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Three novel ferrocenecarboxylato-bridged lanthanide dimers [Gd,(u2-OOCFc),(OOCFc)s(MeOH),(H20),]-2MeOH-
2H,0 (1) (FC = (775-C5H5)Fe(175-C5H4)), [Nd2(/12-OOCFC)z(OOCFC)4(Hzo)4]'ZMeOH‘Hzo (2), and [Yz(ﬂz-OOCFC)z-
(OOCFc)4(H20)4]-2MeOH (3) have been synthesized and characterized by single-crystal X-ray crystallography. In
each complex, two Ln(lll) (Ln = Gd, Nd, or Y) ions are bridged by two ferrocenecarboxylate anions as asymmetrically
bridging ligands, leading to dimeric cores, [Ln,(u2-OO0CFc),); each Ln(lll) ion has an irregular polyhedral coordination
environment with nine coordinated oxygen atoms derived from the ferrocenecarboxylate ligands and coordinated
solvent molecules. In the solid-state structure of compound 1, [Gd,(u2-OOCFc),(OOCFc)s(MeOH),(H,0),] groups
are joined together by hydrogen bonds forming a two-dimensional network. Both compounds 2 and 3 show one-
dimensional chain structures by hydrogen bonding; they are different from 1. Magnetic measurements show
unexpected ferromagnetic coupling between the gadolinium(1ll) ions; the best fittings to the experimental magnetic
susceptibilities gave J = 0.006 cm~! and g = 2.0 for 1. The magnetic behavior for 2 was also studied in the
temperature range of 1.8—300 K.

Introduction multifunctional ligands due to their size and the strong
inductive effect of the ferrocene unit from early d8tudies
revealed that ferrocenecarboxylate anions also act as terminal
monodentate or bidentate ligands or Oltidging ligands.
Importantly, depending on the coordination mode of fer-
rocenecarboxylato ligand to one or more metal cations, a
wide variety of interesting compounds containing ferrocene
e . can be obtained since ferrocene-containing complexes may
complexes containing carboxylate_ ligands h‘_we been P" have some unusual properties, for example as components
pared, and almost all of them are in polymeric forns. in homogeneous cataly$tand potential applications of

~ Ferrocenecarboxylic acid and its sodium salt as Very material sciences such as molecular sefismrd molecular
important carboxylate derivatives have attracted much inter- magneti€ and nonlinear optical materialsSeveral groups

est in coordination chemistry. They have been exploited as, o\ e reported a number of transition metal complexes

Towh p rould bo add F—— ® containing ferrocenecarboxylato ligarfdsyt little is known
0 wnhom corresponaence snou € adaressed. e-mail: houhongwi - .
zzu.edu.cn. Fax-t86-371-7761744. of lanthanide complexes containing ferrocenecarboxylate to
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Rabu, P.; Sironi, A.; Skoulios, AEur. J. Inorg. Chem2001, 2843. metals are of great interest because of their unique physi-
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It is well-known that carboxylate ligands play an important
role in coordination chemistry. They usually adopt binding
modes diverse as terminal monodentate, chelating to one
metal center, bridging bidentate in a syn-syn, syn-anti, and
anti-anti configuration to two metal centers, and bridging
tridentate to two metal centeY#\ large number of lanthanide
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A. Bull. Chem. Soc. Jpri986 59, 1015. (e) Zhang, D. L.; Huang, C. D. K. Prog. Inorg. Chem1997, 46, 1.

H.; Xu, G. X.; Zheng, Q. T.; He, C. HChin. J. Inorg. Chem(Chin. (6) Miller, J. S.; Epstein, A. JAngew. Chem., Int. Ed. Engl994 33,

Ed) 1992 8, 22. (f) Vaidhyanathan, R.; Natarajan, S.; Rao, C. N. R. 385.

Chem. Mater2001, 13, 185. (g) Sun, D.-F.; Cao, R.; Liang, Y.-C; (7) (a) Nguyen, P.; Gmez-Elipe, P.; Manners, Chem. Re. 1999 99,

Shi, Q.; Hong, M.-CJ. Chem. Soc., Dalton Tran2002 1847. 1515. (b) Long, N. JAngew. Chem., Int. E&Engl. 1995 34, 21.
428 Inorganic Chemistry, Vol. 42, No. 2, 2003 10.1021/ic025753w CCC: $25.00  © 2003 American Chemical Society

Published on Web 12/13/2002



Ferrocenecarboxylato-Bridged Lanthanide Dimers

cochemical properties!! In this context, people have complexes containing both ferrocene and lanthanide ions.
reported the magnetic properties of some homobinu&ear We utilized sodium ferrocenecarboxylate to react with
and heterobinuclear lanthanide comple¥syt it is limited lanthanide ions to afford three novel homobinuclear com-
unlike those of binuclear transition metal compleX€ghis plexes [Gd(u-OOCFcHOOCFc)(MeOH),(H,0),]-2MeOH

may be due partly to the limited number of well-characterized 2H,0 (1) (Fc = (35-CsHs)Fe(>-CsHa)), [Nda(u2-OOCFc)-
compounds and partly to the difficulty in the precise (OOCFc)(H20)4-2MeOHH,0 (2), and [Ya(u-OOCFc)-
interpretation of the experimental data in most ca&eas. (OOCFc)(H20)4]-2MeOH @), characterized their single-
this contribution, we explore these types of novel binuclear crystal structures, and further studied their magnetic proper-
ties in the temperature range of £800 K. The results show

(8) (a) Abuhijleh, A. L.; Woods, CJ. Chem. Soc., Dalton Tran$992 unexpected ferromagnetic interaction in the homobinuclear
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Zaworotko, M. JChem. Commuri994 2563. (c) Lee, S.-M.; Cheung, Gd complex.

K.-K.; Wong, W.-T.J. Organomet. Chen1996 506, 77. (d) Prokopuk,
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© I(Dgeszhh].chggnