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Four novel high-nuclear 3d—4f heterometallic clusters were obtained through the self-assembly of Ln", Cu'", and
amino acid ligands (2-methylalanine (mAla), glycine (Gly), and L-proline (Pro), respectively). The metal skeleton of
cluster 1, [GdgCugs(tz-OH)so(mMAIa)16(Cl1O04)(H20)22]* (ClO4)17+(OH)2#(H20)20, may be described as a huge {Gds-
Cuyp} octahedron connected with 12 additional Cu" ions. The structure of cluster 2, Nay[ThgCuszs(tts-OH)30(Gly)1s-
(ClO4)(H20)22]*(ClO4)25+ (H20)42, may be described as a { ThgCu,s} main structure connected with two [Cu(Gly)(H20),]*
groups. Compounds { [LnsCuy4(ze3-OH)30(Pr0)12(AC)s(ClO4)(H20)13].Cu(Pro)2} +(ClO4)15* (OH)16* (H20)s5 (Ln= Sm (3),
Gd (4)) are 61-nuclear clusters, which represent the largest known 3d—4f clusters so far, the structure can be
described as two {LngCuy4} octahedral units connected by a trans-Cu(proline), bridge. The electrical conductivity
measurements reveal that they are temperature-sensitive semiconductors. The magnetic susceptibility measurements
display that compound 4 is ferromagnetic.

Introduction Therefore, the design and synthesis of high-nuclear43d

. . _ clusters are still significant.
Despite extensive research on high-nuclear complexes that . : . . .
Amino acids are one of the most important biological

shpw fascinating structures and mterestmg propeftay . ligands. Research on the coordination of metahino acid
a little effort has been focused on the design and synthesis . .
complexes will help us better understand the complicated

of high-nuclear 3e-4f clusters: Until now, only several : ; .
: . behavior of the active site of the metal enzyme. Up to now,
reports about 3e4f clusters with seven or more metal ions . . ) ) .
many Ln—amino acid complexésand 1:1 or 1:2 transition

have been publishetd” Most of the compounds have novel . . . .
metal-amino acid complex&swith mononuclear or chain

structural motifs and interesting magnetic properties. structural motifs have been synthesized. Recently, a series
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Table 1. Crystallographic and Data Collection Parametersife

Zhang et al.

1 2 3
formula GoaH244N160178-Cl1sClp4G s CaeH230N18N@0234-Cl26Clis The Ci54H47N 260315 Cl2gClygSmyo
fw 7193.31 8279.60 13334.32
cryst syst triclinic triclinic monoclinic
space group P1 P1 c2
a(A) 18.685(2) 18.4045(2) 30.119(1)

b (R) 19.564(2) 18.9184(3) 27.761(1)
c(A) 21.658(3) 19.8178(2) 29.293(1)
o (deg) 63.808(7) 75.60(0) 90

B (deg) 70.018(8) 88.52(0) 93.434(1)
y (deg) 68.717(8) 80.29(0) 90

V (A3) 6461.8(14) 6586.74(14) 24449.5(15)
z 1 1 2

dcalca (g/cn¥) 1.849 2.087 1.811
F(000) 3550 4074 13194

no. of measured refins 49 650 34 455 35740
no. of independent refins 29 068 23108 26 845
R(int) 0.0268 0.0405 0.0528
GOF orf? 1.033 1.133 1.163

R 0.0617 0.0816 0.0869
RiP 0.1847 0.2097 0.2169

AR=Y (||Fol — IFc)/3|Fol. ® Re={ SWI(Fo? — FAZYW(Fe?)?]} 2 w =1/[0%(F?) + (aP)? + bP], P = (Fs? + 2F?)/3]. Forl, a= 0.1215b = 52.7277;
2,a=0.1024,b = 165.0495;3, a = 0.0 895,b = 1616.854.

ligand were reported (most of them display aQp—cubane
structural motif)i° It is also shown that amino acids are useful
ligands for the construction of polynuclear copper clusters.
Recently, our research interest has been focused on the
syntheses of high-nuclear 3df heterometallic clusters with
an amino acid as the ligad)’ In this paper, we report four
high-nuclear 3e-4f heterometallic clusters: [GGuy4(us-
OH)3o(mA|a)le(C|O4)(H20)22]'(C|O4)17'(OH)2’(H20)20 (1),
Na4[Tb5CU25(/43-OH)30(G|y)13(C|O4)(H20)22]'(C|O4)25'
(H20)42 (2), and {[LnGCu24(/43-OH)30(Pro)12(Ac)6(CIO4)-
(H20)13]2Cu(Pro}} +(ClO4)15' (OH)16°(H20)s5 (Ln= Sm (),
Gd @)). All of them have the sam@LngCu,4} unit. The
crystal structures of—3 have been discussed. The electrical
conductivity and magnetic susceptibility properties were
studied.

Experimental Section

® Gd

Caution: Perchlorate salts of metal complexes with organic ® Cu
ligands are potentially explosé. Only small amounts of material @O0
should be prepared, and these should be handled with caution. The oN
complexes described in this reportdea so far, been found to be ®c

safe when used in small quantities. Figure 1. Structure of the cation of.

