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Synthesis, crystal structures, and magnetic properties of two types of carboxylate-bridged"Gicomplexes,
formulated as [CeLny(bet)o(H20)g](ClO4)10:2H20 (1; Ln' = La!, Cd", or Gd"; bet= betaine) and [CiLn,-
(bethx(ClOy),](ClOg)s (2; Ln' = Gd" or Sni'"), have been describedl-La features a carboxylate-bridged,
tetranuclear [CzlLay(bet)o(H20)g] 1t cation, crystallizing in the triclinic space gro#i, with a = 12.778(4) A,

b = 15.553(5) A,c = 16.041(5) A,a = 110.18(2}, B = 100.72(2), y = 105.03(2), andZ = 1; 1-Ce is
isomorphous withl:La, crystallizing in the triclinic space groupl, with a = 12.730(2) A,b = 15.489(2) Ac
=15.987(3) A, = 110.28(13, 8 = 100.70(13, y = 105.00(2}, andZ = 1. In both1-La and1-Ce, a Cli atom

is quadruply bridged to a l'h atom by theu,-carboxylate groups into a dinuclear subunit, and a pair of such
dinuclear subunits is bridged by two carboxylate groups to form a tetranuclear cation. In the tetranuclear cation,
each Cl atom is coordinated in a square pyramid by four carboxy oxygen atoms at the basal positions and by
one aqua ligand at the apical position whereas ea¢hatom is coordinated in a monocapped square antiprism

by six carboxy oxygen atoms and three aqua ligantt$3d has been characterized to be an analoguke L.

2:Gd consists of a different tetranuclear fQab(bet) »(ClO,),]8" cation, crystallizing in the orthorhombic space
groupPmcbwith a = 12.323(3) Ab = 17.119(4) A,c = 26.381(7) A, andZ = 2; 2:Sm is isomorphous with

2-Gd, crystallizing in the orthorhombic space gra@mch with a = 12.496(2) Ab = 17.378(3) Ac = 26.767-

(5) A, andZ = 2. In both2-Gd and2-Sm, a pair of dinuclear subunits analogous to thosklia are linked by

a quadruple carboxylate bridge between the pair df latoms into a tetranuclear cation, where the apical ligand

of the square pyramid about each''Giom is a perchlorate and each'Latom is coordinated in a square antiprism

by eight carboxy oxygen atoms. The magnetic behavior of these complexes obeys the/isg law, showing

very weak antiferromagnetic interaction in the solid. Therefore, it may be concluded that shielding of the 4f
electrons by the outer shell electrons very effectively precludes significant coupling interactions between the
lanthanoid 4f electrons and copper 3d electrons in a carboxylate-bridged system.

Introduction reported, including some heterometallic'zM" (M = Mn,
Co, Ni, etc.) and Cli—M" (M = Li, Mg, Ca, or Rb)
complexes$:’

More importantly, because lanthanoid(lll) ions (designated
as Ld" hereafter) are very similar to hard Caons in
coordination chemistry, the above-mentioned synthetic route
may be utilized in preparation of heterometallic "GuLn"
compounds, which have commonly been synthesized with

In the course of our investigation of metdletaine com-
plexesl2 we synthesized an interesting monomeric' Getra-
carboxylate, namely, [Cu(betainf]NOs3), (betaine= trimeth-
ylammonioacetate, MBTCH,CO,™; designated as bet hereafter),
in which the four zwitterionic carboxylate ligands act in the
unsymmetric chelate mode in coordination to the' @anter.
We have also found that the stable [Cu(ljét) core can be
used as a “metallo ligand” to bind other hard metal ions such

(4) Forreviews, see: (a) Mehrotra, C.; Bohra, RM&tal Carboxylates

as Cd and Li to form heterometallic complexésthus providing Academic Press: New York, 1983. (b) Oldham, CQemprehensie
a new synthetic route for heterometallic complexes in metal Coordination ChemistryWilkinson, G., Gillard, R., McCleverty, J.
carboxylate chemistry. To our knowledge, heterometallic A., Eds.; Pergamon Press: Oxford, 1987; Vol. 2, Chapter 15, pp435

compounds consolidated by carboxylate groups have not been ‘ég?' i?sg‘ééhi’z@‘ Suzuki, Y.; Ohki, Y.; Koizumi, YCoord. Chem.

well documented;® although several examples have been (5) Chen, X.-M.; Tong, M.-L.; Wu, Y.-L.; Luo, Y.-11. Chem. Soc., Dalton
Trans 1996 2181. Tong, M.-L.; Wu, Y.-L.; Chen, X.-M.; Sun, Z,;

