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Clathration of Two-Dimensional Coordination Polymers: Synthesis and Structures of
[M(4,4'-bpy)2(H20)2](CIO 4)2+(2,4-bpy)2-H20 and [Cu(4,4-bpy)2(H20)2](CIO 4)4+(4,4-H,Bpy)

(M = Cd", Zzn" and bpy = Bipyridine)
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In the presence of guest 2dpy molecules or under acidic conditions, three compounds, [Ceggydp(H-0),]-
(ClOy)2+(2,4-bpy)-H:0 (1), [Zn(4,4-bpy)(H20)](ClO4)2+(2,4-bpy)H20 (2), and [Cu(4,4bpy)(H20)](ClO4)s: (4,4-

Hzbpy) 3), were obtained from the reactions of the metal salts andbopy in an EtOH-H,O mixture. 1 has a

2-D square-grid network structure, crystallizing in the monoclinic space ge@ip with a = 13.231(3) Ab =
11.669(2) A,c = 15.019(3) A8 = 112.82(3}, Z = 2; 2 is isomorphous witH, crystallizing in the monoclinic

space groufP2/n, with a = 13.150(3) Ab = 11.368(2) Ac = 14.745(3) A, = 110.60(3}, Z= 2. The square

grids superpose on each other into a channel structure, in which each layer consists of two pairs of shared edges,
perfectly square-planar with an'Mon and a 4,4bpy at each corner and side, respectively. The square cavity
has dimensions of 11.669(%) 11.788(2) and 11.368(2} 11.488(2) A forl and 2, respectively. Every two

guest 2,4bpy molecules are clathrated in each hydrophobic host cavity and are further stabilizedrtsyacking

and hydrogen bonding interactions. The NMR spectra clearly confirm thatlbatid 2 contain 4,4bpy and

2,4-bpy molecules in a 1:1 ratio, which have stacking interaction with each other in the sol@tinystallizes

in the orthorhombic space groupam, with a = 11.1283(5) Ab = 15.5927(8) Ac = 22.3178(11) Az = 4.

3is made up of two-dimensional square [CGu4-bpy)] grids, where the square cavity has dimensions of 11.13

x 11.16 A. Each [4,4H.bpy]?* cation is clathrated in a square cavity and stacks with one pair of opposite
edges of the host square cavity in an offset fashion with the face-to-face distance of ca. 3.95 A. Within each
cavity, the [4,4-H,bpy]?™ cation forms twin three-center hydrogen bonds with two pairs of,Cléhions. The

results suggest that the guest'Zhpy molecules and protonated [4H.bpy]?™ cations present in the reaction
systems serve as structure-directing templates in the formation of the crystal structures and exclude self-inclusion

of the networks having larger square cavities.

Introduction

wide range of infinite frameworks, including diamondéid,

honeycomt?26 grid,” T-shaped, ladder? brick wall,’>%2and

Recently, a new research realm in crystal engineering of gctahedrdf frameworks, has already been generated with
supramolecular architectures assembled by means of coordinatgmple, linear spacers such as'4ipyridine and pyrazine.

covalent bonding,hydrogen bonding,or other weak intermo-

lecular interactionshas been rapidly expanding in order to
rationally develop new classes of functional materials with
zeolite-like molecular-sized channels, cavities, and pores. The

construction of such cavities surrounded mainly by aromatic ©)

edges is very attractive because the shape, size, and function of
the cavity may be designable on the basis of the different
oxidation states, the coordination preference of the metal ions,
the types of ligands and solvents, and the molar ratio of the
metal ions to the ligands. So far a number of bdxasd a
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Table 1. Crystallographic and Experimental Data fbr3
1 2 3
empirical formula G0H3ngCI2N3011 C40H3gan|2N3011 C30H3oCUC|4N6013
fw 990.08 943.05 967.94
cryst syst monoclinic monoclinic orthorombic
space group P2/n (No. 13) P2/n (No. 13) Ibam(No. 72)
a(A) 13.231(3) 13.150(3) 11.1283(5)
b(A) 11.669(2) 11.368(2) 15.5927(8)
c(A) 15.019(3) 14.745(3) 22.3178(11)
S (deg) 112.82(3) 110.60(3) 90
V (A3) 2137.3(7) 2063.3(7) 3872.6(3)
z 2 2 4
Pealc (g cnT9) 1.538 1.518 1.660
T(°C) 20(2) 20(2) 20(2)
A (Mo Ka) (A) 0.710 73 0.710 73 0.710 73
u (Mo Ka) (cm™?) 7.05 7.96 9.25
Ry (I > 20(1))2 0.0448 0.0576 0.0546
WR; (all data} 0.1167 0.1660 0.1546

*Ry = J[IFo| — [Fell/Z|Fol, WRe = [IW(IFol — [Fel)/XWIFolM w = [0%(Fo)* + (0.1(max(0F?) + 2F2)/3)7] .

