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The reaction of various Cu" salts with 2,5-bis(3-pyridyl)-1,3,4-oxadiazole (L) in CH;CN—H,O medium affords different
complexes, the solid structures of which are controlled only by the choice of the counteranions. Reaction of Cu-
(ClO4)2+6H20 or Cu(NO3),+3H,0 and L yields the novel bimetallic macrocyclic complex [CuzL,(H20)6)(ClO4)4(H20)4
(1) [monoclinic, space group P2,/m, a = 8.745(5) A, b = 16.179(10) A, ¢ = 14.930(8) A, 8 = 93.253(10)°, Z =
2] or [CUL(NO3);]5(CHACN), (2) [triclinic, space group P1, a = 7.863(3) A, b = 8.679(3) A, ¢ = 13.375(5) A, o =
74.121(5)°, B = 78.407(6)°, y = 86.307(6)°, Z = 1]. However, with the replacement of Cu" perchlorate or nitrate
salts with CuS0,+5H,0 or Cu(OAc),*H,0 in the above reaction, two different one-dimensional (1-D) coordination
polymers {[CusLa(H20)5(SO4):](H20)s} n (3) [triclinic, space group P1, a = 7.078(3) A, b = 11.565(4) A, ¢ =
12.561(5) A, oo = 109.511(6)°, B = 105.265(6)°, y = 94.042(6)°, Z = 1] or {[Cu,L(u-OAC)s]}« (4) [monoclinic,
space group C2/c, a = 20.007(7) A, b = 7.506(2) A, ¢ = 16.062(5) A, B = 108.912(5)°, Z = 4] were obtained.
These results unequivocally indicate that the nature of the counteranions, which play different roles in each complex,
is the key factor governing the structural topologies of them. The magnetic properties of these Cu' complexes have
been investigated by variable-temperature magnetic susceptibility and magnetization measurements, and the
magneto—structural correlation has been analyzed in detail.

Introduction of the ultimate goals of supramolecular chemistry is to
control the structure of the target products with desired
properties and functions, which is mainly reliant on spon-
taneous self-assembly in most earlier studigs. date, of
diverse elegant efforts to find the key factors in the approach
to the design of metal-based supramolecules, the main
rational synthetic strategy has been the use of various spacer
*To whom correspondence should be addressed. E-mail: buxh@ ligands as the “building block”. So far, a number of discrete
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Self-assembly processes involving metal ions have at-
tracted much attention in the field of supramolecular
chemistry and crystal engineering from the viewpoints of
the development of novel functional materials with unique
electronic, magnetic, catalytic, and optical propertiéOne
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Self-Assembly Processes of Cand an Oxadiazole

generated with simple 4:bipyridyl-based ligand®. Al-

further develop our understanding of construction the metal-

though it has also been known that the structural topologiesbased supramolecules, we studied the role of counteranions
of such metal complexes can be specifically designedin complexes formation withi.. In this contribution, we
according to the selection of the metal ions with different report the syntheses and crystal structures of a series'of Cu

coordination geometfyor radius’ counteranions with dif-
ferent coordination abiliiyor bulk? solvent!® metal/ligand
ratio* and even pH conditiof?,the influence of these factors

complexes withL exhibiting different topologies. In each
case, the ligand(), metal ion (Cl1), solvent (CHCN—H,0),
and metal/ligand ratio (1:1) are kept constant, and the only

on the self-assembly processes is still less well understoodvaried parameter during these processes is the counteranion

and systematidnvestigations are quite rare.

(ClO4, NOs7, SQ27, and OAc for complexes1—4,

On the other hand, in contrast to the well-development respectively). The magnetic properties of these polynuclear

on linear 4,4N-donor bridging ligands, efforts on 3;8I-
donor species are still unusuét.Meantime, metal-based
supramolecular moieties with €Caenter and bridging ligands
are relatively rare, comparing with those of 'Gun our
efforts!3 to investigate the control of the self-assembly of

Cu' systems have also been studied in detail.

Experimental Section

Materials and General Methods.Most of the starting materials
and solvents for syntheses were obtained commercially and used

an organic/inorganic supramolecular motif, we have reported as received. The ligarid was synthesized according to the literature

a novel Cll diamondoid interpenetrating network with 2,5-

method™* FT-IR spectra (KBr pellets) were taken on a FT-IR 170SX

bis(4-pyridyl)-1,3,4-oxadiazole that is dependent on the (Nicolet) spectrometer. Carbon, hydrogen, and nitrogen analyses

choice of the anion&* As a continuation of our work, we
selected a 3;3N-donor ligand, 2,5-bis(3-pyridyl)-1,3,4-
oxadiazole i), as the organic spacer in connection with

structural control of discrete (e.g. molecular box) or divergent
coordination networks (e.g. 1-D zigzag chain) upon metal

were performed on a Perkin-Elmer 240C analyzer. ESR spectra
were recorded on powder samples at X-band frequency with a
Bruker 300E automatic spectrometer, varying the temperature
between 4 and 300 K (fat it was made only at room temperature
because the signal was too weak at low temperature).