T E-mail: cescxm@zsu.edu.cn. Hendrickson, D. NChem. Res. Chin. Uni 1998 14, 230.
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Dalton Trans.1995 4001. Tong, Y.-X.; Chen, X.-M.; Ng, S. W. P.; Bill, E.; Florke, U.; Haupt. H.-JJ. Am. Chem. Sod 992 114
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heterodonor ligands with each of two types of ligating atoms mmol) was then added, after the solution was stirred for 10 min, an
(such as N and O) coordinated to Cu and Ln atom, respec-2agueous solution (2 mL) of NaCl@ mmol) was added. The resulting
tively,8-1° and are currently of interest for several reasons. For deep blue solution was allowed to stand in air at room temperature for
example, these kinds of compounds provide models for inves- apout 1 week, yielding beautiful deep blue polyhedral crystals (ca. 80%
tigations of the nature of magnetic exchange interactions Yi€!9): Anal. Calcd for GoHisdClioClolaN1Ora: C, 21.82; H, 4.76;

o . . - N, 5.09. Found: C, 21.83; H, 4.74; N, 4.92. IR dat&ctn™?): 3437
between transition and rare-earth metal ions in bridging sbr 3057 w. 3015 w. 2966 w. 2931 w. 1665 S. 1616 vs. 1482 m. 1433

systemsg;° they are also possible precursors for the production ¢ 1405 s 1342 m. 1236 w. 1145 vs. 1117 vs. 1082 vs. 990 w. 962 w

of high-temperature superconductéfs.
We have recently reported a series of polynucledt-@in"'

complexes containing derivatives of bet, including the octade-

canuclear ClyLn" g clusterst12 In this paper, we report the

927 m, 906 m, 730 w, 632 s, 547 w.

[Cu2Cexbet)1o(H20)s](ClO 4)102H,0 (1:Ce). It was prepared as
for 1-La. Anal. Calcd for GoH130ClioCwCeN1O7: C, 21.81; H, 4.76;
N, 5.09. Found: C, 22.04; H, 4.76; N, 4.95. IR datéctn?): 3451

synthesis, structures, and magnetic properties of two types ofs br, 3050 w, 3015 w, 2966 w, 1693 s, 1623 vs, 1482 s, 1433 s, 1412

tetranuclear carboxylate-bridged 'Gu-Ln'"', complexes, for-
mulated as [CzLny(betho(H20)g](ClO4)10-2H:0 (1; Ln" = La",
Cé'', or Gd" ) and [CuyLny(bet)o(ClO4);)(ClO4)s (2; Ln' =
Gd" or Snih).

Experimental Section

s, 1349 m, 1236 w, 1145 vs, 1117 vs, 1082 vs, 990 w, 962 w, 927 m,
906 m, 730 w, 625 s, 547 w.

[Cu2Gda(bet)io(H20)s](CIO 4)10:2H20 (1-Gd). It was prepared as
for 1-La. Anal. Calcd for GoH13Clio)CwLGhN1cO70: C, 21.54; H,
4.70; N, 5.03. Found: C, 21.69; H, 4.56; N, 5.22. IR datarfi):
3451 s br, 3050 w, 3015 w, 2966 w, 1679 s, 1619 vs, 1482 m, 1431 s,
1409 s, 1345 m, 1235 w, 1146 vs, 1117 vs, 1080 vs, 990 w, 962 w,

All of the reagents were commercially available and used as received. 927 m, 906 m, 730 w, 628 s, 549 w.

C, H, and N microanalyses were carried out with a Perkin-Elmer 240Q

[Cu,Gda(bet)iACIOL)(CIO)s (2:Gd). A mixture of bet (6.0 mmol)

elemental analyzer. FT-IR spectra were recorded from KBr pellets in and Cu(NQ) (1.0 mmol) was dissolved in distilled water (3 mL) and

the range of 4000400 cnmt! on a Nicolet 5DX spectrometer. The

heated at 60C for 10 min; Gd(NQ)s (2.0 mmol) was then added,

variable-temperature magnetic-susceptibility data were measured withafter the solution was stirred for 10 min, an aqueous solution (2 mL)

a Quantum Design MPMS5 SQUID magnetometer.
corrections were made with Pascal’'s constahtSafety Notes. Metal
perchlorate containing organic ligands are potentially expl@si Only
a small amount of material should be prepared, and it should be
handled with great care

Preparation. [CusLaz(bet);o(H20)g](ClO 4)1002H,O (1-La). A
mixture of bet (4.0 mmol) and Cu(N{ (1.0 mmol) was dissolved in
distilled water (5 mL) and heated at 8Q for 10 min; La(NQ)s (1.0

(7) (a) Clegg, W.; Little, I. R.; Straughan, B. B. Chem. Soc., Dalton
Trans. 1988 1916. (b) Clegg, W.; Little, I. R.; Straughan, B. P.
Chem. Soc., Dalton Tran$986 1283. (c) Langs, D. A.; Hare, C. R.
J. Chem. Sac 967 890. (d) Klop, A. J.; Duisenberg, A. J. M.; Spek,
A. L. Acta Crystallogr., Sect. @983 39, 1342. (e) Cingi, M. B.;
Landredi, A. M. M.; Tiripicchio, A.; Tiripicchio, M Acta Crystallogr.,
Sect. B1977, 33, 659. (f) Smith, G.; O'Reilly, E. J.; Kennard, C. H.
L.; White, A. H.J. Chem. Soc., Dalton Tran%985 243. (g) Sanchis,
M. J.; Gomez-Romero, P.; Folgado, J.-V.; Sapifr.; Ibanez, R;
Beltran, A.; Garcia, J.; Beltna, D. Inorg. Chem 1992 31, 2915.