On the other hand, the design of supramolecular architecturesH, 4.02; N, 11.72. IR datav(cm™%): 3050 w, 1679 w, 1609 s, 1539
has attracted much attention in the field of hagtiest chemistry? m, 1489 w, 1461 m, 1412 s, 1321 w, 1222 m, 1145 vs, 1089 vs, 997
Although a number of the infinite frameworks are rigid and ™, 807 m, 772's, 730 m, 681 w, 625 s, 498 #1 NMR data (ppm):
well meet the requirements that the host is relatively rigid and 7-27—7-21 (8H, m), 6.66 (2H, dJ = 4.8), 6.62 (1H, d) =7.9), 6.54
contains large cavities, and although the van der Waals surfacegtH: 1), 6:42 (4H, dJ = 4.7). *C NMR data (ppm): 154.59, 150.55,
and electrostatic potential surfaces of the host and guest may150'13’ 148.44, 146.90, 138.55, 125.16, 122.73, 122.44, 122.36.
be complementar{? it is somewhat surprising that very few [Cu(4,4-bpy)2(H20)](CIO 4)4+(4,4-Hzbpy) (3). An alcohol solution

frameworks have been reported to clathrate larger organic guestt0 ¢ of 4,4-bpy (0.312 g, 2.0 mmol) was added dropwise to a
molecules27¢ We report herein the preparation and crystal Stired aqueous solution (5 mL) of Cu(N@6H0 (0.296 g, 1.0 mmol)

- - at 50°C for 15 min. The solution was adjusted to pt5 by addition
igtLljc():::creosr %fnitgritae;qmui{gcglggsngﬂglratmg‘blargeg nOeUt_ral or of dilute HCIQ, solution, and to this was added an aqueous solution (5
(ClOg)(2 %-bpyi-HZO M = Cd'i (1) Zr¥'[(2§ aﬂﬁ)z[(ca(fi cm?) of NaClQ, (0.280 g, 2.0 mmol). The clear solution precipitated

) N deep-blue block-shaped crystals after several days, 56% yield based
bpy)(H20)](ClO4)a-(4,4-H:zbpy) (3) (bpy = bipyridine). on 4,4-bpy. The crystals are lilac when viewed in one direction and
Experimental Section

grayish-blue when viewed from a different direction. Anal. Calcd for
CsoH3oNsCuOisCls: C, 37.23; H, 3.12; N, 8.68. Found: C, 37.12; H,
All reagents were commercially available and used as received. The3.07; N, 8.46. IR datafcml): 3444 s, 3381 s, 3219 m, 3163 m,
C, H, and N microanalyses were carried out with a Perkin-Elmer 240 3098 m, 2924 w, 2853 w, 1637 m, 1609 vs, 1532 w, 1489 s, 1419 s,
elemental analyzerH and **C NMR spectra were recorded on a 1222 m, 1145vs, 1110 vs, 1082 vs, 1011 m, 814 s, 786 m, 723 w, 632
Bruker ARX-300 NMR spectrometer using @DD solvent at room vs, 533 w, 484 w.
temperature; the CIOD signal was used to lock the field and all X-ray Crystallography. Diffraction intensities for complexes,
chemical shifts are given relative to TMS: NMR spectra were 5 ang3 were collected at 26C on an Enraf-Nonius CAD4 diffracto-
measured at 300.132 MHz, an®C NMR spectra were obtained at  otar using the»-scan technique. Lp and absorption corrections were
75.475 MHz using CEOD as an internal standard with wide-band 5 jjieq11 The structures were solved with direct methods of SHELXS-
proton decoupling. Th? FT-IR spectra were recorded from KBr pellets 862 and refined with full-matrix least-squares technique using the
in range 4006-400 cm* on a Nicolet 5DX spectrometer. . . SHELXL-93 program-* Non-hydrogen atoms were refined anisotro-
. Safety Note. Pe_rchlorate Salts of metal complexes with organic pically. The alkyl hydrogen atoms were generated geometricatyHC
ligands are potentially exploge. Only a small amount of material =0.96 A); the a hvd t located f diff
: . ; qua hydrogen atoms were located from difference maps
should be P repared and handled with great c’are. and refined with isotropic temperature factors. Analytical expressions
Synthesis. [Cd(4,4bpy)z(H20)2](Cl04)2+(2,4-bpy)oHZO (1). To of neutral-atom scattering factors were employed, and anomalous