Materials and Instrumentation. Ln(ClO,);:6H,O complexes

were synthesized by dissolving lanthanide oxide in an excessere carried out using a standard setup coupled with an Agilent

amount of perchloric acid. Other starting materials were of reagent 4284A LCR meter in the frequency range of 20 Hz to 1 MHz.
grade and were used without further purification. Elemental analyses  gyntheses of the Complexes. [GEuUz4(us-OH)zo(MAla) 16
were carried out by the Elemental Analysis Lab of our Institute. (c|0,)(H,0),5-(Cl0.)17(OH),(H20)20 (1). To an aqueous solu-

Magnetic measurements were carried out with a Quantum Designijon (10 mL) of Gd(CIQ)s-6H,0 (1 mmol) were added Cu(CKp-
PPMS model 6000 magnetometer.

Conductivity Measurements. The cylindrical pellets of the  ¢ontrolled to be 1:6:4 Gi:Cui?*:mAla. Then the pH value of the
samples (0.1 cm in thickness and 0.4 cm in diameter) were coatedreaction mixture was carefully adjusted to about 6.6 by the slow
with silver paint on either side. The conductivity measurements dgition of 0.1 M NaOH solution. After anoth2 h of being stirred,
the solution was filtrated and placed in a desiccator filled with

(10) Zheng, Z.-PChem. Commurk001, 2521 and references therein.

(11) (a) Hu, S.-M.; Du, W.-X.; Dai, J.-C.; Wu, L.-M.; Cui, C.-P.; Fu, Z.-
Y.; Wu, X.-T. J. Chem. Soc., Dalton Tran2001, 2963. (b) Wang,
L.-Y.; lgarashi, S.; Yukawa, Y.; Hoshino, Y.; Roubeau, O.; Afpmi
G.; Winpenny, R. E. PJ. Chem. Soc., Dalton Tran8003 2318. (c)
Du, M.; Bu, X.-H.; Guo, Y.-M.; Ribas, JChem—Eur. J. 2004 10,
1345. (d) Xiang, S.-C.; Hu, S.-M.; Zhang, J.-J.; Wu X.-T.; Li. J.-Q.
Eur. J. Inorg. Chem2005 2706.

later. Yield: 0.25 g, 20.8%. Element anal. Calcd f@iH344N160175
CligCwsGds: C, 10.69; H, 3.42; N, 3.12; Cl, 8.87. Found: C, 10.93;
H, 2.91; N, 3.25; ClI, 8.64.
Nay[ThsCuze(u3-OH)30(Gly) 18(ClO4) (H20)22] - (ClO4)25: -
(H20)42 (2). To an aqueous solution (10 mL) of Th(C)@6H,0
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6H,0 and 2-methylalanine, and the proportion of the reactants was

phosphorus pentaoxide. Blue crystals were obtained about a month



{GdsCuz4}, { TheCuze}, and { (LnsCuzs)-Cu}

Table 2. Selected Bond Lengths (A) fdi®

Gd-+-Gd 6.941-6.976
Gd-+-Cu(inner) 3.448-3.509
Gd---Cu(outer) 3.529-3.586
Cu(inner)--Cu(inner) 3.35%3.429
Cu(outer)--Cu(outer) 3.009-3.156
Cu(7-0(3) 1.948(4)
Cu(7-0(13) 1.937(5)
Cu(7)-0(43) 1.966(4)
Cu(7-N(2) 1.968(7)
Cu(7)-0(59) 2.331(8)
Cu(8y-0(1) 1.956(4)
Cu(8)-0(14) 1.955(4)
Cu(8)-0(43) 1.967(4)
Cu(8-N(1) 1.949(7)
Cu(8)-0(60) 2.299(7)
Cu(9-0(9) 1.960(4)
Cu(9)-0(44) 1.973(5)
Cu(9)-0(57) 1.950(6)
Cu(9)-N(5) 1.973(7)
Cu(9-0O(61)#1 2.502(10)
Cu(9y-0O(73)#1 2.498(6)

Gd-O(OH) 2.409(4)-2.460(4)
Gd-O(OHy) 2.429(5)-2.477(5)
Gd-O(carboxyl) 2.522(4y2.573(4)
Cu(inneryO(OH) 1.955(4)-1.988(4)
Cu(inneryO(carboxyl) 2.302(4)2.350(5)
Cu(16y0(5) 1.952(5)
Cu(16y0(44) 1.978(5)
Cu(16y0O(58) 1.953(7)
Cu(10yN(3) 1.984(7)
Cu(16yO(73)#1 2.469(6)
Cu(16)0(71)#1 2.530(7)
Cu(1HoO(7) 1.960(4)
Cu(110O(15) 1.962(5)
Cu(11y0O(45) 1.964(5)
Cu(1HN(4) 1.972(6)
Cu(1H0(72) 2.405(6)
Cu(12)0(11) 1.944(4)
Cu(120(16) 1.936(5)
Cu(12)y0(45) 1.958(4)
Cu(12)N(6) 1.974(6)
Cu(120(201) 2.402(8)

aSymmetry transformations used to generate equivalent atoms:x#1 —vy, 1 — z

Table 3. Selected Bond Angles (deg) far

Cu(outery-O(carboxyl)-Gd
Cu(outery-O(OH)-Gd

103.2(2)-104.0(2)
106.0(2)-107.5(2)