(8) (a) Andruh, M.; Ramade, |.; Codjovi, E.; Guillou, O.; Kahn, O.;
Trombe, J. CJ. Am. Chem. Sod 993 115 1822. (b) Benelli, C,;
Caneschi, A.; Gatteschi, D.; Guilou, O.; Pardi,lhorg. Chem199Q
29, 1750. (c) Andruh, M.; Kahn, O.; Sainto, J.; Dromzee, Y.; Jeannin,
S.Inorg. Chem1993 32, 1623. (d) Bencini, A.; Benelli, C.; Caneschi,
A.; Dei, A.; Gatteschi, DInorg. Chem 1986 25, 572. (e) Bencini,
A.; Benelli, C.; Caneschi, A.; Carlin, R. L.; Dei, A.; Gatteschi, D.
Am. Chem. Sod 985 107, 8128.

(9) (a) Guillou, O.; Kahn, O.; Oushoorm, R.; Boubeker, K.; Batail, P.
Inorg. Chim. Actal992 189-200, 1190. (b) Georges, R.; Kahn, O.;
Guillou, O.Phys. Re. B 1994 49, 3235. (c) Li, Y.-T.; Jiang, Z.-H.;
Ma, S.-L.; Li, X.-Y.; Liao, D.-Z.; Yan, S.-P.; Wang, G.-Transition
Met. Chem(N.Y.)1994 14, 432. (d) Sanz, L. L.; Ruiz, R.; Lloret, F;
Faus, J.; Juvle, M.; BorsaAlmemar, J. J.; Journaux, Yhorg. Chem
1996 35, 7393.

(10) (a) Wang, S.; Pang, Z.; Smith, D. Inorg. Chem 1993 32, 4992.
(b) Wang, S.; Pang, Z.; Wagner, M.ldorg. Chem 1992 31, 5381.
(c) Blake, A. J.; Cherepamov, V. A.; Dunlop, A. A.; Grant, C. M;
Milne, P. E. Y.; Rawson, J. M.; Winpenny, R. E.Chem. Soc., Dalton
Trans.1994 2719. (d) Blake, A. J.; Gould, R. O.; Grant, C. M.; Milne,
P. E. Y.; Winpenny, R. EJ. Chem. Soc., Chem. Comm(f92 522.
(e) Brechin, E. K.; Harris, S. G.; Parson, S.; Winpenny, Rl.EEhem.
Soc., Dalton Trans1997 1665 and references therein.

(11) (a) Chen, X.-M.; Aubin, S. M. J.; Wu, Y.-L.; Yang, Y.-S.; Mak, T.
C. W.; Hendrickson, D. NJ. Am. Chem. S0d.995 117, 9600. (b)
Chen, X.-M.; Wu, Y.-L.; Tong, Y.-X.; Huang, X.-YJ. Chem. Soc.,
Dalton Trans.1996 2443. (c) Chen, X.-M.; Wu, Y.-L.; Wang, R.-J.
Sci. China, Ser. B996 39, 536.

(12) Wu, Y.-L.; Tong, Y.-X,; Yang, Y.-S.; Chen, X.-MActa Sci. Nat. Uni.
Sunyatsenil995 34 (4), 36. Wu, Y.-L. Ph.D. Thesis, Zhongshan
University, Guangzhou, China, 1995.

(13) Boudreaux, E. A.; Mulay, L. NTheory and Application of Molecular
ParamagnetismWiley: New York, 1976.

Diamagnetic of NaClO, (10 mmol) was added. The resulting deep blue solution

was adjusted to pke 3.5, filtered, and allowed to stand in air at room

temperature for about 1 week, yielding beautiful deep blue prismatic

crystals (ca. 60% yield). Anal. Calcd forsgE132Cl10CULGhN12064:

C, 25.36; H, 4.68; N, 5.92. Found: C, 25.24; H, 4.54; N, 5.85. IR

data ¢/cm™1): 3416 w, 3057 w, 3015 w, 2966 w, 1714 m 1651 vs,

1489 m, 1440 s, 1405 s, 1349 m, 1236 w, 1145 vs, 1117 vs, 1082 vs,

990 w, 962 w, 927 m, 906 m, 737 w, 625 s, 547 w, 470 w.
[Cu2Sny(bet)12(ClO4)2](CIO )5 (2:Sm). It was prepared as fd2-

Gd. Anal. Calcd for GoH13:CliocCWwLSNMN1,064: C, 25.48; H, 4.71;

N, 5.94. Found: C, 25.40; H, 4.51; N, 6.08. IR dat&cn™t): 3416

w, 3057 w, 3015 w, 2966 w, 1712 m, 1653 vs, 1490 m, 1440 s, 1405

s, 1350 m, 1236 w, 1147 vs, 1118 vs, 1085 vs, 990 w, 960 w, 925 m,

905 m, 737 w, 625 s, 546 w, 472 w.