Magnetic Studies.The variable-temperature magnetic suscep-

complexation under appropriate conditions. Theoretically, tipjlities were measured in “Servei de Magnetagiga (Universitat

this ligand has potential tendency to generate three typicalde Barcelona)” on polycrystalline samples (ca. 30 mg) with a
isomers (two cisoid and one transoid; see Supporting Quantum Design MPMS SQUID susceptometer operating at a
Information) when coordinating to the metal centers, although magnetic field of 0.1 T between 2 and 300 K. The diamagnetic
the coordination chemistry of it has not been explored. To corrections were evaluated from Pascal's constants for all the
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M. C.; Zhao, Y. J.; Su, W. P.; Cao, R.; Fujita, M.; Zhou, Z. Y.; Chan,
A. S. C.J. Am. Chem. So00Q 122, 4819.
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Jang, H. Glnorg. Chem1998 37, 5781. (c) Withersby, M. A.; Blake,
A. J.; Champness, N. R.; Cooke, P. A.; Hubberstey, P.; Li, W.-S.;
Schraler, M. Inorg. Chem.1999 38, 2259 and references therein.
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J. Chem. Soc., Dalton Tran$999 2103. (b) Saalfrank, R. W.; Bernt,
I.; Chowdhry, M. M.; Hampel, F.; Vaughan, G. B. MChem—Eur.
J. 2001 7, 2765. (c) Du, M.; Chen, X. T.; Bu, X. HCryst. Growth
Des.2002 2, 625.

(12) (a) Pan, L.; Huang, X. Y.; Li, J.; Wu, Y. G.; Zheng, N. Wngew.
Chem., Int. EJ200Q 39, 527. (b) Matsumoto, N.; Motoda, Y.; Matsuo,
T.; Nakashima, T.; Re, N.; Dahan, F.; Tuchagues, Jnérg. Chem.
1999 38, 1165 and references therein. (c) Du, M.; Bu, X. H.; Guo,
Y. M.; Ribas, J.; Diaz, CChem. Commur2002 2550.

(13) (a) Bu, X. H.; Biradha, K.; Yamaguchi, T.; Nishimura, M.; lto, T.;
Tanaka, K.; Shionoya, MChem. Commur200Q 1953. (b) Bu, X.
H.; Chen, W.; Lu, S. L.; Zhang, R. H.; Liao, D. Z.; Shionoya, M.;
Brisse, F.; Ribas, JAngew. Chem., Int. EQ001, 40, 3201. (c) Bu,

X. H.; Chen, W.; Du, M.; Zhang, R. HCryst. Eng. Commur2001,
30, 1. (d) Bu, X. H.; Chen, W.; Du, M.; Biradha, K.; Wang, W. Z;
Zhang, R. H.Inorg. Chem.2002 41, 437. (e) Bu, X. H.; Chen, W.;
Hou, W. F.; Du, M.; Zhang, R. H.; Brisse, Fhorg. Chem2002 41,
3477. (f) Du, M.; Bu, X. H.; Guo, Y. M.; Liu, H.; Batten, S. R.; Ribas,
J.; Mak, T. C. W.Inorg. Chem.2002 41, 4904.

constituent atoms. Magnetization measurements were carried out
at low temperature (2 K) in©5 T range.

Syntheses of Cli Complexes. [CuL »(H20)g](CIlO 4)4(H20)4
(2). A solution of Cu(ClQ),*6H,0 (130 mg, 0.35 mmol) in kD
(20 mL) was added to a solution bf(81 mg, 0.35 mmol) in Cht
CN (10 mL). After ca. 30 min of vigorous mixing, some light blue
precipitates were formed and then dissolved in excessyze (M0
mL). The resultant solution was filtered and left to stand at room
temperature. Block blue single crystals suitable for X-ray analysis
were obtained by slow evaporation of the solvent within 1 week.
Yield: 50%. Anal. Found: C, 24.73; H, 3.28; N, 9.95. Calcd for
Co4H36ClsCWNgO2g: C, 24.99; H, 3.15; N, 9.72. IR (KBr, cm):

v 3425 b, 3122 m, 1611 vs, 1559 m, 1487 m, 1419 s, 1343 m,
1283 w, 1143 vs, 1120 vs, 1187 vs, 998 m, 940 m, 815 m, 734 m,
687 s, 734 s, 636 S, 626 Vs.

[CUL(NO 3);]2(CH3CN); (2). The same synthetic procedure as
for 1 was used except that the Cu(G)@6H,0O was replaced by
Cu(NGs),*3H,0, giving dark-blue crystals in 70% vyield. Anal.
Found: C, 37.01; H, 2.59; N, 21.37. Calcd fOngzzCUzNMoM:

C, 37.13; H, 2.45; N, 21.66. IR (KBr, cm): v 2290 w, 2256 m,
1617 s, 1559 m, 1506 s, 1488 vs, 1419 s, 1345 m, 1303 s, 1271 s,
1194 m, 1131 m, 1109 m, 1054 m, 1015 s, 999 s, 831 m, 806 m,
748 w, 733 m, 698 m.

{[Cu,L 2(H20)e(SO4)7](H 20)6} n (3). The same synthetic proce-
dure as forl was used except that Cu(G)R6H,0 was replaced
by CuSQ:-5H,0, giving light bluish-green single crystals in 60%
yield. It should be noted that the well-shaped crystals of complex
3 were sensitive when exposed to air for a long time and the
structure was determined in a sealed capillary. Anal. Found: C,
29.04; H, 4.38; N, 11.66. Calcd fora@Hs0CuwNgO22S,: C, 29.30;

H, 4.10; N, 11.39. IR (KBr, cm%): v 3387 b, 1618 s, 1564 m,

(14) Bentiss, F.; Lagrenee, M. Heterocycl. Chenil999 36, 1029.
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Table 1. Crystal Data and Structure Refinement Parameters for Complexés

Du et al.

