readily available'dhinaphthol

and its derivatives as the key functional groups (X) in a
variety of bridging ligands® Such a strategy has led to novel
catalytically active MOF3' To better understand the factors
that govern the crystal growth via metal-coordination-driven
self-assembly processes, we have explored the design an
synthesis of homochiral MOFs using chiral binaphthalene-
derived bipyridines of diverse lengths, shapes, and function-
alities. This work reports the synthesis and characterization
of a family of homochiral solids built from a new enantiopure
elongated $)-2,2-diethoxy-1,1-binaphthyl-6,6-bis(4-vi-
nylpyridine) ligand () and divalent metal (Zn, Cd, and Ni)
connecting points. These new homochiral coordination
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(11) (a) Kondo, M.; Shimamura, M.; Noro, S.-I.; Minakoshi, S.; Asami,
A.; Seki, K.; Kitagawa, SChem. Mater200Q 12, 1288. (b) Carlucci,
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polymers adopt either a one-dimensional infinite chain
structure with bridgingL ligands occupying the axial
positions of the metal centers or a two-dimensional rhombic
grid structure formed by linking octahedrally coordinated
metal centers with four pyridyl groups of bridgihgligands

in the equatorial positions.

%xperimental Section

Materials and Methods. All of the chemicals were purchased
from Aldrich or Fisher Scientific and used without further purifica-
tion. The infrared (IR) spectra were recorded as KBr pellets on a
Nicolet Magna-560 Fourier transform infrared spectrometer. X-ray
powder diffraction data were recorded on a Rigaku MultiFlex
diffractometer at 40 kV and 40 mA for Cud(4 = 1.5406 A),
with a scan speed of ®Anin. Thermogravimetric analysis (TGA)
experiments were carried out at a heating rate 6€/min in air
with a Shimadzu TGA-50 thermogravimetric analyzer.

Synthesis of 6,6Dichloro-2,2-diethoxy-1,1-binaphthyl-4,4'-
bis(4-vinylpyridine) (L). A mixture of 4,4-dibromo-6,6-dichloro-
2,2-diethoxy-1,1-binaphthyl (1.75 g, 3.1 mmol), 4-vinylpyridine
(1.16 mL, 10.8 mmol), Pd(OAg)(35 mg), and trisg-tolyl)-
phosphine (35 mg) in 12 mL of NEtand 12 mL of N,N-
dimethylformamide (DMF) was refluxed for 48 h. The mixture was
allowed to cool to room temperature and then quenched with water.
The volatiles were removed under reduced pressure, and the residue
was dissolved in dichloromethane and washed with water three
times. After drying over MgS@) the solvent was removed under
reduced pressure to afford a crude product which was purified by
silica gel column chromatography using hexanes, ethyl acetate, and
triethylamine (1:4:1 v/v/v) to give pure solid. Yield: 73.7%.'H
NMR (CDCls, 400 MHz): 8.66 (dJ = 6.0 Hz, 2H), 8.13 (s, 1H),
8.05 (d,J = 16 Hz, 1H), 7.67 (s, 1H), 7.48 (d,= 6.0 Hz, 2H),
7.22 (dd,J = 1.6 Hz andJ = 9.2 Hz, 1H), 7.10 (dJ = 16.0 Hz,
1H), 4.12 (m, 2H), 1.10 () = 6.8 Hz, 3H).13C{*H} NMR (CDCl;,

400 MHz): 6 154.14, 150.23, 144.34, 134.61, 132.61, 130.11,
129.84, 129.71, 127.83, 127.58, 127.31, 122.63, 121.07, 114.18,
65.16, 14.92.

Synthesis of [ZNL(DMF)4][ZnL(DMF) »(H,0)(ClO4)]-(CIO4)3
2DMF-EtOH -2H,0 (1). The slow diffusion of EfO into a mixture
of Zn(Cl0,),*6H,0 (3.7 mg, 0.01 mmol)l. (5.7 mg, 0.01 mmol)
in a mixed solvent of DMF (0.5 mL), CHE(1 mL), and EtOH (1
mL) at room temperature afforded colorless crystald affter 2
weeks. The crystals were filtered, washed with EtOH an®Et
and dried at room temperature. Yield: 5.1 mg (41.7%). IR (KBr
pellet, vicm™1): 3483br, 3088w, 2927w, 1651s, 1614s, 1579m,
1503w, 1436w, 1373m, 1329m, 1202w, 1009s, 964w, 872w, 811w,
668w, 625m, 575w, 506w.

Synthesis of [CAL(DMF),][CAL(DMF) 3(Cl04)]+(ClIO4)3-2DMF
(2). The slow diffusion of E£O into a mixture of Cd(CI@),*6H,0
(4.2 mg, 0.01 mmol)L. (5.7 mg, 0.01 mmol) in a mixed solvent of
DMF (0.5 mL), CHC} (1 mL), and EtOH (1 mL) afforded colorless
crystals of2 after 2 weeks. The crystalline product was filtered,
washed with EtOH and ED, and dried at room temperature.
Yield: 5.6 mg (44.5%). IR (KBr pellety/cm™1): 3430br, 2976w,
1663s, 1606s, 1579m, 1495w, 1429w, 1373w, 1329m, 1223m,
1206w, 1100s, 1017w, 968w, 923w, 878m, 811m, 768w, 662w,
627s, 549w, 509w.