Cu(outery-O(OH)—Cu(outer) 99.8(2)106.0(2)
0O(31)-Gd(1)-0(34) 67.49(14)
O(34)-Gd(1)-0(40) 66.50(14)
O(40)-Gd(1)-0(42) 66.18(14)
O(42)-Gd(1)-0(31) 67.43(14)
0O(1)-Gd(1-0(3) 82.15(14)
0O(3)-Gd(1-0(52) 82.50(15)
0O(52)-Gd(1)-0(51) 82.62(16)
O(1)-Gd(1)-0O(51) 80.56(18)
O(43)-Gd(1)-0(1) 64.51(14)
O(43)-Gd(1)-0(3) 64.10(14)
O(43)-Gd(1)-0(51) 71.67(15)
O(43)-Gd(1)-0(52) 72.18(15)
0O(1)-Gd(1)-0(31) 73.09(14)
O(1)-Gd(1)-0(34) 73.72(14)
O(31)-Cu(1)-0(32) 93.25(18)
O(31)-Cu(1)-0(34) 85.63(18)
O(31)-Cu(1)-0(35) 176.95(17)
0O(32)-Cu(1)-0(34) 176.41(18)
O(3)—Cu(7)-N(2) 84.6(2)
O(13)-Cu(7)-N(2) 96.8(2)
O(13)-Cu(7)-0(3) 173.9(2)

Cu(innery O(OH)—Gd

102.7(2)-105.8(2)
Cu(innery O(OH)—Cu(inner)

115.7(2y120.8(2)

O(43)yCu(7)-N(2) 163.7(3)
N(1Cu(8)-0(1) 84.2(2)
N(1Cu(8)-0(14) 96.6(3)
O(14)yCu(8)-0(1) 171.4(2)
N(1)-Cu(8)-0(43) 161.8(4)
O(5BCu(9)-N(5) 96.5(3)
0(9) Cu(9)-N(5) 83.7(2)
O(5BCu(9)-0(9) 178.4(3)
N(5)-Cu(9)-0(44) 168.2(2)
O(5)Cu(10)y-0(44) 84.63(19)
O(58)Cu(10)-0(44) 97.2(4)
O(5)Cu(10)-0(58) 178.1(4)
O(44YCu(10)-N(3) 168.5(2)
O(ACu(11)-0(45) 83.96(18)
O(15)Cu(11)-O(45) 93.9(2)
O(ACu(11)-0(15) 170.4(2)
O(45)Cu(11)-N(4) 167.0(2)
O(16)Cu(12)-0(45) 94.5(2)
O(11)-Cu(12)-0(45) 85.09(18)
O(16¥Cu(12)-0(11) 173.9(2)
O(45) Cu(12)-N(6) 169.7(2)

(0.565 g, 1 mmol) was added glycine (0.075 g, 1 mmol). The pH filled with phosphorus pentaoxide. Blue crystals were obtained
value of the reaction mixture was carefully adjusted to about 6.6 about a month later. F@, yield = 0.26 g, 22.6%. Element anal.
by the slow addition of 0.1 M NaOH solution, and the solution Calcd for GsHHsgClagCugN2603155My,: C, 13.87; H, 3.64; N, 2.73;

was stirred at 50C for about 2 h. Cu(Clg),-6H,0 (0.73 g, 2 mmol)

Cl, 5.32. Found: C, 13.59; H, 3.27; N, 2.92; ClI, 5.91. yr

was then added, and the pH value of the reaction mixture was againelemental anal. Calcd forigHgClooCuygN2603:4G 2 C, 13.79;

adjusted to about 6.6. After anottizh of being stirred, the solution

H, 3.62; N, 2.71; Cl, 5.28. Found: C, 13.68; H, 3.31; N, 2.86; ClI,

was filtrated and placed in a desiccator filled with phosphorus 5.74. Unit-cell parameters for G#¢ a = 29.9771(5) A,b =
pentaoxide. Blue crystals were obtained about a month later. 27.6466(5) A,c = 29.1622(3) Ao = 90°, 8 = 93.470(1), y =

Yield: 0.31 g, 22.7%. Element anal. Calcd fogs8,30Cl26CUpeN 15
NayO,34Ths: C 5.22; H, 2.80; N, 3.05; Na, 1.11; Cl, 11.13. Found:

C, 5.43; H, 2.51; N, 3.25; Na, 1.36; Cl, 10.64.

{[Ln GCU24(M3-OH)30(PI’O)12(AC)5(C|O4)(H 20)13].Cu(Pro),} -
(ClO4)18(OH)16°(H20)s5 (Ln = Sm(3), Gd(4)). To an aqueous
solution (10 mL) of Ln(ClQ)36H,O (1 mmol) were added Cu-
(Cl0O4)»-6H,0, NaAc3H,0, andL-Proline, and the proportion of
the reactants was controlled to be 1:6:1:4t:GuW*:Pro:Ac". The

90°.