1 2 3 4
chem formula G4H36ClaCpNgO2g CogH2oCpN 14014 Co4H40CNgO2,S, CooH20CWpeN4Og
fw 1153.49 905.68 983.84 587.48
cryst syst monoclinic triclinic triclinic monoclinic
space group P2;/m PL P1 C2lc
T (K) 293(2) 293(2) 293(2) 293(2)

a(h) 8.745(5) 7.863(3) 7.078(3) 20.007(7)
b (A) 16.179(10) 8.679(3) 11.565(4) 7.506(2)
c(A) 14.930(8) 13.375(5) 12.561(5) 16.062(5)
o (deg) 90 74.121(5) 109.511(6) 90

f (deg) 93.253(10) 78.407(6) 105.265(6) 108.912(5)
y (deg) 90 86.307(6) 94.042(6) 90

V (A3) 2109(2) 859.9(5) 920.7(6) 2282.0(13)
z 2 1 1 4

pealcd (g/CN¥) 1.816 1.749 1.774 1.710
wu(cm1) 13.69 13.29 13.68 19.24

R2 0.0604 0.0453 0.0454 0.0342
Ri° 0.1302 0.0805 0.1060 0.0854

AR = J[IFo| = [Fei/3|Fol. ® R = [SIW(Fe® — FA)2/ 3 wW(Fo)7 Y2

1487 m, 1421 s, 1341 m, 1290 m, 1136 s, 1091 vs, 1051 vs, 1032salt and equimolar neutral dipyridyl ligand under almost

S, 986 m, 968 m, 938 w, 824 s, 735 m, 687 s, 657 m, 620 s.
{[CusL(u-OAc)4}n (4). The same synthetic procedure as for
was used except that the Cu(G)@6H,0O was replaced by Cu-
(OAC),*H,0, giving dark bluish-green single crystals in 85% vyield.
Anal. Found: C, 41.11; H, 3.29; N, 9.50. Calcd fokBsq
CwN4Oq: C, 40.89; H, 3.43; N, 9.54. IR (KBr, cnd): v 1614 vs,

the same conditions except the counteranions. Complexes
1-3 have 1:1 ligand/metal composition, and fra 1:2
ligand/metal moiety was achieved although all the four
complexes were prepared using 1:1 ligand/metal molar ratio.
Indeed 4 can be isolated using 1:1, 1:2, and even 1:5 ligand/

1542 m, 1466 s, 1433 vs, 1345 m, 1282 m, 1197 s, 1078 m, 1050 metal reaction stoichiometries in GEN—H,0 mEdiUm,
which was also confirmed by X-ray diffraction (all three

m, 965 w, 816 m, 700 s, 682 s, 642 m, 625 m.

Caution: Although no problem was encountered in this study, products have the same unit cell parameters), IR spectra, and
transition metal perchlorate complexes are potentially exptsi  elemental analyses, indicating this reaction is independent
and should be handled with proper precautions! to the ligand/metal condition.

X-ray Data Collection and Structure Determinations. Single- In the IR spectra of complexelsand 3, the broad band
crystal X-ray diffraction studies of complexés-4 were performed centered at ca. 3400 crhindicates the ©H stretching of

on a Bruker Smart 1000 CCD diffractometer equipped with a h | | d the ch istic ab ion band
graphite crystal monochromator situated in the incident beam for the aqua molecules, and the characteristic absorption ban

data collection. The determination of unit cell parameters and data With medium intensity of CECN (vcy) in complex2 appears
collections were performed with Mo &radiation ¢ = 0.71073  at 2256 cm. The absorption bands resulting from the
A) by w scan mode in the range of 2.%760 < 25.03 (for 1), 1.61 skeletal vibrations of aromatic rings for all the four com-
< 6 < 25.03 (for 2), 2.09 < 6 < 25.03 (for 3), and 2.15< 6 < plexes appear in the 146A600 cnt! region. Forl, the
25.03 (for 4). The program SAINT was used for integration of occurrence of splitci_o Stretches of the Cl© anions at
the diffractiqn profiles. All the structures were solved by direct 1100 cnr? provides good evidence of their involvement
methods using the SHELXS program of the SHELXTL package i, the formation of hydrogen bonding. Farthe character-
and refined with SHELXL (semiempirical absorption corrections istic bands of the N@ anions appear at 1488 cifor v,

were applied using the SADABS prograff)Cu' atoms in each . . )
complex were located from the-maps, and other non-hydrogen (NO,) with very strong intensity, 1303 cm for v(NO,),

atoms were located in successive difference Fourier syntheses. Thénd 1015 cm? for v(NO). Thev, — vs value is 185 cm,
structure of1 contains disordered perchlorate anions and water SUggesting the b|§-dgntate chelated feature of theg™NO
molecules. The final refinement was performed by full-matrix least- anions when coordinating to the Ceenter. FoB, the bands

squares methods with anisotropic thermal parameters for all the of SO~ groups appear at 1032136, 968, and 687 cm,
non-hydrogen atoms o, The hydrogen atoms of were indicating the monodendate coordination mo@, (Sym-
generated theoretically onto the specific atoms and refined isotro- metry). The IR spectrum fod displays the characteristic
pically with fixed thermal factors (the hydrogen atoms of {CH bands of the acetate anions at 1614 &fior vasc o), 1433
molecule in 2 and coordiantion water molecules 8 were _q 1
determined using difference Fourier method). Further details for cm _for VsyTr(]Caio)’ tandt;()toﬂ(]:m fort (1070;1?' r-:-heA Y;l:i ¢
structural analysis are summarized in Table 1. (Vas — Veym) cates that the acetate anions coordinate 1o
the Cd' center in bridging mode, which is consistent with
the crystal structure as described below.