Synthesis of [CdL(H,0)(NO3),][CdL(H 20)2(NO3);]-MeOH
(3). A mixture of Cd(NQ),:4H,0 (3.1 mg, 0.01 mmol)L (5.7
mg, 0.01 mmol), H4Cl, (1 mL), and MeOH (1 mL) in a capped
vial was heated at 76C for 1 week. Colorless crystals 8fwere
filtered, washed with MeOH and g3, and dried at room temper-
ature. Yield: 3.9 mg (43.5%). IR (KBr pellet/cm™%): 3430br,
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Table 1. Crystal Data and Structure Refinement for [ZnL(DMIEZnL(DMF)2(H20)(ClO4)]-3ClOs+2DMF-EtOH-2H,0 (1),

[CAL(DMF)4][CAL(DMF)3(CIO4)]-3CIOs2DMF (2), [CAL(H20)(NO3)2]-[CdL(H20)2(NO3)z]-MeOH (3),
[CALA(DMF)(H20)][CdL2(H20)(CI04)]-3CI0s DMF-3CHCN-6H,0 (4), [CdLa(NOs),]-DMF-2EtOH2.5H,0 (5), and [NiLzCl2]-DMF-4EtOHH,0 (6)

Wu et al.

1 2 3
formula Gio2H126ClgN12032Z 12 C103H123ChClgN 13029 C77H70C0:ClaNgO20
fw 2448.50 2515.54 1794.01
cryst size (mrf) 0.8x0.3x0.3 0.8x 0.5x 0.5 0.8x 0.6 x 0.5
cryst color colorless colorless colorless
cryst syst, space group tricliniel triclinic, P1 monoclinic,P2;
a(A) 11.137(2) 11.151(2) 9.1608(2)

b (A) 15.470(2) 15.498(2) 19.3673(4)
c(A) 17.573(3) 17.514(4) 24.6754(5)

o (deg) 83.056(2) 82.93(2) 90

B (deg) 88.764(2) 89.19(3) 98.143(1)

y (deg) 87.531(2) 87.64(3) 90

volume (43) 3002.2(7) 3001.1(9) 4333.77(16)

z 1 1 2

calcd density (g cm?) 1.354 1.392 1.375

F(000) 1276 1296 1824

abs coeff (mm?) 0.655 0.608 0.683

6 for data collection (deg) 1.3323.30 1.8723.39 2.56-25.03
reflns collected Rint) 13611 (0.032) 34 805 (0.038) 45 765 (0.094)
data/params 12 558/1242 16 289/1372 15 197/970
goodness of fit on 1.042 1.051 1.066

R1 (WR2) | > 20(1)]2 0.1096 (0.2740) 0.0704 (0.1856) 0.0928 (0.2133)
flack param 0.11(3) —0.02(3) 0.05(4)

largest diff. peak and hole@3)

1.915 and-0.540

1.171 ane-0.651

1.019 ane-0.531

4 5 6
formula GieaH15dCHCl1oN 13034 Cg3aHgsCACLN7O155 Cg7Ho3ClsNsNiO1o
fw 3506.24 1681.77 1640.07
cryst size (mrf) 0.8x 0.6x 0.4 0.80x 0.60x 0.30 0.8x 0.6x 0.5
cryst color colorless colorless light green
cryst syst, space group tricliniel monoclinic,C2 monoclinic,C2
a(A) 10.499(2) 27.796(8) 27.1399(9)

b (A) 20.587(3) 31.895(11) 31.3132(8)
c(R) 21.993(3) 10.176(3) 10.8308(8)
o (deg) 98.545(2) 90 90
B (deg) 92.312(3) 103.40(3) 99.655(4)
y (deg) 100.165(2) 90 90
volume (&%) 4616.0(12) 8776(5) 9074.0(8)

1 4 4
calcd density (g cm?) 1.261 1.273 1.201
F(000) 1806 3484 3440
abs coeff (mm?) 0.473 0.435 0.446
6 for data collection (deg) 1.885.09 1.9723.33 1.9%-23.26
reflns collected Rint) 69 517 (0.067) 34151 (0.052) 36 748 (0.068)
data/params 30619/1901 12 421/937 12 450/905
goodness of fit on ¥ 1.087 1.050 1.033
R1 (WR2) [ > 20(1)]? 0.0930 (0.2151) 0.0940 (0.2398) 0.0953 (0.2439)
flack param 0.05(3) 0.01(4) —0.01(3)

largest diff. peak and hole@3)

1.245 and-0.828

2.160 and-0.690

0.892 and-0.770

3R1 = Y(IFo| — IFc|)/Y|Fo. WR2 = [YW(Fo? — Fc?)ZyW(Fs?)?]05.