X-ray Crystallography. Intensity data forl were collected at
130.15 K on a Rigaku Mercury CCD area detector, and data for
2—4 were collected at 293.15 K on a Siemens Smart/CCD area
detector diffractometer with Mo & radiation ¢= 0.71073 A). Data
reduction and unit-cell refinement were performed with Smart-CCD
softwarel* The structures were solved by direct methods using

pH value of the reaction mixture was then carefully adjusted to (12) Coxall, R. A Harris, S. G.; Henderson, D. K.; Parsons, S.; Tasker,

about 6.6 by the slow addition of 0.1 M NaOH solution. After 2 h
of being stirred, the solution was filtrated and placed in a desiccator

P. A;; Winpenny, R. E. PJ. Chem. Soc., Dalton Trang00Q0 2349.
(13) Kido, T.; lkuta, Y.; Sunatsuki, Y.; Ogawa, Y.; Matsumoto, N.; Re,
N. Inorg. Chem 2003 42, 398.
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Figure 2. View of the structure of vertices of the octahedronlof

SHELXS-9%% and were refined by full-matrix least-squares meth-
ods using SHELXL-978 The anisotropic displacement parameters
were refined for all non-hydrogen atoms except some of the oxygen
atoms from free water molecules and GiOFinalR = Y (||Fo| —
IFel)/21Fol, Ry = { ZW[(Fe? — FA)A/ > W{(F-A)7} 2 with w = 1/[o*

(Fod + (aP)? + bP] (where P = (F,2 + 2F)/3). The crystal-
lographic data are summarized in Table 1.

Results and Discussion

Structure of the Clusters. The structure of the cation of
1is shown in Figure 1. Selected bond distances and angles
are shown in Tables 2 and 3, respectively. Complé&ds-
Clg} is built from a huge GgCu, octahedron with
pseudocubi®©;, symmetry (inner core) connect with twelve
outer Cd*. Six Gd" ions with an average distance of about

7 A locate at the vertices of an octahedron and 12 innér Cu : (T:J
ions locate at the midpoints of the octahedral edges. The ®o
average Gd-Cu(inner) and Cu(inner)-Cu(inner) distances o
are about 3.5 and 3.4 A, respectively. Each"Gdn also ®c

interconnects two outer Guons with the help of one outer _ _
uz-OH™ and two [3.12,313]-coordinated 2-methylalanine ~ Figure 4. Structure of the cation a2.
ligands (as shown in Figure 2). The average -&¢u(outer)

distance is about 3.5 A, whereas that of two neighboring 103106, whereas the angles of Cu(oute—Cu(outer)

(?Uter Cd* is about 3.0 A, T'hirtyyg-OH‘ groups, each and Gd-O—Cu(outer) are in the range of 1606 and
linking one Gd' and two CU ions, are used to construct 106-108.

the metal framework. The angles of Cu(inre®—Cu(inner)

: . The coordination polyhedron of the nine-coordinated'Gd
and Gd-O—Cu(inner) are in the range of 1382C¢° and

with an Q donor set may be best described as a monocapped
(14) XSCANS version 2.1; Siemens Analytical X-ray Instruments Inc.: Squ”are antlprlgm (fOLwI3-OH grOUpS coordinating to one
Madison, WI, 1994. Gd" and two inner Cli constitute the lower plane. Two

(15) Sheldrick, G. M.SHELXS-97Program for X-ray Crystal Structure  carboxylate oxygen atoms and two water molecules constitute

Solution University of Gdtingen: Gdtingen, Germany, 1997. _ P
(16) Sheldrick, G. MSHELXL-97, Program for X-ray Crystal Structure the upper plane. O%'OH coordlnatlng to one Gtand

RefinementUniversity of Gadtingen: Gitingen, Germany, 1997. two outer Cl acts as a “cap”, as shown in Figure 3). The
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{GdsCuz4}, { TheCuze}, and { (LnsCuzs).Cu}

Table 4. Selected Bond Lengths (A) fa

The-Th
Th---Cu(inner)
Th---Cu(outer)
Cu(inner)--Cu(inner)
Cu(outer)--Cu(outer)
Cu(7-0(1)
Cu(7)-0(13)
Cu(7-0(33)
Cu(7)-N(1)
Cu(8-0(3)
Cu(8)-0(14)
Cu(8y-0(33)
Cu(8)-N(2)
Cu(9-0(5)
Cu(9y-0(34)
Cu(9)-0(50)
Cu(9)-N(3)
Cu(10)-0(7)
Cu(10)-0(34)
Cu(10)-0(51)

Table 5. Selected Bond Angles (deg) f@r

6.925-6.961
3.438-3.515
3.5283.571
3.3343.411
3.0483.139
1.967(9)
1.940(10)
1.966(9)
1.952(13)
1.971(9)
1.957(10)
1.964(10)
1.952(15)
1.975(9)
1.973(10)
1.955(10)
1.962(15)
1.968(9)
1.950(10)
1.990(11)