Synthesis and General Characterization.Compounds X-ray Single-Crystal Structures. Bimetallic Macro-
1—4 were prepared by the reaction of corresponding Cu cycles [CL o(Hz0)](ClO 4)a(H20)a (1) and [CUL(NOsg),]2-
(CH3CN), (2). The structure ol contains a [CeL o(H20)e] 2"

(15) SAINT Software Reference Manufuker AXS: Madison, WI, 1998. dinuclear cation, in which twa.’s are related by a mirror
(16) Sheldrick, G. M.SHELXTL NT Version 5.1. Program for Solution plane located through two crystallographically independent

and Refinement of Crystal Structuredniversity of: Gdtingen: . ;
Gittingen, Germany, 1997. Cu' atoms (Figure la), Cl© anions, and kD molecules.

Results and Discussion
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Self-Assembly Processes of Cand an Oxadiazole

Table 2. Selected Bond Distances (A) and Angles (deg) for

Complex12
Cu(1y-0(2) 1.979(6) Cu(yO(4) 1.987(5)
Cu(1)y-N(1) 1.999(5) Cu(130O(3) 2.281(6)
Cu(2y-0(7) 1.990(6) Cu(2y0(5) 1.999(5)
Cu(2-N(4) 2.011(6) Cu(2y0(6) 2.235(6)

O(2)-Cu(1-0(4)  179.0(3) O(2rCu(l)-N(1)  88.70(13)
O(4)-Cu(1)-N(1)  91.20(13) N(L}Cu(1)-N(1) 168.3(3)
O(2-Cu(1)-0(3)  92.5(3) O(4¥Cu(1}-0(3)  88.5(2)
N(1)-Cu(1-O(3)  95.76(13) O(ACu(2-0() 175.9(3)
O(7)-Cu(2-N(4)  88.21(13) O(5FCu(2)-N(4)  91.45(13)
N(4)—Cu(2-N@)  169.7(2) O(7y-Cu(2-0(6)  94.2(3)
O(5)-Cu(2-0(6)  89.9(3) O(6YCu(2-N(4)  94.93(13)

a Symmetry operation: (ix, -y + 3/2,z

Table 3. Selected Bond Distances (A) and Angles (deg) for

Complex22
Cu(1)-N(1) 2.025(3) Cu(1rN(4) 2.021(3)
Cu(1)-0(2) 1.972(3) Cu(y0O(5) 1.984(3)
Cu(1)-N(7)i 2.592(3)

O(2-Cu(1-O(5) 174.87(13) O(JCu(L-N(4)  90.22(12)
O(5)-Cu(1)-N(4)  89.60(12) O(2Cu(1)-N(1)  93.14(13)
O(5)-Cu(1)-N(1)  86.83(13) N(1}Cu(1}-N(4) 175.76(14)
O(2-Cu(1-N(7)  86.25(12) O(5Cu(1}-N(7)  88.71(13)
N(1)-Cu(1)-N(7)  88.04(13) N(4)y-Cu(1)-N(7)  89.77(12)

aSymmetry operation: (iyx, -y + 2, —z+ 2; (i) x, y, z+ 1.

the neutral ring (ca. 7.6< 7.4 A?) with weak Cu-N
coordination (2.592(3) A). Thus, according to the structural
data (Table 3), the coordination sphere of €ould also be
described as a square pyramid=f 0.015). Cu(1) is 0.066
A above the mean basal plane NEN(4A)—0(2)—0(5)
toward apical N(7A). The positions of the NOanions
around Cli are somewhat crowded: there exist several weak
interactions such as Cu@p(4) (2.727 A), Cu(1>0(7)
(2.553 A), Cu(1¥-N(5) (2.746 A), and Cu(BN(6) (2.658
A), being consistent with the IR spectrum. The nearest
intermolecular Cu-CuU (i = —x + 1, -y + 2, =z + 1)
distance is 7.376 A.
Since the pioneering studies by Fujitand Saalfrank
et al. on metallamacrocycles, considerable efforts have been
Figure 1. ORTEP structures of (a) [GLx(H20)s]?" cation in1 and (b) focused On_ designing such compouftts:*°Complexesl
[CuL (NOs)2]2(CHzCN): (2) with 50% thermal ellipsoid probability. and?2 described here are rare water-solubleé! @Getallamac-
rocycles?t Another interesting point is the stacking patterns
Both CU' centers are pentacoordinated to two N atoms of  of the two assembly species in the solid state: (i) Edhe
and two O donors of kD, forming the basal plane, and one cation parts are parallel stacked alomgxis about 8.0 A
H2O from axis, taking the distorted square-pyramid geometry apart to form a column, and the adjacent columns further
with = parameters of 0.18 for Cu(1) and 0.10 for Cu{2). interlace, resulting in a quasi 3-D-like arrangement (Figure
Cu(1) is 0.109 A above the basal plane toward apical O(3), 2a). The closest approach between the interlaced aromatic
and Cu(2) is 0.121 A toward O(6). The axial elongated rings is 3.61 A. The CI@r and HO guests in the cavities
Cu—0 length is significantly longer than those in basal plane link each other and the cations through hydrogen bonds,
(Table 2). Two CIQ ions locate above and below the which may further stabilize this structure. (ii) Fa@r one
macrocycle cation (ca. 7.&% 7.3 A?) with weak Cu+-O intermolecular C(2XH(2A)--O(7) (i= —x+ 1, -y + 2,
interactions (Cu(B0(21), 2.559 A; Cu(2)0(31), 2.683 —z+ 1) hydrogen bond links the neighboring [CINO3),]»
A). The nearest intermolecular distances for Cu¢Qu(1)
(1=x 1,7y, —2) and Cu(ly~Cu(2) (1 =x — Ly, Aare (0 O e N o Trandosa 1346, (o) OrSuvan, C.o
8.745 and 7.985 A. Murphy, G.; Murphy, B.; Hathaway, Bl. Chem. Soc., Dalton Trans.
The Strl.JCture of2 ConSiStS. of a bimetallic ring [Qu (18) }:?J?i?a,ll?ﬂ?.’;s\.(akaki, J.; Ogura, KI. Am. Chem. S0d.99Q 112, 5645.
(NOg)2]2 with a crystallographic center of symmetry and two  (19) saalfrank, R. W.; Stark, A.: Peters, K.; von Schnering, HAGgew.