afg Iaﬂgr;lg \,Cvg(sN;gj)é:E Zosf)(l)ﬁﬁ?)ﬁ gf igpr;r(%?ll)slg ; 11U(g )mlf;(g:; /in dispersion corrections were incorporatédThe crystallographic data
EtOH (5 mL) slowly with stirring for 15 min at 60C; a solution of for 1-3 are listed in Table 1. Atomic coordinates, equivalent isotropic
2,4-bpy (0.156 g, 1.0 mmol) in EtOH (5 mL) was then slowly added. displacement p_aramgters, and selected mter_atomlc dlstances and angles
The resulting mixture was stirred for 15 min at 80, and addition of for 1-3 are given in Tables 25, respectively. Drawings were
NaClO; (2.0 mmol, 0.280 g) followed. Colorless block-crystals were Produced with ORTEP-;

deposited within 5 days (yield: 0.322 g, 0.325 mmol, 65% based on
the ligands). Anal. Calcd for fgH3gNsCdO1iCla: C, 48.52; H, 3.87; (9) (a) Fuijita, M.; Kwon, Y. J.; Sasaki, Y. O.; Yamaguchi, K.; Ogura, K.
N, 11.32; Found: C, 48.34; H, 3.68; N, 11.22. IR dat&in?): 3049 J. Am. Chem. S0d.995 117, 7287. (b) Losier, P.; Zaworotko, M. J.
w, 1597 s, 1540 m, 1491 w, 1454 m, 1409 s, 1326 w, 1220 m, 1146 Angew. Chem., Int. Ed. Engl99§ 35, 2779. (c) Hennigar, T. L.;
vs, 1105 vs, 1080 vs, 998 m, 826 w, 801 m, 777 s, 728 m, 629 vs, 564 ~ MacQuarrie, D.C.; Losier, P.; Rogers, R. D.; Zaworotko, Madgew.

w, 490 w. *H NMR data (ppm): 7.347.26 (8H, m), 6.75 (2H, br). Chem., Int. Bd. Engl1997 36, 972.

(10) (a) Soma, T.; Yuge, H.; Iwamoto, BAngew. Chem., Int. Ed. Engl.
6.66 (1H, d,J = 7.9), 6.58 (1H, t), 6.49 (4H, d] = 4.6). *C NMR 1994 33, 1665. (b) Subramanian, S.; Zaworotko, MARgew. Chem.,

data (ppm): 154.40, 150.62, 150.57, 150.25, 148.78, 147.00, 138.56, Int. Ed. Engl.1995 34, 2127.

125.26, 122.91, 122.41. (11) North, A. C. T.; Phillips, D. C.; Mathews, F. &cta Crystallogr.,
[Zn(4,4'-bpy)2(H20)2](ClO 1)+ (2,4-bpy)H:0 (2). The reaction Sect. A196§ 24, 351.

was carried out in the same way as foexcept that Zn(CI@),6H.0 (12) Sheldrick, G. MActa Crystallogr, Sect. 4990 46, 467.

- e (13) Sheldrick, G. MSHELXL-93 Program for X-ray Crystal Structure
was used instead of Cd(NJ24H,0 and NaCIQ-H,O (yield: 0.273 RefinementUniversity of Gatingen: Germany, 1993.

g, 0.258 mmol, 58% based on the ligands). Anal. Calcd for (14) International Tables for X-ray Crystallographiluwer Academic
CaoHzsNsZnOu:Clp: C, 50.94; H, 4.06; N, 11.88. Found: C, 50.73; Publishers: Dordrecht, 1992; Vol. C, Tables 4.2.6.8 and 6.1.1.4.
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Table 2. Atomic Coordinates % 10*) and Equivalent Isotropic Table 3. Atomic Coordinates x10*) and Equivalent Isotropic