2978w, 1608s, 1579m, 1456s, 1373m, 1328m, 1287m, 1224m,crystals of5 after 3 days. The crystalline product was filtered,
1206w, 1128m, 1086w, 1020m, 962w, 929w, 873w, 815m, 768w, washed with EtOH and ED, and dried at room temperature.
632w, 550w, 509w. Yield: 3.7 mg (44.0% based oh). IR (KBr pellet, v/icm™1):
Synthesis of [CaL 4(DMF)(CIO 4)(H20)2]-(ClO4)3*DMF -3CHs- 3441br, 2979w, 1652m, 1608s, 1578m, 1432m, 1384s, 1329m,
CN-6H,0 (4). The slow diffusion of EfO into a mixture of Cd- 1296m, 1223m, 1205w, 1126w, 1096m, 1059w, 1019w, 962w,
(ClO4)2*6H,0 (4.2 mg, 0.01 mmol)L (5.7 mg, 0.01 mmol) in a 927w, 874w, 816m, 768w, 631w, 534w, 505w.
mixed solvent of DMF (0.5 mL), CHGI(1 mL), and CHCN (1 Synthesis of [NiL,Cl,]-DMF-4EtOH-H,0 (6). The slow dif-
mL) afforded colorless crystals dfafter 2 weeks. The crystalline  fusion of E£O into a mixture of NiC}-6H,0 (2.4 mg, 0.01 mmol)
product was filtered, washed with EtOH and,@t and dried at andL (5.7 mg, 0.01 mmol) in a mixed solvent of DMF (0.5 mL),
room temperature. Yield: 4.9 mg (55.9%). IR (KBr pellgtm™1): CHCI; (1 mL), and EtOH (1 mL) afforded light green crystals of
3428br, 2978w, 2931w, 1650s, 1608s, 1578s, 1493m, 1430m, 6 after 5 days. The crystalline product was filtered, washed with
1373m, 1329s, 1224m, 1205m, 1098s, 1060s, 966w, 926w, 872w,EtOH and EfO, and dried at room temperature. Yield: 3.5 mg
810m, 771w, 718w, 670w, 622m, 533w, 510w. (42.7% based orL). IR (KBr pellet, v/icm™): 3421, 2976w,
Synthesis of [CdLy(NO3),]-DMF -2EtOH-2.5H,0 (5). The slow 1670s, 1607s, 1578s, 1493m, 1455w, 1424w, 1372m, 1328s,
diffusion of EtO into a mixture of Cd(N@),-4H,0 (3.1 mg, 0.01 1221m, 1205m, 1168w, 1144w, 1125m, 1095w, 1059m, 1015w,
mmol) andL (5.7 mg, 0.01 mmol) in a mixed solvent of DMF 959w, 926w, 868m, 810s, 768w, 750m, 658w, 632m, 535w,
(0.5 mL), CHCE (1 mL), and EtOH (1 mL) afforded colorless  508m.