CHsCN's. The CU center is bound to two N atoms &f Chem., Int. Ed. Engl1988§ 27, 851.

20) Stang, P. J.; Olenyuk, B\cc. Chem. Red.997 30, 502.
and two O donors of N® to form a square-planar geometry &213 Du, ,8'.; Guo. Y. My BU, X. H.: Ribas, J. Monfort, MNew J. Chem.

(Figure 1b). Two CHCN solvents locate above and below 2002 26, 645.
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(a)

Al

Figure 2. Stacking diagram of (a} and (b)2 in the unit cell showing the
channellike cavities along thee direction.

molecules to form a 1-D framework along thedirection.
These chains also have interlaced 3-D stacking alang
direction with CHCN guests in the cavities (Figure 2b). The
separation of the parallel aromatic rings is only 3.35 A,
indicating strongsz—x interactions which stabilize the
structure. The interesting zeolite-like arrangements amd

2 may find application in solid-state catalysis, especially in

Du et al.

Figure 3. Wavelike one-dimensional framework for compl&x

Table 4. Selected Bond Distances (A) and Angles (deg) for
Complex32

Cu(1)-0(2) 1.994(3) Cu(1yN() 2.018(4)

Cu(1y-0(3) 2.379(4) Cu(2¥N(1) 2.030(4)

Cu(2)-0(4) 1.951(3) Cu(2y0(5) 2.478(3)
O(2-Cu(1)-N(4)  88.11(15) O(2rCu(l)-N(4)  91.89(14)
O(2-Cu(1)-O(3)  87.82(14) O(Cu(1)-O(3)  92.18(14)
N(4)-Cu(1-O(3)  87.01(14) N(@4)yCu(1)-O(3)  92.99(14)
O(4)-Cu(2)-N(1)  88.33(15) N(4yCu(2)-N(1)i  91.67(15)
O(5)-Cu(2)-N(1)  92.95(15) O(5¥Cu(2)-N(1)i  87.12(15)
O(5)-Cu(2)-O(4)  87.14(15) O(5)Cu(2)-O(4)  92.90(15)

aSymmetry operations: (iyx+ 3,—-y+1,—z+ 1, (i) —x+ 1, -y
+1,-z

Table 5. Selected Bond Distances (A) and Angles (deg) for
Complex4?2

Cu(1)-0(14) 1.961(3) Cu(y0(12) 1.965(2)
Cu(1)-0(13) 1.969(2) Cu(13-0(11) 1.971(2)
Cu(1)-N(1) 2.200(3) Cu(1}Cu(1) 2.617(2)
O(14)-Cu(1)-0(12) 88.71(12) O(14)Cu(1)-O(13] 168.51(10)
O(12)-Cu(1)-O(13]  90.85(11) O(14yCu(1)-O(11) 89.21(12)
O(12)-Cu(1}-0(11) 168.50(10) O(18)Cu(1}-O(11)  88.94(11)
O(14)-Cu(1)-N(1)  99.89(11) N(1}Cu(1)-O(12j  94.06(10)
N(1)-Cu(1)-O(13j  91.59(10) O(11}Cu(l}-N(1)  97.44(10)

aSymmetry operations: (iyx + 1/2, -y + 1/2, -z + 1.

SO anions with Ca-O bond distance of 2.478(3) A,
significantly longer than those of two independent Ct(2)
N(1) and Cu(2)}-0(4) lengths (2.030(4) and 1.951(3) A,
respectively) in the equatorial plane. As shown in Figure 3,
the ligands bridge the Gucenters in trans-arrangement to
form a wavelike 1-D structure. In this 1:1 ligand/metal
polymeric chain, the neighboring Cu¢i)Cu(2) separation
is 8.133 A and the shortest €uCu distance between the
adjacent chains is 7.078 A.

X-ray single-crystal structure determination reveals that

cases where the exact dimensions of the absorbing channelsomplex4 is a neutral 1-D coordination polymer with each

are of importancé®

One-Dimensional Coordination Polymers {[CuL »-
(H20)e(SO)2](H20)6} n (3) and{[CuzL(u-OAC)4]}n (4). The
structure of complexd has a neutral 1-D infinite alternate
chain motif, in which the Cliions are bridged by cisoid-I
type ligandsL. As shown in Figure S1 (see Supporting
Information), in the asymmetric dinuclear [@ip(H,O0)e-
(SOy),] unit, there are two independent octahedral" Cu
centers with different coordination environments. Cu(l) is
coordinated to two ligandé and four aqua molecules,
showing considerable JahiTeller distortion (see Table 4),
with the axial Cu(1}O(3) distance (2.379(4) A) elongated
in comparison to the two independent Cu{N(4) and
Cu(1)>-0(2) equatorial distances (2.018(4) and 1.994(3) A,