Displacement Parameters{4 10°) for 1 Displacement Parameters{4 10°) for 2
atom X y z W atom X y z WU
Cd(2) 7500 218(1) 7500 31(1) Zn(1) 7500 231(1) 7500 22(1)
N(1) 7500 —1764(3) 7500 37(2) N(1) 7500 —1643(3) 7500 21(1)
C(11) 7691(3) —2356(3) 8309(2) 42(1) C(11) 7669(3) —2272(3) 8315(2) 27(1)
C(12) 7696(3) —3529(3) 8338(2) 41(1) C(12) 7684(3) —3477(3) 8350(2) 28(1)
C(13) 7500 —4151(4) 7500 33(1) C(13) 7500 —4103(4) 7500 22(1)
C(14) 7500 —5415(4) 7500 34(1) C(14) 7500 —5426(4) 7500 22(1)
C(15) 8116(3) —6032(3) 8321(2) 41(1) C(15) 8100(3) —6053(3) 8319(2) 29(1)
C(16) 8094(3) —7211(3) 8288(2) 41(1) C(16) 8078(3) —7268(3) 8289(2) 27(1)
N(2) 7500 —7805(3) 7500 35(1) N(2) 7500 —7896(3) 7500 20(1)
N(3) 6557(2) 144(2) 8539(2) 41(1) N(3) 6582(2) 174(2) 8489(2) 26(1)
O(1w) 9203(2) 188(2) 8838(2) 48(1) Oo(1lw) 9025(2) 197(2) 8741(2) 32(1)
C(21) 6838(3) 729(3) 9363(2) 50(1) C(21) 6879(3) 721(3) 9349(3) 34(1)
C(22) 6253(3) 713(3) 9939(3) 53(1) C(22) 6280(3) 686(4) 9947(3) 39(1)
C(23) 5319(3) 30(3) 9692(2) 38(1) C(23) 5324(3) 37(3) 9683(3) 27(1)
C(24) 5035(3) —577(4) 8843(3) 55(1) C(24) 5032(3) —533(4) 8798(3) 40(1)
C(25) 5659(3) —497(4) 8292(3) 54(1) C(25) 5663(3) —442(4) 8232(3) 38(1)
N(4) 14393(3) 2973(4) 8759(4) 91(1) N(4) 14351(3) 2925(4) 8741(4) 73(1)
N(5) 10847(3) 1697(4) 8901(3) 70(1) N(5) 10768(3) 1644(4) 8874(3) 51(1)
C(30) 15234(5) 3548(6) 8681(6) 116(2) C(30) 15195(5) 3504(6) 8663(6) 92(2)
C(31) 15286(5) 4700(5) 8616(6) 104(2) C(31) 15264(5) 4680(6) 8616(5) 81(2)
C(32) 14437(5) 5313(5) 8634(5) 93(2) C(32) 14415(5) 5322(5) 8648(5) 75(2)
C(33) 13554(4) A4774(4) 8712(4) 72(1) C(33) 13530(4) 4770(4) 8722(4) 56(1)
C(34) 13564(3) 3601(4) 8774(3) 59(1) C(34) 13519(3) 3571(4) 8763(3) 42(1)
C(35) 12622(3) 2950(3) 8831(3) 54(1) C(35) 12566(3) 2901(4) 8818(3) 39(1)
C(36) 11798(3) 3461(4) 9036(3) 60(1) C(36) 11734(3) 3448(4) 9019(3) 45(1)
C(37) 10939(3) 2812(4) 9073(3) 66(1) C(37) 10864(3) 2786(4) 9045(3) 49(1)
C(38) 11644(4) 1195(4) 8696(4) 75(1) C(38) 11568(4) 1115(4) 8671(4) 56(1)
C(39) 12535(3) 1778(4) 8673(3) 68(1) C(39) 12484(3) 1702(4) 8662(4) 50(1)
CI(1) 10754(1) —2957(1) 8887(1) 58(1) CI(1) 10708(1) —2941(1) 8887(1) 44(1)
0(1) 10498(3) —2002(3) 9345(2) 89(1) 0(@1) 10446(3) —1928(3) 9328(3) 68(1)
0(2) 10416(4) —3966(3) 9252(3) 111(2) 0(2) 10365(4) —3961(3) 9262(3) 88(1)
0o®3) 11872(3) —3043(5) 9140(5) 142(2) 0(3) 11825(3) —-3021(5) 9127(5) 121(2)
0(4) 10117(4)  —2916(4) 7891(2) 113(1) 0o(4) 10098(5)  —2914(4) 7884(3) 95(2)
Oo(2w) 7500 1850(6) 2500 121(2) Oo(2w) 7500 1778(6) 2500 94(2)
@ Ueq is defined as one-third of the trace of the orthogonalizigd @ Ugq is defined as one-third of the trace of the orthogonaliZgd

tensor. tensor.