7280 Inorganic Chemistry, Vol. 45, No. 18, 2006



1D and 2D Homochiral Metal-Organic Frameworks

Table 2. Selected Bond Lengths [A] and Angles [deg] for Compouhe$

1
Zn(1)-N(2)2 2.278(14) N(2—2Zn(1)-0(3) 93.7(7) N(8—2Zn(2)—N(7) 174.0(9)
Zn(1)-0(3) 2.291(18) N(B-2Zn(1)-0(4) 89.5(6) N(89—2Zn(2)-0(12) 85.2(8)
Zn(1)-0(4) 2.292(15) 0(3yZn(1)-0(4) 93.7(6) N(7)-Zn(2)-0(12) 92.6(7)
Zn(1)-0(5) 2.313(15) N(2-2Zn(1)-0(5) 89.3(6) N(89—2Zn(2)—-0(10) 88.1(7)
Zn(1)-N(1) 2.363(15) 0(3¥Zn(1)-0(5) 170.3(6) N(7)-Zn(2)—-0(10) 94.0(6)
Zn(1)-0(6) 2.362(18) O(4yZn(1)-0(5) 95.6(5) 0(12¥Zn(2)-0(10) 173.1(7)
Zn(2)-N(8) 2.213(16) N(2—2Zn(1)~N(1) 178.2(7) N(8—2zn(2)-0(11) 91.1(8)
Zn(2)-N(7) 2.262(19) O(3¥Zn(1)~N(1) 85.5(6) N(7}-Zn(2)-0(11) 94.6(8)
Zn(2)-0(12) 2.294(19) O(4Zn(1)-N(1) 89.0(6) O(12)yZn(2)-0(11) 93.1(9)
Zn(2)-0(10) 2.299(15) O(5yZn(1)-N(1) 91.8(5) O(10¥-Zn(2)-0(11) 88.4(8)
Zn(2)-0(11) 2.37(2) N(2-2Zn(1)-0(6) 88.9(6) N(8—2Zn(2)—0(9) 81.8(9)
Zn(2)-0(9) 2.42(2) 0(3¥Zn(1)-0(6) 84.3(7) N(7)-Zn(2)-0(9) 92.4(8)
O(4)-Zn(1)-0(6) 177.3(7) 0(12YZn(2)-0(9) 81.7(9)
0(5)-Zn(1)-0(6) 86.5(7) 0(10¥Zn(2)-0(9) 96.0(7)
N(1)—-Zn(1)-0(6) 92.6(6) O(11¥Zn(2)-0(9) 171.5(7)
2
Cd(1)-0(5) 2.282(13) O(5)Cd(1)-0(4) 85.5(5) O(11¥Cd(2)-N(7) 95.0(4)
Cd(1)-0(4) 2.281(11) O(5)Cd(1)-N(1) 92.5(4) O(11)-Cd(2)-0(10) 88.1(6)
Cd(1)-N(1) 2.320(8) O(4¥-Cd(1)-N(1) 89.4(4) N(7)-Cd(2)-0(10) 92.7(4)
Cd(1)-N(2) 2.321(9) O(5-Cd(1)-N(2)> 87.0(4) O(11)-Cd(2)-N(8) 88.2(5)
Cd(1)-0(3) 2.329(11) O(4Cd(1)-N(2)° 91.3(3) N(7)-Cd(2-N(8)2 176.6(6)
Cd(1)-0(6) 2.343(9) N(1)}-Cd(1)-N(2)° 179.1(4) O(10)-Cd(2)-N(8)* 88.5(4)
Cd(2)-0(11) 2.230(14) O(5)Cd(1)-0(3) 172.2(4) O(1B-Cd(2)-0(9) 93.3(5)
Cd(2)-N(7) 2.256(9) O(4¥Cd(1)-0(3) 86.9(4) N(7)-Cd(2)-0(9) 91.5(3)
Cd(2)-0(10) 2.288(10) N(1)Cd(1)-0(3) 88.9(3) O(10YCd(2)-0(9) 175.4(4)
Cd(2)-N(8) 2.302(10) N(2)—Cd(1)-0(3) 91.7(3) N(89—Cd(2)-0(9) 87.2(4)
Cd(2)-0(9) 2.340(8) O(5)Cd(1)-0(6) 93.0(4) O(11yCd(2)-0(12) 167.9(4)
Cd(2)-0(12) 2.401(11) O(4)Cd(1)-0(6) 178.4(5) N(7)-Cd(2)-0(12) 93.1(4)
N(1)—Cd(1)-0(6) 91.1(3) O(10y-Cd(2)-0(12) 82.4(5)
N(2)i—Cd(1)-0(6) 88.1(3) N(8)-Cd(2)-0(12) 84.0(5)
O(3)-Cd(1)-0(6) 94.6(3) 0(9)-Cd(2)-0(12) 95.5(4)
3
Cd(1)-N(1) 2.268(9) N(1)-Cd(1)-N(2)c 169.3(4) N(3)-Cd(2)-0(19) 106.8(10)
Cd(1)-N(2)¢ 2.281(10) N(1)-Cd(1)-0(3) 88.1(5) N(4J—Cd(2)-0(19) 85.7(10)
Cd(1)-0(3) 2.304(18) N(2-Cd(1)-0(3) 86.7(5) O(16YCd(2-0(2) 124.6(11)
Cd(1)-0(8) 2.389(17) N(1)Cd(1)-O(8) 97.5(5) N(3)-Cd(2-0(2) 83.8(4)
Cd(1)-0(1) 2.368(16) N(2-Cd(1)-0(8) 90.7(5) N(49—Cd(2)-0(2) 83.4(4)
Cd(1)-0(18) 2.43(2) O(3)Cd(1)-0(8) 79.6(6) O(19¥Cd(2)-0(2) 165.9(11)
Cd(1)-0(10) 2.488(11) N(1Cd(1)-0(1) 97.8(6) O(16)Cd(2)-0(4) 105.0(9)
Cd(2)-0(16) 2.258(14) N(Z)-Cd(1)-0(1) 92.6(6) N(3)-Cd(2)-0(4) 93.0(4)
Cd(2)-N(3) 2.287(10) O(3)Cd(1)-0(1) 132.3(7) N(4}-Cd(2)-0(4) 96.0(4)
Cd(2)-N(4) 2.289(10) O(8)-Cd(1)-0(1) 52.7(7) O(19)Cd(2)-0(4) 59.9(9)
Cd(2)-0(19) 2.82(4) N(1}Cd(1)-0(18) 92.2(7) O(2¥Cd(2-0(4) 130.2(7)
Cd(2)-0(2) 2.42(2) N(2)—Cd(1)-O(18) 88.3(6) O(16YCd(2)-0(7) 155.5(9)
Cd(2)-0(4) 2.44(11) O(3)Cd(1)-0(18) 153.2(6) N(3)-Cd(2)-0(7) 86.9(4)
Cd(2)-0(7) 2.514(11) O(8)Cd(1)-0(18) 126.8(7) N(#—Cd(2-0(7) 91.7(4)
Cd(2)-0(17) 2.51(3) O(1)Cd(1)-0(18) 74.2(8) O(19yCd(2)-0(7) 110.1(9)
N(1)—Cd(1)-0(10) 90.0(4) O(2)Cd(2)-0(7) 79.2(7)
N(2)°—Cd(1)-0(10) 79.4(4) O(4¥Cd(2-0(7) 51.0(4)
O(3)-Cd(1)-0(10) 53.5(5) O(16Cd(2-0(17) 49.9(10)
0(8)-Cd(1)-0(10) 132.3(6) N(3)-Cd(2)-0(17)) 90.9(7
O(1)-Cd(1)-0(10) 170.2(6) N(#—Cd(2-0(17) 84.8(7)
O(18)-Cd(1)-0O(10) 99.7(6) O(19yCd(2)-0(17) 94.9(10)
O(16)-Cd(2)-N(3) 90.0(5) 0(2)-Cd(2)-0(17) 75.2(9)
O(16)-Cd(2)-N(4) 96.4(6) O(4)-Cd(2)-0(17) 154.6(8)
N(3)—Cd(2)-N(4)! 167.2(4) O(7)-Cd(2)-0(17) 154.4(7)
0(16)-Cd(2)-0(19) 47.9(7)
4
Cd(1)-N(4) 2.280(11) N(4)-Cd(1)-N(2) 92.9(4) O(13)-Cd(1)-N(3) 89.2(4)
Cd(1)-N(2) 2.324(9) N(4)-Cd(1)-N(1)e 90.9(4) N(7)-Cd(2~N(8)¢ 87.4(3)
Cd(1)-N(L) 2.333(10) N(2)-Cd(1)-N(1)e 173.9(4) N(7)-Cd(2)~N(9)" 173.1(4)
Cd(1)-0(7) 2.343(11) N(4)-Cd(1)-0(7) 92.2(4) N(8J—Cd(2)-N(9)" 91.6(3)
Cd(1)-0(13) 2.344(9) N(2)}-Cd(1)-0(7) 85.4(4) N(7)-Cd(2-0(16) 89.7(3)
Cd(1)-N(3)' 2.350(11) N(19—Cd(1)-0(7) 89.8(4) N(8)-Cd(2)-0(16) 87.7(3)
Cd(2)-N(7) 2.307(10) N(4)-Cd(1)-0(13) 86.0(4) N(9)-Cd(2)-0(16) 83.5(3)
Cd(2)-N(8) 2.322(10) N(2)-Cd(1)-0(13) 95.1(3) N(7)-Cd(2)-N(5) 90.5(3)
Cd(2)-N(9)" 2.330(9) N(13—Cd(1)-0(13) 89.9(3) N(8-Cd(2)-N(5) 177.3(3)
Cd(2)-0(16) 2.346(8) O(7rCd(1y-0(13) 178.2(4) N(9)-Cd(2)-N(5) 90.6(3)
Cd(2)-N(5) 2.351(9) N(4)-Cd(1)-N(3) 175.1(5) O(16)-Cd(2)-N(5) 94.0(3)
Cd(2)-0(2) 2.402(9) N(2)-Cd(1)-N(3) 86.2(3) N(7)»-Cd(2-0(2) 86.0(3)
N(L)e—Cd(1)-N(3)' 90.4(4) N(8Y—Cd(2)-0(2) 92.3(3)
O(7)-Cd(1)-N(3) 92.6(4) N(9)—Cd(2)-0(2) 100.8(3)
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Table 2. (Continued)