unit containing a [Ce(OAC)4] dinuclear entity linked by the
ligandL. Each dinuclear unit results from the pairing of two
independent mononuclear Ciiagments related by a crystal-
lographic center of symmetry as shown in Figure S2. The
two CU' centers are bridged equivalently by four acetate
anions in sya-syn mode. Each Cuatom is bound to five
donor atoms (CugN) occupying the vertexes of a perfect
square pyramid due to the symmetry of the structure with
value of zero. Important structural data #4fare listed in
Table 5. Four oxygen atoms of the bridging acetate comprise
the basal plane with equivalent €0 distances (mean
value: 1.967 A), and the axial coordination site is occupied
by one nitrogen donor of the bridging ligahdwith Cu(1)—
N(1) bond length of 2.200(3) A, which links the [DAC)4]

respectively). However, for the six-coordinated octahedral units to form this chain structure as depicted in Figure 4.
Cu(2) atom, the elongate axial positions are occupied by theEach CU ion deviates from the mean equatorial plane of
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Figure 4. One-dimensional chain construction for compouhd

Table 6. Comparison of the Structural Parameters of the Ligand
Complexesl—4

1 2 3 4
conformation oL cisoid-I cisoid-I cisoid-I cisoid-I
arrangements df  cis cis trans trans
N—L—N (deg} 106.8 105.5 107.9 173.2
Cu-L—Cu (degy 79.2 76.2 81.1 161.0
¢ (degy 12.6 and 11.8 7.8and2.6 4.8and 14.3 19.8
0 (degy 8.2 9.2 17.8 33.6

aThe angle between the central oxadiazole ring and two N donors of

4
s
£ 0767 [ < o2, 1
= £ 015
~ =
$ 0729 | S oq0] 1
0.054
0.68+ 4] 0.004 4

0 50 100 150 200 250 300

0 50 150 200 250 300

T/K

100

the 3-pyridine® The angle between the central oxadiazole ring and two Figure 5. Temperature dependence g or ym (insert) forl. The solid

Cu' centers bridged by the liganéiThe dihedral angles between the
oxadiazole ring and two 3-pyridine ringéThe dihedral angle between the
two 3-pyridine rings.

the square pyramid toward the apical nitrogen donor by ca.

0.196 A. The Cer-Cu distance in the [GYOAC)] unit is

only 2.617(2) A, which is rather short and might suggest

line represents the best fit (see text for the simulated parameters).

in the conformation and arrangement of the ligands can also
be considered as a factor that gives rise to these different
structures.

Role of Anions in the Self-assembly ProcesseBrom
above descriptions, the choice of anions is clearly critical in

some cluster character in this structure. The nonbonding yetermining the molecular structures of the resultant com-

separation of two Clcenters linked by the ligand in

neighboring binuclear units is 12.653 A, and the shortest
Cur++Cu distance between the adjacent chains is 6.650 A.

plexes. In this study, the nature (coordinating ability, size,
and donor character) of the anions is the underlying reason
behind the differences in the structure of this series df Cu

It should be interesting and essential to compare the relatedcomplexes. In compleg, CIO,~ acts as the counteranions

structural data of the ligand in these Cli complexes. As
listed in Table 6, the ligandl adopts the cisoid-I form in
complexesl—3 and cisoid-1l isomeric form id. As indicated

to balance the charge and also form hydrogen bonds with
the aqua molecules. F@; the NQ~ anions coordinate to
the central Cliatoms and link the molecular rings to form

earlier,L could generate two cisoid and one transoid isomers a 1-D structure as donors through intermolecularG--O
when coordinated to the metal centers, at least theoretically.interactions. Foi3, the SQ?~ anions coordinate to one of
Although L has only been observed in the cisoid form in the CU center in the asymmetric dinuclear unit in the 1-D
this study?? both cisoid and transoid forms have been coordination zigzag chain. As indicated above, it seems that

reported previously for other 3;Bl-donor bridging ligands,
such as 3,6-bis(imidazole-1-yl)pyridazine and' }l@yano-

this structure is resulted from the trans arrangement of the
ligands. However, the large bulk of the $Oanion is the

diphenylacetylene, and it is interesting that the conformations prime reason because it cannot be clathrated in an imaginary
of these ligands observed in the metal complexes appear tcbimetallamacrocycle host due to the steric effect.&dour

be anion-dependeft.In complexesl and 2, the ligands

OAc™ groups bridge the Clucenters to form a [Ci(OACc),]

surrounding the Clcenters are in cis arrangement to form unit in syn—syn mode, and. link these units (from axial

the novel metallamacrocyclic architectures. In complekes
and4, the ligands bridge the Gatoms or [Ce(OAc)4] units

position of each Cliatom) in cisoid-II conformation and
trans arrangement due to the steric requirement to form this

in trans arrangement to form the 1-D wavelike structures, 1-D linear structure. Thus, direct coordination to metal

althoughL takes different conformations in the two com-
plexes. We can see that if the ligands 3nwere in cis
arrangement (the other related structural dataare similar
to those inl and?2), a similar bimetallamacrocycle structure
like 1 and?2 could also be obtained. In compléxthe ligand
adopts conformation different from thoselinr3 and exhibits
considerable flexibility when it forms this 1-D structure,

centers is not the only role of the anions, and indeed
extremely subtle templating effects to change the conforma-
tion and arrangement of the ligands have also been observed
in this study.