X-ray Crystallography. A summary of selected crystallographic
data forl:-La, 1:Ce, 2-Gd, and2:Sm is given in Table 1. The data
collections were carried out on a Siemens R3m diffractometer using
graphite-monochromated Mo &K (A = 0.710 73 A) radiation at
294 K.

For each complex, determinations of the crystal class, orientation
matrix, and cell dimensions were performed according to the established
procedures. The intensity data were collected usingstisean mode.
Two standard reflections were monitored after every 120 data measure-
ments, showing only small random variations1(5%). Absorption
corrections were applied by fitting a pseudoellipsoid toghscan data
of selected strong reflections over a range 6fahglest*

Most of the non-hydrogen atoms in each crystal structure were
located with the direct methods, and subsequent Fourier syntheses were
used to derive the remaining non-hydrogen atémglthough two
space group®2cbandPmcbare possible for both crystaBGd and
2-Sm, refinements of the structures confirmed the latter space group
for the crystals. All of the non-hydrogen atoms were refined aniso-
tropically; the 2-fold-disordered bet ligands (required by the crystal-
lographic symmetry) bridging the pair of l'natoms in2-Gd and2:

Sm and the 2-fold-disordered oxygen atoms of the perchlorate anions
in the four complexes were subjected to geometric restraints. Hydrogen
atoms of water molecules were located from the difference maps;
hydrogen atoms of the bet ligands were generated geometricatiyd (C

= 0.96 A), assigned isotropic thermal parameters, and found to ride
on their parent carbon atoms. All of the hydrogen atoms were held
stationary and included in the final stage of full-matrix least-squares

(14) North, A. C. T.; Phillips, D. C.; Mathews, F. &cta Crystallogr.,
Sect. A196§ 24, 351.

(15) Sheldrick, G. M.SHELXTL-Plus Siemens Analytical X-ray Instru-
ments Inc.: Madison, WI, 1990.
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Table 1. Crystallographic Data

Chen et al.

formula GoH13oCl10CLaN 10070
fw 2751.04
space group P1 (No. 2)
a(h) 12.778(4)
b (A) 15.553(5)
c(R) 16.041(5)
o (deg) 110.18(2)
$ (deg) 100.72(2)
y (deg) 105.03(2)
U (A3 2753.2(15)
z 1

p(calc) (g/cni) 1.659
T(K) 295

(Mo Ko (A) 0.71073
u(Mo Ka) (cm™1) 14.9

Ry [I > 20(1)] 0.0439
WR; (all data) 0.1101

2Ry = J|IFol = [Fell/ZIFol, WRe = [ZW(IFel —[Fc)7XWIFol7"% w = [0%(Fo)* + {0.1[max(0Fs?) + 2F:/3}7

CsoH130Cl10CULCeN10070 Co0H13:Cl10C LG dN12064

2753.46
P1(No. 2)
12.730(2)
15.489(2)
15.987(3)
110.28(1)
100.70(1)
105.00(1)
2721.0(8)
1

1.680
295
0.71073
15.6
0.0365
0.0900

Table 2. Selected Bond Lengths (A) and Bond Angles (deg)ffor

2841.86
Pmcb(No. 55)
12.323(3)
17.119(4)
26.381(7)

5565(2)
2

1.696
295
0.71073
18.98
0.0721
0.1933

CeoH132Cl10CSMN1,064
2828.09
Pmcb(No. 55)
12.496(2)
17.378(3)
26.767(5)