Th-O(OH) 2.385(9)-2.464(8)
Th-O(OHy) 2.423(10y-2.476(9)
Th-O(carboxyl) 2.497(9)2.516(9)

Cu(inner)-O(OH)
Cu(inner)-O(carboxyl)

1.955(8L.989(8)
2.284(16}.325(10)

Cu(10yN(4) 1.956(16)
Cu(18)0(47) 2.391(13)
Cu(110(10) 1.953(10)
Cu(1B0(15) 1.930(11)
Cu(1B0(35) 1.951(10)
Cu(1BN(5) 1.962(13)
cu(12)0(11) 1.982(10)
Cu(12Y0(16) 2.002(11)
Cu(12)0(35) 1.958(9)
Cu(12N(6) 1.982(13)
Cu(12)0(18) 2.265(12)
Cu(13Y0(17) 1.949(13)
Cu(13y0(48) 1.979(19)
Cu(13)0(49) 1.94(2)
Cu(13)N(9) 1.98(2)

Cu(outer)-O(carboxyl)-Gd
Cu(outer-O(OH)-Gd
Cu(outery-O(OH)—Cu(outer)
O(21)-Th(1)—0O(23)
O(23)-Th(1)—0(27)
O(27Th(1)—0(28)
O(28)-Th(1)—-0O(21)
O(1)-Th(1)-0O(3)
O(3)—Th(1)-0O(41)
O(41y-Th(1)-0(42)
O(42)-Th(1)—-0O(1)
O(33)-Th(1)—0O(41)
O(33y-Th(1)-0(1)
O(33)-Th(1)-0O(3)
O(33)-Th(1)—0O(42)
O(23)-Th(1)-0(1)
O(21)y-Cu(1)y-0(22)
O(21)-Cu(1)-0(23)
0O(22)-Cu(1)-0(23)
O(21y-Cu(1y-0(24)
O(13)-Cu(7)-N(1)
N(1)—Cu(7)-0(1)
O(13)-Cu(7y-0(1)
N(1)—Cu(7)-0(33)
N(2)—Cu(8)-0(14)

Gd—0 bond distances are in the range of 22157 A. The
inner CUd ion has a slightly distorted six-coordinated
octahedral configuration with ang@onor set (The equatorial
plane is determined by fout;-OH™ groups with Cu-O bond
distances of about 1.961.99 A, whereas the apical places
are occupied by two oxygen atoms from one ¢€l@nd one
carboxylate group, respectively, with €0 bond distances
of about 2.3-2.4 A). For the 12 outer Ct ions, eight of

Scheme 1.
by the Harris Notatio#?

!
I

[2.110] [2.111212]

103.9(4)-104.7(4)
106.7(4)-108.6(4)
101.7(4Y106.0(5)
68.1(3)

67.1(3)

65.8(3)

65.9(3)

87.0(3)

81.5(3)

76.6(3)

83.3(3)

72.1(3)

64.1(3)

64.2(3)

73.6(3)

73.1(3)

96.8(4)

85.2(4)

176.3(4)

176.2(4)

96.0(5)

85.6(4)

174.6(5)

168.5(5)

97.0(5)

Three Coordination Modes of Glycinato Ligands Indicated

o

Cu

[3.1122315]

Cu(inneryO(OH)—Gd
Cu(innery O(OH)—Cu(inner)

102.4(4)-106.5(4)
114.9(4¥120.2(5)

N(2)-Cu(8)-0(3) 85.0(5)
N(2)-Cu(8)-0(33) 168.6(5)
O(14yCu(8)-0(3) 170.4(5)
N(3)-Cu(9)-0(5) 84.8(5)
O(50) Cu(9)-N(3) 99.0(6)
O(50) Cu(9)-0(5) 174.6(5)
N(3)-Cu(9)-0(34) 168.0(5)
N(4)-Cu(10)-0(7) 85.0(5)
0(34) Cu(10)-0(7) 83.8(4)
O(7-Cu(10)-0(51) 174.0(6)
O(34) Cu(10)-N(4) 168.6(5)
O(10)Cu(11)-N(5) 85.5(5)
O(35) Cu(11)-0(10) 84.2(4)
O(15) Cu(11)-0(10) 172.0(5)
O(35y Cu(11)-N(5) 169.6(5)
0(35) Cu(12)-0(16) 94.1(5)
O(11)Cu(12)-N(6) 84.8(5)
O(35yCu(12)-N(6) 166.4(5)
O(11)Cu(12)-0(16) 169.8(5)
O(17rCu(13)-N(9) 85.7(6)
O(48) Cu(13)-N(9) 91.4(10)
O(17Cu(13)-0(48) 173.7(8)
O(49) Cu(13)-N(9) 173.7(8)

them are five-coordinated in a NGquare-pyramidal ge-
ometry. Its square plane is determined by one nitrogen atom
and one carboxylate oxygen atom from chelating 2-methy-
lalanine, another carboxylate oxygen atom from bridging
2-methylalanine, and ongs-OH~. The bond distances are
in the range of 1.941.97 A. The apical plane is occupied
by an oxygen atom from a water molecule or a £l@nion.
The bond distances are in the range of 230+1 A. The
other four outer C# ions adopt six-coordinated NGn a
slightly distorted octahedral configuration. Its square-plane
is determined by one nitrogen atom and one carboxylate
oxygen atom from chelating 2-methylalanine, one water
molecule, and ongs-OH™ group. The apical plane is also
occupied by an oxygen atom from a water molecule or a
ClO,~ anion. The bond distances are in the range of 2.46
2.53 A.