5
Cd(1)-N(6) 2.340(9) N(6)-Cd(1)-N(6) 102.6(6) N(2)-Cd(2)-N(2y 88.8(4)
Cd(1)-N(3) 2.345(13) N(6)-Cd(1)-N(3) 86.4(4) N(2)-Cd(2)-N(5) 88.5(3)
Cd(1-0(1) 2.489(8) N(6)-Cd(1)-N(3) 163.9(4) N(2)-Cd(2)-N(5) 170.7(4)
Cd(2)-N(2) 2.349(9) N(3)-Cd(1)-N(3) 88.2(6) N(5)-Cd(2)-N(5)™ 95.5(4)
Cd(2)-N(5) 2.354(9) N(6)-Cd(1)-0(1) 75.7(3) N(2)-Cd(2-0(8)" 84.9(4)
Cd(2)-0(8) 2.401(12) N(8)-Cd(1)-0(1) 82.6(3) N(5)-Cd(2)-O(8)" 86.1(3)
N(3)-Cd(1)-0(1) 86.9(3) N(2)-Cd(2)-0(8) 84.9(4)
N(6)—Cd(1)-O(L) 75.7(3) N(2)—Cd(2)-0(8) 86.3(5)
N(3)—Cd(1)-O(1F 119.1(4) N(5)-Cd(2)-0(8) 102.3(5)
O(1)-Cd(1)-O(1L) 145.0(3) O(8)—Cd(2-0(8) 167.6(6)
6
Ni(1)—N(L)" 2.112(9) N(1)—Ni(1)—N(1)° 90.4(5) N(2)-Ni(1)—CI(4) 89.9(3)
Ni(1)—N(2) 2.141(9) N(1)-Ni(1)—N(2) 89.0(3) N(3J—Ni(2)—N(4Y 89.5(4)
Ni(1)—Cl(4) 2.434(3) N(19-Ni(1)—N(2) 178.8(4) N(3)-Ni(2)—N(4) 176.3(4)
Ni(2)—N(3) 2.099(10) N(2)-Ni(1)—N(2) 91.6(5) N(4)—Ni(2)—N(4)s 86.9(6)
Ni(2)—N(a) 2.134(11) N(1)—-Ni(1)—CI(4) 91.2(3) N(3)-Ni(2)—CI(1) 88.2(3)
Ni(2)—Cl(1) 2.467(4) N(19-Ni(1)—CI(4) 91.1(3) N(4)—Ni(2)—CI(1) 91.0(4)
N(2)—Ni(1)—CI(4) 87.9(3) N(3)-Ni(2)—CI(1) 89.5(3)
Cl(4)—Ni(1)—CI(4)y 176.8(2) N(4)—Ni(2)—Cl(1) 91.4(4)
N(3)"—Ni(2)—N(3) 94.1(5) CI(1)-Ni(2)—Cl(1)" 176.7(2)

@ Symmetry transformations used to generate equivalent atéms: 1,y — 1, z+ 1; b+ 1,y+1,z-1;,%y,z+ 1%y z-1%—-1y+1,z
fx+1,y,z—1,%—1,y,z+ 1, +1,y—1,z'—x+3/2,y—1/2,—z+ 2;ix+ 112,y — 1/2,z— 1, k—x+ 2,y, —z+ 1;'—x+ 1/2,y — 1/2, -z +
1;m—x+1,y, -z "—x+ 32,y + 1/2, -z, — 12,y + 1/2,z+ 1;P—x+ 1,y, —z+ 1;9%—x+ 1,y, —z+ 2;'x — 1/2,y — 1/2,z + 1;5—x + 3/2,y
- 1/2,-z+ 1.

Scheme 1

Figure 1. A view of the two different 1D polymeric chains ih. The
black, green, red, blue, and gray colors represent Zn, Cl, O, N, and C atoms,
respectively.

4>
O~ Pd(OAc),
P(o-tolyl)s
Cl
Br 74%

The slow diffusion of diethyl ether into a mixture of zinc
perchlorate and ligand in DMF/CHCIL/EtOH gave colorless
crystals of [Zi. (DMF)4][ZnL (DMF)3(H20)(ClO4)] - (ClOy)3-
2DMF-EtOH-2H,0 (1) in 41.7% yield. Compound crystal-

X-ray Structure Determinations. The determinations of the unit  lizes in theP1 space group with two Zn(ll) centers and two
cells and data collections for all crystals of compoufd$ were L ligands in the asymmetric unit. The first Zn(ll) center
performed on a Siemens SMART CCD. The data were collected 4qopts a distorted octahedral environment by coordinating
using graphite-monochromatic Mookradiation ¢ = 0.710 73 A) to four DMF molecules (ZRO = 2.291-2.362 A) in the
at 173 K. The data sets were corrected by the SADABS progam. equatorial positions and to two pyridines from two different

All structures were solved by direct methods and refined by full- . . - - _
matrix least-squares methods with the SHELXTL-97 program L ligands in the axial positions (ZmN = 2.278-2.363 A).

packagé? Crystallographic data are summarized in Table 1 and The second octahedrally coordinated Zn(ll) center binds to
the selected bond lengths and angles listed in Table 2 (see also théW0 DMF (Zn—0 = 2.294-2.299 A), one water (ZznO =

Supporting Information). 2.368 A), and one perchlorate group (Z® = 2.419 A) in
the equatorial positions and to two pyridines of two different
Results and Discussion L ligands in the axial positions (ZiN = 2.213-2.262 A).

h , i iohl ioth The Zn(Il) centers are linked to each other by thiégands
The new enantiopure ligand &@ichloro-2,2-diethoxy- and propagate into an infinite 1D coordination polymer with

1,1'-binaphthyl-4,4bis(vinylpyriding) L) was obte}ined via  ihe formula of [Zi (DMF),] and [ZrL (DMF),(H,0)(CIOy)],
a Pd-catalyzed Heck coupling reaction betweendighloro- respectively (Figure 1). The dihedral angles of the two

4,4-dibromo-2,2-diethoxy-1,1-binaphthyt®and 4-vinylpy- i, qenendent binaphthyl subunits inare 79.6 and 61.7,

ridine in 74% yield (Sﬂ‘eTe 1). The new ligatdwas | oqnectively. The neighboring chains interact with each other
characterized byH and*C{H} NMR spectroscopy. via 77---7 interactions (the nearest-C distance is 3.314

A) to lead to small 1D chiral channels (3.7447.591 &)

(16) Sheldrick, G. MSADABS, Absorption Correction Prograkiniversity

of Gettingen: Gdtingen, Germany, 1996. along thea axis. On the basis of PLATON calculatiot,
(17) Sheldrick, G. M.Program for Structure Refinementniversity of

Gottingen: Gidtingen, Germany, 1997. (19) Spek, A. LPLATON A Multipurpose Crystallographic TopUtrecht
(18) Lee, S. J.; Lin, WJ. Am. Chem. So@002 124, 4554. University: Utrecht, The Netherlands, 2001.
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Figure 2. A view of the two different 1D polymeric chains i&. The

cyan, green, red, blue, and gray colors represent Zn, Cl, O, N, and C atoms,

respectively.

o).

Figure 3. A view of the two different 1D polymeric chains i8. The

cyan, green, red, blue, and gray colors represent Zn, Cl, O, N, and C atoms,

respectively.

the open channels constitute about 27.7% (832.4uk of
3002.2 B) of the crystal volume and are filled with CiO
anions and noncoordinating DMF, EtOH, andHmol-
ecules. TGA showed thdt lost 9.3% of its total weight in
the 20-130°C temperature range, corresponding to the loss
of noncoordinating solvents (expected 9.3% for two water,
one EtOH, and two DMF molecules per formula unit).

[CdL (DMF),][CdL (DMF)3(ClO4)]+(ClO4)s 2DMF (2) was
synthesized in a similar fashion tb Compound2 also
crystallizes in theP1 space group with a very similar 1D
chain structure as that df (Figure 2). The second Cd(ll)
center in2 has a slightly different coordination environment
with the equatorial positions occupied by three DMF and
one perchlorate group. The dihedral angles of the two
independent binaphthyl subunits thare 80.8 and 61.6.
The network structure of is stabilized by strongz---z
interactions between naphthyl rings and vinyl groups of
neighboring. ligands (the nearest-€C separation is 3.319
A). The void space ir2 accounts for 24.0% of the crystal
volume and is filled with CIQ~ anions and DMF solvent
molecules. TGA analysis showed tlzdbst 5.9% of its total
weight in the 26-85 °C temperature range, corresponding
to the loss of two DMF molecules per formula unit (expected
5.8%). Compoun@ loses the coordinated DMF molecules
upon further heating.

Colorless crystals of [Ad(H20)(NGs),][CdL (H20),-
(NOs)]-MeOH (3) were obtained by heating a mixture of
Cd(NGs)2*4H,0 andL in 0-CgH4Cl/MeOH in a capped vial
at 70 °C for 1 week. Compound@ adopts a similar 1D
polymeric chain structure (space gro®g;) as that of2
except that both crystallographically independent Cd(ll)
centers in3 adopt seven-coordinate environments (Figure
3). One Cd atom coordinates to two bidentate nitrates-@d
= 2.304-2.488 A), one aqua ligand (G = 2.426 A),
and two pyridines of two different ligands (Ca-N =
2.268-2.281 A), while the other Cd atom coordinates to one
bidentate nitrate (CHO = 2.441-2.514 A), one monoden-
tate nitrate (CetO = 2.258 A), two water molecules (Gt
= 2.415-2.513 A), and two pyridines of two differert
ligands (Ca-N = 2.287-2.289 A). The coordination of two
nitrate anions to each Cd(ll) center dleads to a neutral

Figure 4. A view of one of the two 2D lamellar frameworks df(top).

A view of the AB stacking mode of the rhombic grids 4n(middle). A
space-filling view of4 as along thea axis showing two different channels
of 9.7 x 10.2 and 6.7x 7.7 A% in size (bottom).

1D polymeric chain structure, and as a consequence, the
accessible void space B is much smaller and can only
accommodate one MeOH molecule in each formula unit.
TGA analysis showed th&lost 1.2% of its total weight in
the 20-68 °C temperature range, corresponding to the loss
of one MeOH molecule per formula unit (expected 1.2%).
When EtOH was replaced by acetonitrile during the
synthesis o2, [CdL »(H,O)(DMF)][CdL »(H20)(CIO4)](ClO4)z*
DMF-3CH;CN-6H,O (4) with a very different network
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Figure 6. A view of 2D rhombic grids ir6 (top). A space-filling view of