5813(2)
2
1.616
295
0.71073
16.87
0.0730
0.1971

1-La 1-Ce 1-La 1-Ce
Ln(1)—0(51) 2.473(3) 2.443(3) Ln(HO(12) 2.492(4) 2.467(3)
Ln(1)—0(32) 2.509(4) 2.483(3) Ln(HO(52a) 2.536(3) 2.514(3)
Ln(1)—0(22) 2.554(4) 2.527(3) Ln(HO(3w) 2.566(4) 2.533(3)
Ln(1)—0(2w) 2.597(4) 2.565(3) Ln(HO(4w) 2.606(4) 2.579(3)
Ln(1)—0(42) 2.683(4) 2.672(3) Cu(3)0(21) 1.941(4) 1.929(3)
Cu(1)-0(41) 1.937(4) 1.934(3) Cu(3)0(31) 1.971(4) 1.967(3)
Cu(1)-0(11) 1.983(4) 1.977(3) Cu()O(1w) 2.245(4) 2.238(3)
O(52)-Ln(1a) 2.536(3) 2.514(3)
0O(51)-Ln(1)—0(12) 136.02(13) 136.01(11) O(51)hn(1)—0(32) 71.66(12) 71.93(10)
0(12)-Ln(1)—0(32) 107.98(13) 108.69(11) O(51hn(1)—0O(52a) 81.26(12) 80.97(10)
0(12)-Ln(1)—0(52a) 75.11(13) 74.84(10) 0O(32hn(1)—0(52a) 143.30(12) 143.61(10)
O(51)-Ln(1)—0(22) 69.32(13) 69.42(11) 0O(12)n(1)—0(22) 68.59(14) 68.70(11)
0(32)-Ln(1)—0(22) 74.19(13) 74.55(11) O(52a)n(1)—0(22) 73.31(12) 73.41(10)
O(51)-Ln(1)—O(3w) 92.09(14) 91.97(12) O(12L.n(1)—0O(3w) 130.92(15) 131.16(12)
0(32)-Ln(1)—0O(3w) 73.49(14) 72.81(11) 0O(52a).n(1)—0O(3w) 133.03(12) 133.13(10)
0(22)-Ln(1)—0O(3w) 146.47(14) 146.16(12) O(53)n(1)—0(2w) 139.19(12) 138.70(10)
0(12)-Ln(1)—0(2w) 69.05(13) 69.05(11) O(32Ln(1)—0(2w) 140.10(13) 139.92(11)
0O(52a)-Ln(1)—0(2w) 76.07(12) 76.06(10) O(22L.n(1)—0(2w) 132.54(13) 132.75(11)
O(Bw)—Ln(1)—0O(2w) 79.73(14) 79.85(12) O(52Ln(1)—0(4w) 68.55(13) 68.52(11)
0(12)-Ln(1)—0O(4w) 132.74(14) 132.30(12) O(32)n(1)—0O(4w) 119.04(13) 118.74(11)
0O(52a)-Ln(1)—0(4w) 70.39(12) 70.41(10) 0O(22L.n(1)—0(4w) 127.34(13) 127.58(11)
O(Bw)—Ln(1)—0O(4w) 64.03(13) 64.01(11) O(2w)Ln(1)—0O(4w) 72.01(13) 71.59(11)
0O(51)-Ln(1)—0(42) 139.36(12) 139.81(10) O(X2hn(1)—0(42) 67.43(13) 67.74(11)
0(32)-Ln(1)—0(42) 68.81(12) 68.99(10) O(52a)n(1)—0(42) 138.30(12) 138.26(10)
0(22)-Ln(1)—0(42) 107.69(12) 107.95(10) O(3w)h.n(1)—0(42) 68.12(13) 67.97(11)
O(2w)—Ln(1)—0(42) 74.03(12) 73.88(10) O(4w)n(1)—0(42) 124.82(12) 124.34(10)
O(41)-Cu(1)-0(21) 176.73(15) 176.60(13) O(21Lu(1)-0(31) 89.06(18) 89.15(15)
0O(41)-Cu(1)>-0(31) 91.42(17) 91.23(14) O(23Cu(1)-0(11) 88.75(18) 88.91(15)
0O(41)-Cu(1y-0(11) 90.41(18) 90.32(15) O(31 u(1)y-0(11) 173.23(15) 173.12(13)
0(21)-Cu(1-0(1w) 88.30(17) 88.45(14) O(41Cu(1)-0O(1w) 94.94(17) 94.94(14)
O(31)-Cu(1)y-0O(1w) 88.76(17) 88.88(14) O(11Cu(1)-O(1w) 97.57(17) 97.66(15)

a Symmetric code: (a)yx, -y,

refinement based of? using the SHELXL-97 program packaéfe.

Additional crystallographic data are available as Supporting Informa-

tion.

Results and Discussion

—Z

Crystal Structures. [Cuslas(bet);o(H20)g](CIO 4)10°2H,0

(2-La). The crystal structure df-La consists of a centrosym-
metric tetranuclear [GlLay(bet)o(H20)g] %" cation, perchlorate

(16) Sheldrick, G. MSHELXL-97 Program for X-ray Crystal Structure

RefinementGuttingen University: Gttingen, Germany, 1997.
(17) International Tables for X-ray CrystallographKluwer Academic

Publisher: Dordrecht, Holland, 1992; Vol. C, Tables 4.2.6.8 and

6.1.1.4.