There are two coordination modes for the 2-methylalanine
ligands in this cluster (as shown in Scheme 1). (1) Four
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Figure 5. Structure of the cation d3-Sm.

Table 6. Selected Bond Lengths (A) f@&

Smr+-Sm 6.986-7.027 Sm-O(OH) 2.40(2y-2.51(2)
Snr--Cu(inner) 3.4653.543 Sm-O(OH,) 2.43(2-2.53(2)
Smr--Cu(outer) 3.562-3.604 Sm-O(carboxyl) 2.50(2y2.60(2)
Cu(inner)-Cu(inner) 3.3173.420 Cu(innery-O(carboxyl) 2.31(2y2.39(2)
Cu(outer)-Cu(outer) 2.9883.079 Cu(inneryO(OH) 1.92(2y-2.03(2)
Cu(13)-0(17) 1.96(2) Cu(19y0(57) 1.95(2)
Cu(13)-0(54) 1.98(2) Cu(19y0(67) 1.94(2)
Cu(13)-0(62) 1.94(2) Cu(19yN(12) 2.02(3)
Cu(13)-N(9) 1.96(3) Cu(20y0(7) 1.97(2)
Cu(14)-0(1) 1.96(2) Cu(20y0(57) 1.96(2)
Cu(14)-0(54) 1.93(2) Cu(20y0(68) 1.99(2)
Cu(14)y-0(61) 1.95(2) Cu(20yN(4) 2.03(3)
Cu(14)-N(1) 2.02(4) Cu(21)y0(15) 1.97(2)
Cu(15)-0(3) 1.96(2) Cu(21y0O(58) 1.96(2)
Cu(15)-0(55) 1.97(2) Cu(210(69) 1.98(2)
Cu(15)-0(63) 1.93(2) Cu(21yN(8) 2.00(3)
Cu(15)-N(2) 1.99(3) Cu(21)y0(25) 2.35(3)
Cu(15)-0(85) 2.39(3) Cu(22y0(9) 1.96(2)
Cu(16)-0(11) 2.00(2) Cu(22y0(58) 1.92(2)
Cu(16)-0(55) 1.98(2) Cu(22y0(70) 1.96(2)
Cu(16)-0(64) 1.93(2) Cu(22yN(5) 2.00(3)
Cu(16)-N(6) 1.99(3) Cu(23y0(19) 1.98(2)
Cu(17)-0(5) 1.96(2) Cu(23y0(59) 2.00(2)
Cu(17)-0(56) 1.98(3) Cu(23y0(71) 1.94(2)
Cu(17)-0(65) 1.98(3) Cu(23yN(10) 1.92(3)
Cu(17y-N(3) 1.99(3) Cu(24y0(21) 1.98(2)
Cu(18)-0(13) 1.97(2) Cu(24y0(59) 2.00(2)
Cu(18)-0(56) 1.97(2) Cu(24y0(72) 1.99(2)
Cu(18)-0(66) 1.96(2) Cu(24yN(11) 2.01(3)
Cu(18)-N(7) 1.99(3) Cu(25)0(26) 1.89(2)
Cu(19)-0(23) 1.97(2) Cu(25yN(13) 1.99(3)

[2.110]-coordinated 2-methylalanines, each coordinating to the same as that ihexcept for a slight difference in the 12

two neighboring outer CU ions; (2) 12 [3.12313)- outer Cd@" ions and the ligand. For the 12 outer®ions,
coordinated 2-methylalanines, each chelating to one innereight are four-coordinated in square-planar geometry. The
CUu', one outer Cl}, and one GH ion. other four adopt five-coordinated NGsquare-pyramidal

It should be noted that the C}O anion captured in the  geometry. Two [Cu(Gly)(HO),]" groups are connected to
cage may play the role of a template. Each oxygen atom of the{ TbsCw.4} main structure with the help of two [21b1,]-
the anion coordinates to three inner'Gons that come from  coordinated glycinato ligands. The terminal'Gon coor-
the same plane in thEGdCu,5} octahedron. dinates to two water molecules, one nitrogen atom, and one
The structure of the cation d is shown in Figure 4.  0oxygen atom from a glycinato ligand. The spare carboxylate
Selected bond distances and angles are shown in Tables #xygen atom of the amino acid ligand occupies the fifth-
and 5, respectively. The structure dfnay be described as  coordinated site of an outer Cipn (Cul2), and thus [Cu-
a{TbsClps} Main structure connected with two [Cu(Gly)- (Gly)(H20),]" groups and thg ThsClpst main body are
(H20),]* groups. The{ ThsClp4} main structure is almost  connected.
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Table 7. Selected Bond Angles (deg) f@#