Table 4. Atomic Coordinates % 10*) and Equivalent Isotropic

Results and Discussion Displacement Parameters{A 10°) for 3

Crystal Structures. X-ray crystallography shows that atom X y 7 U
cpmple_xesl and 2 are isomorpholus, made up of two- cu() 0 0 2500 35(1)
dimensional square grids of solvate ‘Zhpy and lattice water o(1w) 0 1614(2) 2500 60(1)
molecules (see Figures 1 and 2 fjr  The superposition of N(1) 1831(2) 0 2500 34(1)
such square grids creates large square channels as shown in N(2) 0 0 3412(1) 37(1)
Figure 3. Each layer consists of two pairs of shared edges, (N:E% gi‘ég(é)) 12238 ggi’g(l) 31}1%))
perfectly square planar w_|th an M(Il) ion and a‘4bpy at ea_ch c@) 3687(2) 690(2) 2719(1) 43(1)
corner and side, respectively, though each square is distorted c3) 4333(2) 0 2500 35(1)
slightly (cisN—Cd—N = 87.90(6), 92.10(6)cisN—Zn—N = c(4) —673(2) 547(2) 3725(1) 54(1)
88.29(7), 91.71(7). The square cavity has dimensions of C(5) —697(2) 564(2) 4338(1) 56(1)
11.669(2)x 11.788(2) and 11.368(2) 11.488(2) A forl and C(6) 0 0 4669(1) 39(1)
2, respectively, which are comparable to those of the related 8(? %gi(i) 1222(??) ﬁ’gg(g) igg(?
compoundda72¢f In 1 and2, the metal ion, being located at a CEQ% 45298 33422; 5000( ) 45((1))
2-fold crystallographic axis, has slightly distorted octahedral  ¢j1) 1350(1) 2946(1) 3771(1) 89(1)
geometry with four pyridyl groups (CeN = 2.307(3)-2.347- o1y 240(4) 2788(3) 3486(2) 129(2)
() A, Zn—N = 2.129(3}-2.196(3) A) at the equatorial positions O(2y 1476(5) 3851(2) 3732(3) 143(2)
and two aqua (CdO = 2.367(3) A, Zn-O = 2.189(3) A) at 8%2); i%éé% gggigg ﬁgggg ig;gg
the apical positions. It is noteworthy that every two guest2,4 o 820(12 2177(7 3804(7 168(7
bpy molecules are clathrated in each hydrophobic host cavity ( )c (12 (9 (7 (7

Py A _ 0(2) 770(12) 3615(7) 3568(6) 135(5)
(Figure 1) and further stabilized by stacking and hydrogen o(3)° 2385(8) 2774(8) 3359(6) 112(6)
bonding interactions. The relatively hydrophobic end, i.e. the  O(4)° 2015(8) 3109(6) 4292(5) 73(3)

2-pyridyl moiety, inserts into the hydrophobic square cavity,  ayy,_is defined as one-third of the trace of the orthogonaliggd

whereas the 4-pyridyl end forms a receptor hydrogen bond with tensor.b sof = 0.8.¢sof = 0.2.

an aqua ligand of adjacent upper or lower layer-{® = 2.771- ) )

(4) A for 1 and 2). The aqua ligand also forms a donor hydrogen bond with a perchlorate anion-{(@ = 3.006(4) A
for 1, 2.989(4) A for2).