anions, and lattice water molecules. An ORTEP view of the
Analytical expressions of the neutral-atom scattering factors were tetranuclear cation ifi-La is shown in Figure 1. The Cttatom
employed, and anomalous dispersion corrections were incorpdfated. s coordinated by four carboxy oxygen atoms at the basal plane
Selected bond lengths and bond angles are listed in Tables 2 and S[Cu(l)—O = 1.937(4)-1.983(4) A] and completed by an aqua
ligand at the apical position [Cu@0(1w) = 2.245(4) A] to
form a square-pyramidal geometry. The'Giiom is quadruply
bridged to the L4 atom by theu,-carboxylate groups of bet
ligands, giving rise a dinuclear subunit with the 'GuLa"
distance of 3.803(1) A. This dinuclear structure is similar to
that found for the neutral pentanuclear'@n", chloroacetate
and somewhat similar to those of the well-known §Cug-
carboxylate)] complexes® A pair of the centrosymmetrically

(18) Chen, X.-M.; Mak, T. C. WStruct. Chem1993 4, 247, Chen, X.-
M.; Feng, X.-L.; Xu, Z.-T.; Zhang, X.-H.; Xue, F.; Mak, T. C. W.
Polyhedron1998 in press and references therein.
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Table 3. Selected Bond Lengths (A) and Bond Angles (deg)dor

2-Gd 2:Sm 2-Gd 2:Sm
Ln(1)—0O(31) 2.315(5) 2.381(5) Ln(HO(12) 2.368(5) 2.415(4)
Ln(1)—0(22) 2.376(4) 2.430(4) Ln(HO(41) 2.417(7) 2.471(7)
0O(32)-Ln(1a) 2.402(6) 2.468(5) O(42)Ln(1a) 2.363(6) 2.422(6)
Cu(1)-0(11) 1.919(4) 1.943(4) Cu(3)0(21) 1.919(4) 1.956(4)
Cu(1)-0(13) 2.342(5) 2.384(5)
O(31)-Ln(1)—0O(42a) 71.4(2) 70.9(2) O(33)Ln(1)—0(12b) 82.8(2) 82.6(2)
O(42a)-Ln(1)—0O(12b) 71.7(2) 70.5(2) O(31)Ln(1)—0(12) 75.4(2) 75.4(2)
O(42a)-Ln(1)—0(12) 132.5(2) 131.4(2) O(12b).n(1)—0(12) 71.3(3) 71.3(3)
O(31)-Ln(1)—0(22b) 149.0(2) 148.9(2) O(42a)n(1)—0(22b) 83.1(2) 83.1(2)
O(12b)-Ln(1)—0(22b) 72.6(2) 72.6(2) O(12)Ln(1)—0(22b) 112.6(2) 112.5(1)
O(31)-Ln(1)—0(22) 136.9(2) 137.1(2) O(42a).n(1)—0(22) 150.9(2) 151.4(2)
O(12)-Ln(1)—-0(22) 72.6(2) 72.6(2) 0(22b)Ln(1)—0(22) 71.7(2) 71.5(2)
O(31)-Ln(1)—0(32a) 115.5(2) 116.0(2) O(42aln(1)—0(32a) 70.8(2) 72.1(2)
O(12b)-Ln(1)—0(32a) 129.1(2) 128.8(2) 0(12).n(1)—0(32a) 156.2(2) 156.2(2)
0O(22b)-Ln(1)—0(32a) 69.8(2) 69.3(2) O(22)Ln(1)—0(32a) 86.6(2) 86.3(2)
O(31)-Ln(1)—0(41) 77.6(2) 77.0(2) O(42a)ln(1)—0(41) 117.9(2) 119.0(2)
O(12b)-Ln(1)—0(41) 153.0(2) 152.1(2) O(12Ln(1)—-0(41) 85.9(2) 85.1(2)
O(22b)-Ln(1)—0(41) 131.4(2) 132.1(2) O(22)Ln(1)—0(41) 72.14(2) 72.5(2)
0O(32a)-Ln(1)—0(41) 76.7(2) 77.9(2) O(11)Cu(1)-0O(11b) 89.5(2) 89.4(2)
O(11)-Cu(1)-0O(21b) 174.4(2) 174.6(2) O(13Cu(1y-0(21) 90.7(2) 90.3(2)
O(21b)-Cu(1)-0(21) 88.6(3) 89.5(2) O(11H)Cu(1)-0(13) 99.4(1) 99.02(1)
O(21)-Cu(1)-0(13) 86.0(1) 86.4(1)
a Symmetric codes: (@) + x, -y, =z (b) 1 —x,y, z
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A Figure 2. Intermolecular hydrogen bonding between the tetranuclear
04241 e Y X cations inl-La.
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c43 g s Ns L 53 in a one-dimensional chain structure with an intermolecular Cu
o ] s o -«Cu distance of 5.576(1) A in the solid. It is also interesting
Y & cs4 \‘“’

that one of the aqua ligands coordinated to th# lien forms
intramolecular hydrogen bonds with one carboxy oxygen atom
Figure 1. ORTEP drawing (at 35% probability level) of the tetranuclear  of the bet ligand bridging the pair of I'aions [O(4w)+-O(51a)
cation inl-La. Symmetry code: (ajx, —Y, —Z = 2.808(5) A], which is similar to those found for the dinuclear
complex [CuLa(pybyH20)s](ClO4)s-2H,0 (pyb = pyridinio-
acetatél? and the monomeric complexes [Ln(B@YOs)3(H20),]
(Ln = La or Sm)® although in the latter, carboxylate groups
act in the monodentate coordination mode.
[Cu2Cex(bet)1o(H20)g](ClO 4)10°2H20 (1-Ce). The crystal