Magnetic Properties. The similar magnetic behaviors of
1 and?2 in the form of yT andym (insert) versusr plots
(xm is the molar magnetic susceptibility for two Cions)

which is reflected by the larger values of the dihedral angles are shown in Figure 5 and Figure S3, respectively. The values
between these aromatic rings as listed in Table 6. The changef xmT at 300 K are 0.84 ciqmol* K for 1 and 0.92 crh

(22) During the review of this manuscript, we obtained d Zomplex
with L in which the ligand takes the transoid conformation.

(23) (a) Begley, M. J.; Hubberstey, P.; StroudJJChem. Soc., Dalton
Trans. 1996 4295. (b) Hirsch, K. A.; Wilson, S. R.; Moore, J. S.
Inorg. Chem.1997, 36, 2960.

mol~t K for 2, corresponding to two magnetically quasi-
isolated spin doublets. The,T values smoothly decrease
from rt (room temperature) to 50 K and then quickly decrease
to 0.68 cni mol™* K for 1 and 0.83 crimol 1 K for 2 at 2

K. These global features are characteristic of very weak
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antiferromagnetic intramolecular (and/or intermolecular)
interactions. Ther, curves are less indicative: they start at
0.0028 cm mol~* for 1 and 0.003 criimol™* for 2 at rt and
increase in a uniform way to 0.34 émmol~* for 1 and 0.41
cm?® mol™! for 2 at 2 K, respectively.

The fit of theymT data assuming a dinuclear Ceomplex
applying the BleaneyBowers formul&* (H = —J=SS) was
made. The best-fit parameters are the following: ¥od =
—0.964+ 0.02cm?, g=212,R=13x 105 for2,J=
—0.524 0.02 cnt, g = 2.22,R= 1.2 x 1078 (Ris the
agreement factor defined &[(ymTNobs — (YmTcad 4=i-
[(xmTond?). Thed values indicate that the couplings between
the intermolecular Clcenters are very slightly antiferro-
magnetic (also may be due to the intermolecular interactions
between the Cudimeric units), in agreement with the long
bridging ligand, which does not creates any significant
magnetic pathway. The reduced molar magnetizatibiNg)
per Cuy entity (Figures S5 and S6) tends to 1.7 electrons for
1 and 1.8 electrons foR. This feature also agrees to the
very small antiferromagnetic coupling in both complexes.

The magnetic properties of the 1-D complin the form
of ymT and ym (insert) versusT plots (m is the molar
magnetic susceptibility for one ®ion) are shown in Figure
S4. The value ofy,T at 300 K is 0.474 cthmol™! K,
corresponding to one magnetically quasi-isolated spin dou-
blet. TheymT value smoothly decreases from rt to 50 K and
then quickly decreases to 0.395 Tmol! K at 2 K. The
global feature is characteristic of very weak antiferromagnetic
intramolecular (and/or intermolecular) interactions. Jhe
curve is less indicative: it starts at 0.0012%mol™* at rt
and increases in an uniform way to 0.20%mol* at 2 K.

As described in the crystallographic p&8txhibits a 1-D
chain structure in which the Gwcenters are linked only by
the organic bridging ligand.. With these considerations,
the fit of theymT data assuming a uniform 1-D €gomplex
applying the reported formuiafor this kind of system, with
the HamiltonianH = —JXSS, was made. The best-fit
parameters are the followingt = —0.49+ 0.02 cm?; g =
2.20;R= 1.6 x 10°% (Ris defined as above). Thevalue
indicates that the coupling between the adjaceritcamters
within one chain is very slightly antiferromagnetic, in
agreement with the long bridging ligand, which does not
creates any significant magnetic pathway, as stated above
This small antiferromagnetic coupling may also arise from
the intermolecular interactions between the chains. The
reduced molar magnetizatioM(NS) per CU entity tends
to 1.0 electron following the Brillouin formula but for @
value lower than that obtained for the fit of susceptibility
measurements and ESR spectra (see below), such Bs in
and 2. This feature also agrees to the very small antiferro-
magnetic coupling within the Cuions.

The magnetic properties of compléin the form ofymT
andym versusT plots (m is the molar magnetic susceptibility

(24) (a) Bleaney, B.; Bowers, K. Proc. R. Soc. London, Ser. A952
214, 451. (b) Kahn, O.Molecular Magnetism;VCH: Weinheim,
Germany, 1993.

(25) Estes, W. E.; Gavel, D. P.; Hatfield, W. E.; Hogdson|ridrg. Chem
1978 17, 1415.
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Figure 6. Temperature dependence gfl or ym (insert) for4. The solid
line represents the best fit (see text for the simulated parameters).

100

for two Cu' ions) are shown in Figure 6. The valuegfT
at 300 K is 0.57 criimol™* K, which is much more smaller
than that expected for two magnetically quasi-isolated spin
doublets (ca. 0.8 cnmol™ K). The ymT value decreases
from rt to 75 K and then shows a plateau close to nearly
zero (0.0064 crhmol~! K). This feature is characteristic of
very strong antiferromagnetic coupling. Tagcurve is also
very much indicative: it starts at 0.0019 ¢mol~* at room
temperature, attains a maximum of 0.002032 amol~*
between 220 and 200 K, decreases to a minimum of 0.0018
cm® mol~t at 45 K, and then increases to 0.0032¢nol !
at 2 K. This feature is clearly indicative of strong antifer-
romagnetic coupling with some extent of paramagnetic
impurities, shown at very low temperatures. These impurities
are usually exhibited when the antiferromagnetic coupling
is very strong?*®