(15) Farrugia, L. JORTEP-3 for WindowsVersion 1.02 Beta; University It is noteworthy that a pair of opposite edges are each non-
of Glasgow: Glasgow G12 8QQ, Scotland, U.K., 1997. coplanar, with the pair of pyridyl rings being twisted by 27.68-




2648 Inorganic Chemistry, Vol. 37, No. 11, 1998 Tong et al.

Table 5. Selected Bond Distances (A) and Angles (deg) fet3?
[Cd(4,4-bpy)(H20),](ClO4)2+(2,4-bpy)-H20 (1)

Cd(1)-N(1) 2.313(3) Cd(1O(1w) 2.367(3)
Cd(1c)-N(2) 2.307(3) O(1w+N(5) 2.771(4)
Cd(1)-N(2a) 2.307(3) O(1wd--0(1) 3.006(4)
Cd(1)-N(3) 2.347(3)

Cd(1)-O(Aw)-N(B)  119.73(12) O(1w)—Cd(1)-O(lw) 178.31(11)
Cd(1-0(1w)-0O(1)  119.27(11) C(IBN(L)-Cd(1)  121.2(2)
N(1)—Cd(1)-N(3) 87.90(6) C(16YN(2)—-Cd(lc) 121.3(2)
N(1)-Cd(1-O(lw)  89.16(5) C@LIN(3)-Cd(1)  124.7(2)
N(3b)—Cd(1)-N@3)  175.79(13) C(25)N(3)-Cd(1)  118.9(2)
N(3b)—Cd(1)-O(1wb) 90.66(10) C(37N(5)-O(lw)  130.0(3)
N(3b)—Cd(1)-O(lw)  89.27(10) C(38}N(5)-O(1w)  113.0(3)
N(28)-Cd(1-O(lw)  91.02(6) N(5}O(1lw)-O(1) 99.71(14)
O(Iw)-Cd(1)-N(3)  90.02(10) CI(1}¥O(1)-O(lw)  139.9(2)
O(1w)-Cd(1)-N(3b)  89.27(10)

[Cd(4,4-bpy)(H20)2(ClO,)2:(2,4-bpy)H20 (2)

Zn(1)-N(1) 2.130(4) Zn(1-0O(1w) 2.189(3)
Zn(16)—N(2) 2.129(3) O(1w+N(5) 2.771(4)
Zn(1)-N(2a) 2.129(3) O(1wy-0O(1) 2.989(4)
Zn(1)-N(3) 2.196(3)

Zn(1)-O(1w)-N(G)  122.69(13) O(1W)—Zn(1)-O(lw) 177.97(12)
Zn(1)-O(1w)-O(1)  123.49(12) C(IBN(1)-Zn(1)  122.1(2)
N(1)~Zn(1)~N(3) 88.29(7) C(16yN(2)-zn(lc) 122.0(2)
N(1)-Zn(1)-O(lw)  88.98(6) C(2I¥N(3)-zn(l)  124.6(2)
N(2a)-Zn(1)-O(lw)  91.02(6) C(25¥N(3)-zn(l)  118.9(2)
N(3b)—2zn(1)-O(1lwb) 90.02(10) C(37yN(5)-O(lw)  128.2(3)
N@b)—zn(1)-N(3)  176.58(14) C(38)N(5)-O(lw)  114.5(3)

N(@b)—Zn(1)-O(1w)  89.92(10) N(5}O(1w)—O(1) 92.42(14) Figure 1. View of the square units df along [010]; perchlorate anions
O(1w)—Zn(1)—N(3) 90.02(10) CI(1yO(1)-O(1w) 138.5(2) are not shown. Hydrogen bonds are represented by broken lires. C
O(1w)—Zn(1)-N(3b)  89.92(10) small circle, O= large circle, N= unshaded ellipsoid, and Ge shaded
[CU(.4-DpyR(HO)(CIO ) (4.4-Hibpy) () elipsoid
Cu(1)-N(2) 2.036(3) O(1wy-O(1) 2.875(5)
Cu(1)-N(1) 2.038(2) N(3)--O(4) 2.842(6)
Cu(1)-0(1w) 2.517(3) O(4)-O(4c) 2.847(9)

N(2)—-Cu(l)-O(lwc)  12.709(14) C(@-N(3)-O(4) 150.3(3)

N(2a)—Cu(1)-O(lwc) 167.291(14) C(AN@E)-0@4)  90.3(2)
O(1w)-Cu(1)-O(lwc) 77.291(14) CI(1}O(1)-O(lw) 122.5(2)
Cu(l)-O(1w)-O(1) ~ 129.55(10) CI(1L}O(4)-N(@3) 127.3(3)
C(L)-N(L)—Cu(1) 121.12(13) CIBO(4)-0(4) 162.9(3)
C(4)-N(2)—Cu(1) 121.61(14) N(3YO(4)-O(4c)  59.94(11)

a Symmetry codes|(a) X, y+1,z (b) —x+ 3, y, —z+ 3/ (©) X, ¥
—1,zforland2; (@) =x, ¥, —z+ Y3 (b) =%, =y, Z; ©) X, ¥, =z +
1 for 3.