Cu(outer)-O(carboxyl}-Sm 103.1(9)-105.2(10) Cu(inneryO(OH)—Sm 101.5(9)-106.9(8)
Cu(outery-O(OH)—Sm 105.0(9)-109.6(10) Cu(inneryO(OH)—Cu(inner) 113.8(9)120.4(9)
Cu(outery-O(OH)—Cu(outer) 98.9(9)105.0(8)

O(30)-Sm(1)-0(39) 64.1(6) O(56)Cu(17)-N(3) 168.0(10)
O(39)-Sm(1)y-0(45) 65.2(6) O(5)Cu(17)-N(3) 85.2(11)
O(45)-Sm(1)-0(42) 66.6(6) O(65)yCu(17)-N(3) 97.8(13)
O(42)-Sm(1)-0O(30) 65.6(7) 0O(66)Cu(18)-0O(13) 176.0(13)
O(1)-Sm(1y-0(17) 85.4(8) N(73-Cu(18)-0(56) 167.9(12)
O(17)-Sm(1)y-0O(74) 82.2(8) O(66)Cu(18)-N(7) 95.8(13)
O(74)-Sm(1)-0O(73) 80.7(9) O(13)yCu(18)-N(7) 83.4(11)
O(73)-Sm(1)-0O(1) 80.9(8) 0O(23)Cu(19)-0(67) 169.4(10)
O(54)-Sm(1)-0(1) 63.3(7) O(57yCu(19)-N(12) 171.9(12)
O(54)-Sm(1)-0(17) 62.9(6) O(23)yCu(19)-N(12) 86.0(11)
O(54)y-Sm(1)-0O(73) 75.3(8) O(67Cu(19)-N(12) 92.4(12)
O(54)-Sm(1)y-0O(74) 73.7(8) O(7Cu(20)-0(68) 170.4(10)
O(30)-Sm(1)-0O(1) 74.5(7) O(57)-Cu(20)-N(4) 167.7(10)
O(42)-Sm(1)-0(1) 73.6(7) O(73Cu(20)-N(4) 83.7(10)
O(31)-Cu(1)y-0(30) 94.6(8) 0O(68)Cu(20)-N(4) 96.0(11)
O(42)—Cu(1)-0(30) 86.2(8) O(69)Cu(21)-0(15) 164.7(10)
O(42)-Cu(1)-0(31) 176.4(9) O(58)Cu(21)-N(8) 168.3(10)
O(30)-Cu(1y-0(43) 177.5(8) 0O(69)Cu(21)-N(8) 96.2(12)
O(62)—Cu(13)-N(9) 98.4(12) O(15)Cu(21)-N(8) 83.5(10)
N(9)—Cu(13-0(17) 84.6(11) O(70yCu(22)-0(9) 174.9(11)
N(9)—Cu(13)-0(54) 166.5(10) O(58)Cu(22)-N(5) 169.4(9)
0O(62)-Cu(13)-0(17) 170.6(12) O(76)Cu(22)-N(5) 95.8(11)
O(61)-Cu(14)-0(1) 177.0(11) O(9)Cu(22)-N(5) 84.4(10)
O(54)-Cu(14)-N(1) 169.6(10) O(7%)yCu(23-0(19) 172.9(10)
O(61)y-Cu(14)-N(1) 94.7(12) N(10)-Cu(23)-0(59) 170.6(11)
O(1)—Cu(14)-N(1) 85.4(11) O(71)Cu(23)-N(10) 93.6(11)
O(63)—Cu(15)-0(3) 172.0(13) N(10)Cu(23)-0(19) 85.8(11)
O(55)-Cu(15)-N(2) 166.9(12) O(21)yCu(24-0(72) 169.0(10)
O(3)—Cu(15)-N(2) 84.7(13) 0O(59) Cu(24)-N(11) 168.4(9)
O(63)—Cu(15)-N(2) 96.1(13) O(21)Cu(24)-N(11) 85.7(9)
O(64)-Cu(16)-0(11) 174.4(10) O(72)Cu(24-N(11) 95.6(10)
O(55)-Cu(16)-N(6) 168.9(12) O(26)Cu(25)-0(26)#1 174.6(33)
O(64)-Cu(16)-N(6) 93.2(13) N(13) Cu(25)-N(13)#1 168.2(26)
O(11)-Cu(16)-N(6) 87.3(12) O(26)Cu(25)-N(13) 87.5(11)
O(5)—Cu(17)-0(65) 170.5(13) O(26)#1Cu(25)-N(13) 93.1(11)

a Symmetry transformations used to generate equivalent atoms:x#t 1,y, —z + 1.