To analyze the magnetic properties of this 1-D complex,
it is interesting to divide the structure in two parts: the
dinuclear [Cy(OAc),] moiety and the ligandl which bridges
these dinuclear entities. As shown in completes3, the
coupling through the bridging ligand is very small when
L is directed toward the,d 2 magnetic orbital (with the
unpaired electron of Cy; thus, wherL is directed toward
the basal-apical position such as in this complex, the coupling
must be zero. That is, the main characteristid dfom the
view of magnetism is the dinuclear [g{®ACc),] building
blocks and there are no coordination polymers with all the
metal centers communicating. Therefore, the magnetic
behavior of4 is not unexpectedly special. Then, we can
assume that it is simply a dinuclear 'Ceomplex from the
point of magnetism, and the fit of thg,T data applying
again the BleaneyBowers formul&* with the Hamiltonian
H = —JXSS§, was made. The best-fit parameters are the
following: J= —254.54+ 2 cnT?; g = 2.22;p (paramagnetic
impurities)= 1.4%;R = 1.3 x 1075 (Ris defined as above).
This J value indicates that the coupling between thé' Cu
centers is very strongly antiferromagnetic, in agreement with
the existence of four synsyn carboxylato groups (it should
be noted that as indicated in other systems with strong
antiferromagnetic coupling,when the diamagnetic correc-
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tion is of the same order of the magnitude as that of the
uncorrected molar susceptibility, the uncertainty of the
correctedyn values is large, affording estimatedvalues
reliable only within 96-95%). The reduced molar magne-
tization (M/NB) per Cuy entity tends to 0.03 electrons (see
Supporting Information), and this feature also agrees with
the very strong antiferromagnetic coupling within the two
Cu' ions (the expected value would be close to 2 at 5 T).

To interpret thisJ value, let us comment that the
carboxylato group is one of the most widely used bridging
ligands for designing polynuclear complexes with interesting
magnetic properties. Its versatility as a ligand is illustrated
by the variety of its coordination modes when acting as a
bridge?” the most common being the so-called sygyn,
syn—anti, and anti-anti modes. For Cucomplexes, the S S — T T — T
former conformation usually mediates a large antiferromag- 0 1000 2000 3000 4000 5000 €000 7000
netic interaction (singlettriplet energy gapz —350 cnt?).28 H/ Gauss

Recently, an interesting theoretical study has been made byFigure 7. EPR spectrum at room temperature for complsolid line).
The best simulation is shown as a dotted line (see text for the simulated

. o .
R(_)dr'.guez":ortea et aﬂ.,ﬂlustratmg that the syﬂgyn acetate _ parameters). The central part of the experimental EPR spectrutnc{ase
bridging groups create a very strong antiferromagnetic to 3000 G) corresponds to the paramagnetic impurities of mononucléar Cu

coupling when there are four carboxylato groups. When the and is not simulated.
coordination sphere of Cuis square-pyramid without complex 4 (assuming a dinuclear unit, as made in the
deviation to trigonal bipyramid (the CGwatoms in complex  susceptibility measurement). The best simulation EPR spec-
4 is in perfect square-pyramid arrangement as indicated trum of 4 is also given in Figure 7, and the corresponding
above), the antiferromagnetic coupling is very strong (in such parameters are the followingy, = g, = 2.10;g, = 2.31;D
complexes with four bridges, there is a varying degree of = 0.46 cm!; AH,, = 500 G;AH, = 300 G. The value of
out-of-plane displacement of the atoms from the basal  the main parameteD) agrees with those reported in the
plane of the square-pyramid). Rodriguez-Fortea et al. hasliteratures for the EPR spectra of such jEDAc)s com-
demonstrated that the absolute value of the coupling constanplexes with similarJ values°
increases as the Gatoms are separated, regardless of the )
axial ligands. Ind, the Cu--Cu distance is 2.617 A, and for ~ €onclusion and Comments
this distance, the theoretical calculation gived @alue of A series of Cli complexes with a 3:3N-donor bridging
—284 cnr?, which is consistent with the experimental result. ligand 2,5-bis(3-pyridyl)-1,3,4-oxadiazole.) have been
EPR Spectra. For complexesl—3, the X-band EPR  synthesized in CRCN—H,0 medium and structurally char-
polycrystalline powder spectra show the typical signal for acterized by X-ray diffraction analyses. The molecular
Cu' centers corresponding to th&Ms = +1 followed structures of these Giwomplexes are profoundly influenced
transition (23200 G), with no significant variation from room by the anions: bimetallic macrocyclic structures with dif-
temperature to 4 K, which is consistent with the very weak ferent dimensional arrangements or 1-D coordination chains
antiferromagnetic coupling between the''@enters inthese  with different bridges are observed. This study clearly
complexes as indicated above. The following EPR parametersindicates the important role that the coordination ability/mode
were obtained in these three casep:= 2.30;gy = 2.10; and/or bulk of the counteranions can play in crystal
[gU= 2.17 forl; g, = 2.28;gp = 2.11,[g0= 2.17 for2; g engineering and suggests that, given the simple permutations
= 2.30; go = 2.08; [0= 2.16 for 3. They have the  of the anions, Cliion alone might also have a rich and
relationshipg, > g > 2.00. The EPR spectrum fdrshows, diverse role in framework chemistry. Further studies of the
as expected, a completely different pattern: at rt there is the self-assemblies oE with other metal ions under various
typical spectrum for anS = 1 state (Figure 7), which  conditions are under way in our laboratory.
corresponds to the higher energy state in the acetate-bridged
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