(9)°, whereas another pair of edges are each coplanar. This
difference is most likely attributed to hesgjuest interaction.
There is close edge-to-face interaction with carbon (or nitrogen)
to carbon contact8 at ca. 3.6 A between both pyridyl rings of
each guest molecule and those of one coplanar edge. The guest
molecule stacks with adjacent guest molecules in an offset
fashion with the distance of 3.485(73.990(9) A, indicating
significantz—x stacking interactiof?

Complex3is made up of two-dimensional square jGu4-
bpy)] grids, [4,4-H.bpy?™ cations and CI@Q™ anions. The Figure 2. View of one layer of the square grids a&falong [101].
grids consist of squares, which are slightly distorted as the sides
(11.13x 11.16 A) are marginally different, with the ¢ions of CIO,~ anions (N--O = 2.842(6) A). The CIQ™ anions are
at the corners and the 4dpy molecules on the sides. The also hydrogen bonded to the aqua ligands{O = 2.847(9)
dimensions of the cavity are similar to thoseloand2. The A). A pair of opposite edges are each non-coplanar with the
metal ion displays elongated octahedral coordination with four Pair of pyridyl rings being twisted by 49:5whereas another
pyridyl groups (Ct-N = 2.036(3)-2.038(2) A) at the equatorial ~ pair of edges are each coplanar. The pyridyl rings of thé{4,4
positions and two aqua (GO = 2.517(3) A) at the axial H,bpy]?" cation are also coplanar, a feature that has been
positions (Figure 4). Each [4;4.bpy]?* cation is clathrated ~ observed in{[Cu(4,4-bpy)(H:0)x(ClO4)2](4,4-bpy)}n."® The
in a square cavity and is stabilized by hydrogen bondsand guest stacks with one pair of opposite edges of the host square
stacking interactions. Within each cavity, the [4Hbbpy2+ cavity in an offset fashion with the face-to-face distance of ca.

cation forms twin three-center hydrogen bonds with two pairs 3-95 A, which is indicative ofr—z stacking interactioA’-18t
is also noteworthy that the guest [4H.bpy]?™ cation is

(16) Burley, S. K.; Petsko, G. ASciencel985 229, 23.
(17) Hunter, C. A,; Sanders, J. K. Am. Chem. S0d.99Q 112, 5525. (18) Dance, I.; Scudder, Ml. Chem. Soc., Chem. Commu®95 1039.
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Figure 3. View of one layer of the square channelsladlong [101];
aqua ligands and 24py molecules are not shown.

Figure 4. View of the square grids & along [010]. Hydrogen bonds
are represented by broken lines.

crystallographically centrosymmetric and located at the center

of the cavity, which is significantly different from the 2;8py
guests in complexe$ and2. The 2-pyridyl end of the guest
2,4-bpy in1 and2 inserts slightly into the hydrophobic square
cavity, whereas the'4yridyl end forms receptor hydrogen

bonds with an aqua ligand that belongs to the adjacent upper

or lower layer. Therefore, the hesguest interaction in complex
3 is best described as being an intralayer interaction, an
complex3 constitutes the first example that clathrates a large
organic guest entity at the center of the void.

Preparation. Generally, with a 1:1 molar ratio of metal/
4,4-bpy, one-dimensional polymeric products should be ex-
pected in absence of suitable guest molec(€%!® However,
only the two-dimensional square-grid complexXesnd2 were

(19) Li, M.-X.; Xie, G.-Y.; Gu, Y.-D.; Chen, J.; Zheng, P.Bolyhedron
1995 14, 1235.
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isolated when the reactions were conducted with equivalents
of the metal salts, 4,%py and 2,4bpy, in an EtOH-H,O
mixture. Therefore, the presence of guest-Bgy molecules

in the reaction system may be very important in the formation
of the two-dimensional polymeric structures. It has been noted
that the tetrahedral, trigonal, and octahedral metal templates are
highly likely to form interpenetration or self-inclusion com-
pounds, if the cavity generated in this way is more than 50%
of the crystal by volumé&? and that the crystallization medium
(i.e., solvent and/or template) can influence the nucleation
process and architecture of the coordination polyrfferBre-
sumably, the guest Z2:4py molecules may serve as templates
to exclude self-inclusion.