X-ray structure analyses showed ti3atSm) and4 (Gd) we found that ifL-proline was used to replace glycine or
are isomorphous, so only the structure3d¢Sm) is reported L-alanine and react with I3 and C@" ions (in the presence
here as an exampl&he structure of the cation &Sm is of Ac™), an unexpected 61-nucle@rn;,Cuwg} cluster, rather
shown in Figure 5. Selected bond distances and angles arehan 30-nucleaf LnsClp4} clusters, can be obtainé@. It
shown in Tables 6 and 7, respectively. The structur8-of can be viewed as a dimer of tf&nsCup4} unit (two {Lne-

Sm can be described as tW&msClp4} octahedral units  Cuwg} octahedral units connected bytins-Cu(proline)
(almost the same d9 connected by a trans-Cu(psdjridge. bridge). The cluster also represents the largest known 3d
For the 12 outer Clions, nine of them are four-coordinated 4f heteronuclear cluster so far. The large side chain of the
in square-planar geometry. The other three adopt a five- L-prolinato ligand is proposed to play an important role in
coordinated N@square-pyramidal geometry. Six bidentate the great difference between them.

acetate ligands, each coordinating to two neighboring outer  An impressive structural feature of the clusters is the large
Cu?, are also used to construct the cluster. In addition, Cu25 sjze. The sizes fol—3 are 2.45x 2.45 x 1.98, 2.69x
(bridge) coordinates to two [2115]-coordinated proline 2,47 x 1.98, and 4.33x 2.38 x 2.38 nmi, respectively,
ligands in trans form; therans-Cu(pro) bridge thus formed  which are significantly larger than those of other high-nuclear
uses carboxylate oxygen atoms to coordinate to the fifth- 3d—4f heteronuclear clusteps®

coordinated site of Cu21 and the ty8mClp4} units are

connected. Electrical Conductivity and Magnetic Property. The
The LnsCuy; inner core in these structures is similar to electrical conductivities a2—4 at different temperatures have
the{LneCuz} cluster withy,-coordinated betaine as ligal@! been measured, as shown in Figure 6. It is very interesting

But asa-amino acids have more coordination modes than that the high-nuclear 3e4f heterometallic clusters with an
betaine, this leads to structures of the complexes that areamino acid are temperature-sensitive semiconductors.
much more beautiful and intriguing than the OD 18-nuclear  The electrical conductivity o2, 3-Sm, and4-Gd were
complex. In previous workwe have shown when Bn and determined as powder samples from ground crystals. The
CW" ions react with amino acid ligands under different electrical conductivity oR at 263 K is 2.85x 108 S cm?
conditions, series of 0D, 1D, 2D, or 3D compounds based and increases to 6.5% 10 S cnt! at 313 K, which

on a similar{ LneCl4} unit can be obtained. In this article, indicates that it is a temperature-sensitive semicondugtor.
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Figure 7. Temperature dependence of the magnetic susceptibiligy 8fSm, and4-Gd. (5-300 K at 10 000 G).

Sm and4-Gd show similar conductivity behaviors and are at 10 000 G and are shown in Figure 7. At 300 K, th&

also semiconductors. A large network of hydrogen bonds value per ThCuyg unit is 77.37 cmh mol™ K, which is

and the migration of some single-ion species, such as Na comparable to the expected value (80.62) for si¥ Tith

OH~, and H, are proposed to play an important role in the the free-ion state and 26 spin-only 'Cions G = 1/2,g =

electrical conductivity of the discrete compouffa!’ 2). With a decrease in temperature, el value increases
The magnetic property df can refer to the data in [Gd very slowly and reaches a maximum of 81.58%nol* K

Cug(uz-OH)zo(Ala)12(Ac)s(ClO4)(H20) 2] - (ClO4)10- (OH);- around 26 K. This result shows the exchange interactions

(H20)z4.7¢ Temperature-dependent magnetic susceptibilities are very weak. A further decreaseyinT below 26 K might

of complexe2—4 were measured in the range of 300 K be due to spinorbit coupling or field saturation effects.
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Although ferromagnetic Th-Cu interaction has been ob- Conclusion

served in several other polynuclear-¥Bu clusters®'3we In summary, with_-proline, glycine, and 2-methylalanine
cannot tell the nature of the ThCu interaction iz onthe a5 jigands, two isostructural 61-nuclear (the largest known
basis of the above experiments (we could not synthesize a3q—a4f heteronuclear clusters), one 32-nuclear cluster and
crystalline isostructural [LeCtps] compound). one 30-nuclear 3€4f cluster were synthesized through

A free-ion approximation for Sm(lll) is not valid because controlling the hydrolysis of metal ions. All of them are based
of the presence of thermally populated excited states. Theon the {LnsCly4} octahedral unit. Previodsand current
calculatedyw T value at room temperature f8rSm is about results show that the size of the side chain of the amino acid
18.96 cmi mol~! K, close to the calculated value of 20.29 ligand plays an important role in affecting the final hydrolysis
cn® molt K (a ywT value of 0.32 crimol™ K is used for products of 3d and 4f metal ions. Similar results have also
St ion'®). For4-Gd, theymT value at 300 K is 96.09 cfn been observed in the hydrolysis of 4f io¥s-uture work
mol~1 K, compared with the calculated value of 112.872%cm will focus on the research of amino acid ligands with side
mol~! K. Upon cooling, theyy T value first increases slowly, ~ chains containing O- or N-donor atoms.
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