Figure 5. A view of the 2D lamellar frameworks d (top). A space- 6 down thec axis (bottom)

filling view of 5 down thec axis (bottom).
analysis showed that lost 8.6% of its total weight in the
structure was obtained as colorless crystals. Compa@und 20—-190°C temperature range, corresponding to the loss of
crystallizes in theP1 space group with two unique Cd(Il) all solvent molecules (expected 8.5%).
centers in the asymmetric unit. Each of the two independent  Single crystals of [CH(NOs),]-DMF-2EtOH2.5H,0 (5)
Cd atoms coordinates to four pyridines of four differént ~ were grown by the slow diffusion of diethyl ether into a
ligands and one aqua ligand. For the sixth coordination site, mixture ofL and Cd(NQ).-4H,0 in ethyl acetate and DMF
one Cd coordinates to one DMF molecule (6d = 2.344 for 4 days. Compoun8 crystallizes in space group2. The
A) while the other Cd coordinates to one perchlorate anion Cd(ll) centers ins adopt distorted octahedral environments
(Cd—0 = 2.402 A). Each of the two independent Cd atoms with four pyridyl groups at the equatorial positions [EN
is propagated by the ligands to form crystallographically = 2.340(9)-2.354(9) A] and two monodentate nitrate groups
independent lamellar structures that are built from coordina- at the apical positions [CHO = 2.401(12)-2.489(8) A].
tion rhombuses of 24.70% 24.750 & in size (Figure 4). As depicted in Figure 5, the Cd(ll) ions are linked by the
The dihedral angles of the four independent binaphthyl ligands to yield rhombic grids of 24.83% 24.831 & in
subunits in4 are 68.8, 82.0, 79.°, and 69.4. The dimension. Adjacent 2D grids stack along thexis with
neighboring rhombic grids stack together in-atABAB :-+ an offset of 0.8 + 0.252 along theab plane and are shifted
fashion, which are stabilized by strong - interactions (the by 0.5 along thec axis. These grids thus stack in an
nearest &-C distance is 3.306 A) between adjacent naphthyl ABAB -+ fashion with significant offsets in thab plane to
rings of the neighboring lamellae. Compouddossesses leave open channels of 11.3%216.497 & along thec axis
two different channels (9.% 10.2 2 and 6.7x 7.7 A?) (Figure 5b). The solvent-accessible volume calculated with
along thea axis. Calculations using PLATON reveal that the PLATON program is 2600.03%(29.6% of the unit cell
the open channels constitute about 34.3% (1583.auA of volume). TGA analysis indicated a weight loss of 12.4% at
4616.0 AB) of the crystal volume and are filled with CiO 20—135°C, corresponding to the loss of solvent molecules
anions, DMF, CHCN, and HO solvent molecules. TGA  (expected 12.5%).
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Compoundb lost all of the solvent molecules after it was
grounded and heated at 30 for 12 h under a vacuum. The
resulting powder showed sharp X-ray diffraction peaks
similar to those of the pristine sample. This result indicates
that the two-dimensional metal-organic framework structure
of 5 is retained after the removal of all of the solvent
molecules.

[NiLCl;]-DMF-4EtOHH,0 (6) was prepared by the slow
diffusion of E£O into a mixture of NiC}-6H,O andL in a
mixed solvent of DMF, CHG| and EtOH. Compound is
isostructural tob with the Ni(ll) center octahedrally coor-
dinated to four pyridines of four differert ligands (Ni—=N
= 2.099-2.141 A) and two chloride atoms (NCI =
2.434-2.467 A) (Figure 6). Adjacent 2D grids ié stack
along thec axis with an offset ofa + 0.243 along theab
plane and are shifted by @%long thec axis. These grids
thus stack in an--ABAB --- fashion with significant offsets
in the ab plane to leave open channels of 12.207.6.417
A2 along thec axis. The neighboring lamellae are held
together by stronge---edge interactions (the nearestC
distance of neighboring molecules is 3.258 A) and-x
interactions (the nearest-@C distance of neighboring
molecules is 3.396 A). The effective pore volume for
inclusion in6 is 3252.9 & per unit cell (35.8% of the crystal
volume), and TGA analysis showed thatiost all of the
solvent molecules by 103C (calcd, 16.8%; found, 16.7%).

Summary

We have utilized a chiral binaphthyl-derived 4Rpyri-
dine-based bridging ligand for the synthesis of six homochiral
metal-organic frameworks. Two polymeric motifs were

observed in these compounds: the one-dimensional poly-
meric structure with bridging ligands occupying the axial
positions of the metal centers and two-dimensional rhombic
grids formed by the linking of octahedrally coordinated metal
centers with four pyridyl ligands in the equatorial positions.
As the bridging ligands are long, compourétsé adopt--
-ABAB .- offset stacking modes to reduce the potentially
very large void space. Our findings can be generalized as
follows: (1) The formation of distinct topological architec-
tures is affected by the solvents used in the crystal growth.
(2) The counterions can have a very significant influence
on the formation of MOFs, even when most of the anions
only occupy the void spaces of the open frameworks. (3)
The nature of metal ions, because of their different coordina-
tion environments, plays critical roles in the formation of
MOFs with different architectures. With the knowledge of
synthesizing a large variety of chiral porous MOFs, we are
well-poised to incorporate desired functional groups in the
chiral bridging ligands for the synthesis of catalytically active
materials.
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