In contrast to the isolation of comple¥ we and others
recently utilized Cli salts and 4,4bpy in the EtOH-H,0 or
acetone-H,0O solvents under weakly basic conditions to syn-
thesize some one-dimensional coordination polymers which are
extended into two-dimensional networks by hydrogen béféls.
Our current observations, therefore, may suggest that under
acidic conditions, the protonated [44,bpy]?" cations serve
as a structure-directing templates by virtue of the interplay of
hydrophobic/hydrophilic interactions in the formation of infinite
frameworkg® and possibly also as templates to exclude self-
inclusion of the networks having much larger square cavifies.

Spectroscopic Properties

The NMR spectra can clearly confirm that bothand 2
comprise 4,4bpy and 2,4bpy molecules in a 1:1 ratio. In
both complexes, although tHél NMR spectra display some
overlap between the 4:4py and 2,4bpy molecules at ca.
7.34-7.26 ppm forl and 7.277.21 ppm for2, their high-
field resonance peaks at 6.75 (2H), 6.66 (1H), and 6.58 ppm
(1H) for 1 and at 6.66 (2H), 6.62 (1H), and 6.54 ppm (1H) for
2 can be assigned to.HHg, and H, of 2,4-bpy, respectively;
peaks at 6.49 ppm (4H) fdr and 6.42 ppm (4H) foR can be
assigned to blof 4,4-bpy, respectively, as compared with their
free molecules. Their integral results display that the ratio of
4,4-bpy to 2,4-bpy is 1:1 in bothl and 2. The 13C NMR

¢ resonance peaks at 150.62, 147.00, and 122.91 pplraafi

150.55, 147.90, and 122.73 ppm &fcan be unambiguously
assigned to & C,;, and G of 4,4-bpy, respectively (see Chart
1). The peaks at 154.40, 150.56, 150.25, 148.78, 138.56,
125.26, 122.91, and 122.41 ppm tfand 154.19, 150.55,
150.13, 148.85, 138.55, 125.16, 122.44, and 122.36 ppk of
are assigned to CCgz, Cs, Cy, Cs, C4, Cy, and G of 2,4-bpy,

(20) (a) Haushalter R. C.; Mundi, IChem. Mater1992 4, 31. (b) Zapf,
P. J.; Haushalter R. C.; Zubieta, J.Chem. Soc., Chem. Commun.
1997, 321.
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respectively, as compared with the free molecule. The chemical of opposite edges of the host square cavity in an offset fashion.
shifts are significantly upshifted in comparison with those of Within each cavity, the [4,4H,bpy]?™ cation forms twin three-
the free moleculed! indicating some degree of—x stacking center hydrogen bonds with two pairs of GiGanions. The
between oligomerid (or 2) and the 2,4bpy in solution. results suggest that the guest Zypy molecules and protonated
[4,4 -Hobpy?+ cations present in the reaction systems may serve
as structure-directing templates in the formation of the structures
Three two-dimensional square grids clathrating larger neutral of 1, 2, and3, respectively, and exclude self-inclusion of the
or cationic organic molecules have been prepared and charactern€tworks having larger square cavities.
ized. The square grids dfand2 superpose on each other into
a channel structure. Every two guest'Zypy molecules are
clathrated in each hydrophobic host cavity and are further \ ;.1 "Science Council foR & D, Malaysia (IRPA 09-02-
stabilized byr— stacking and hydrogen bonding interactions. 03-0004)
In the two-dimensional square grid 8f each [4,4H bpy*+ )

cation is clathrated in a square cavity and stacks with one pair  supporting Information Available: Three X-ray crystallographic

files for 1, 2, and3, in CIF format, are available. Access information
(21) Pouchert, C. J.; Behenke, J., Eflbe Aldrich Library ofl3C and!H is given on any current masthead page.

FT-NMR Spectralst ed.; Aldrich Chemical Company: Milwauke,

WI, 1993; Vol. 3, p 240. 1C9714293
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