Al th dinati h ¢ b aon i leted structure ofl-Ce is isomorphous to that &fLa; only very small
(4) Al, the coordination sphere of each.don is complete metric differences have been observed for the two complexes.

by t_hree agua Iiggnds [-e0 = 2'5_66(4)—2'606(4) Al to form Because the radius of a éon is slightly smaller than that of
a nine coordination. The coordination polyhedron about the ;| 41 jon 20 a1l of the metat-ligand bonds irL-Ce are slightly
La" ion can best be described as a distorted monocapped squargy, o rter th'an the corresponding bondsliha, as compared in

antiprism; one square face consists of two carboxy oxygen atoms e 3: however. the bond angles in bdtha and1-Ce are
[O(51) and O(52a)] and two aqua oxygen atoms [O(2w) and 5imost fhe same.'

O(3w)] whereas the other face is defined by four carboxy [CusGd
2 2(bet)1o(H20)g](C|O 4)10'2H20 (l’Gd). AlthOUgh we
oxygen atoms [0(12), O(22), O(32), and O(42)] from the have not characterized the crystal structure 1fo6d, the

. i ir of!
quadrupleo-carboxylate bridge between the pair of'Cand elemental analytical data and IR spectra confirmed that it has

11 i i
CG: 4agoms. The dihedral angle between the square faces Sthe same empirical formula dsLa and1-Ce. Hence, we can

) . . .. reasonably assume thaGd has the same tetranuclear structure
Hydrogen bonding plays an important role in consolidating g51.[a.

Lh% crystal bstru(;:_ture. _QII of tt?e water molectules part'ﬂmpatetln [CuxGd(bet)1A(ClO4)2](ClO 4)s (2:Gd). The crystal structure
ydrogen bonding with carboxy oxygen atoms, Other Waler ¢ 5.cq consists of a centrosymmetric tetranuclear [&u-
molecules, or perchlorate oxygen atoms. It is noteworthy that,
as illustrated in Figure 2, each pair of adjacent tetranuclear (19) Chen, X.-M.. Wu, YL Wang, RJ.: Mak, T. C. Weolyhedron

cations is linked through two hydrogen bonds between the apical 1996 15, 739-744.
aqua ligands of the Cluions and the carboxy oxygen atoms (20) Shannon, R. DActa Crystallogr., Sect. A976 32, 751.

35

o

&Hc

related Ld' atoms in the adjacent dinuclear '@a" subunits
are linked together by a pair @f,-carboxylate groups of bet
ligands with an intramolecular I'a--La"' separation of 5.684-
(1) A, resulting in the formation of a tetranuclear cation. Except
for the six carboxy oxygen atoms [ED = 2.473(4)-2.683-
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Figure 3. ORTEP drawing (at 35% probability level) of the tetranuclear Figure 4. Plots of yn~! (®) and molar magnetic momeni) vs
cation in2-Gd. Symmetry codes: (a) %+ x, -y, =z (b) 1 —x, ¥, z temperature fod-La.
(bet)o(ClO,)-]8" cation (Figure 3) and perchlorate anions. In 2 A A A A A AAZAaaa ;‘;
each tetranuclear cation, each pair of'Gind Gd' atoms is 10 "
bridged by foun«,-carboxylate groups of the bet ligands to form A 18
a dinuclear subunit similar to those found fbiLa and1-Ce, 16 —~
and the Cli---Gd" separation in the subunit is 3.595(1) A. The E {14 7g
Cu' atom is also coordinated in a square-pyramidal geometry = diz =
with four carboxy oxygen atoms at the basal plane{Qu= ~ 110 E
1.919(4) A] and a perchlorate oxygen atom at the apical position § 18 = c
[Cu(1)-0(13) = 2.342(5) AJ; in contrast, the apical position 160
is occupied by an aqua ligand InLa and1-Ce. The weaker _;
ligation ability of the perchlorate anion at the apical position e . 0
of the Cl atom, as compared to that of a water molecule, results 0 50 100 150 200 250 300 350
in the significantly shorter basal GO bond lengths; similar T (K)

phenomenon has been observed for a number ob(lGu
carboxylate)] complexesi® A pair of the dinuclear subunits
are connected by a quadruple-carboxylate bridge into a

Figure 5. Plots of yn™* (®) and molar magnetic momeni) vs
temperature fod-Gd.

tetranuclear structure, giving rise for a quadryplearboxylate- A) than the corresponding bonds »/Gd; however, the bond
bridged dinuclear G, core with the an intramolecular e angles in both complexeaGd and2-Sm are very similar.
~Gd" separation of 4.542(1) A. Similar quadruply,- Magnetic Properties. The magnetic-susceptibility data were

carboxylate-bridged dinuclear structureszare well-known in- ¢ojlected as polycrystalline samples in an external field of 10.0
homonudear Ianthan0|d(”|) Carboxy|at€‘32 The quadl’up|e kG The magnetic data df.La iS represented in the form of

uz-carboxylate bridge between the two 'Gétoms not only yw~L and effective magnetic momentd) versus temperature
brings the pair of G# atoms much closer but also constructs (T) plots in Figure 4. Theues of this complex at room

a new tetranuclegr cation different from those of the doubly temperature (2.74) is only slightly smaller than the spin-only
uo-carboxylate-bridged tetranuclear cation in batha and1- value (2.8%g) of a dinuclear Cll, compound, and the magnetic
_Ce. Moreover, this result_is consistent with the_ suggestion that jyoment decreases slightly with decreases in temperature. The
in the (u,-carboxylate}-bridged systems the intramolecular gpserved susceptibility data were well-fitted to the Culdeiss
metal-metal separation can be controlled by the number of |5, (em = CI(T — 6)) with C = 0.946 K cn? mol~! and6 =
carboxylate bridge¥? In 2-Gd, each GU atom is coordinated  _5 9 | indicating very weak antiferromagnetic interaction.
by eight carboxy oxygen atoms of the two quadruple Because the L' ion has no unpaired f electron and the
carboxylate bridges, resulting in a square antiprism with"Gd  intramolecular Ctt-Cu distance [12.127(1) A] is much longer
bond distances from 2.315(5) to 2.417(7) A, where one of the than the intermolecular GuCu distance, the weak magnetic
square faces consists of four carboxy oxygen atoms [O(12), interaction can reasonably be attributed to the intermolecular
0(22), O(32), and O(42)] from the quadrupig-carboxylate  coupling between the Gitions through the hydrogen bonding
bridge between the CGuand Gd' atoms and the other square  mentioned above (Figure 2). The magnetic datd@d is
face is defined by four carboxy oxygen atoms [O(31), O(41), gepicted in Figure 5. Thaes of 1-Gd at room temperature
O(32b), and O(42b)] from the quadrupig-carboxylate bridge (11 .33,5) is also very slightly smaller than the spin-only value

between the pair of Gt atoms. The coordination geometry (17 49,), and it decreases slightly with decreases in temperature
about the Gl atom is thus different from the distorted mono-  gown' to 11.28s at 11 K; afrer this, it decreases more

capped square-antiprism geometry in batha and1-Ce. significantly and reaches 9.55 at 2 K. The observed susceptibil-
[CuzSmy(bet);AClO4)z(CIO 4)s (2:Sm). The crystal structure  jty data also obeys the CuridVeiss law withC = 16.00 K

of 2-Sm is isomorphous to that @Gd, and because the radius  ¢p3 mol-t and § = —0.388 K, thus showing very weak

of a Smi! ion is slightly larger than that of a Gdion° all of antiferromagnetic interaction. The magnetic behavia2-6fd

the metat-ligand bonds in2-Sm are slightly longer (by 0.05 s virtually identical to that of.-Gd. Theues of 2:Gd at room
21) Chen XM Wa. YoLo Y ¥ SAUSL J. Chemi995 48, 1643 temperature is 11.24, which decreases slightly with decreases
en, X.-il.; u, Y.-L.; Yang, Y. Aust. J. en 2 . i . i H
(22) Tong. M-L.. Zhou, Z.- Wi, Y.L Chen, X -MMalays. J. Sci. in temperature down to 11.28 at 11 K; after this, it decreases
1996 17B 87. Yu, X-L.; Tong, M.-L; Chen, X.-MActa Sci. Nat. more S|gn|f|car_1tly and_rea_ches 9.54 at 2 K. In contrast, very
Univ. Sunyatseni996 35 (6), 133. strong magnetic coupling is commonly observed for thex{Cu
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(u2-carboxylate)] complexes:® The magnetic behavior of the  reaction condition using betaine and metal salts. Magnetic
current carboxylate-bridged tetranuclear complexes and otherstudies exhibit that shielding of the lanthanoid 4f electrons by
result§b-11a2224 demonstrate clearly that because of the effective the outer shell electrons very effectively precludes significant
shielding of the lanthanoid 4f electrons by the outer shell coupling interactions between the lanthanoid 4f electrons and
electrons, the coupling interaction between the lanthanoid 4f the copper 3d electrons in a carboxylate-bridged system.
electrons and the copper 3d electrons should be very weak in a
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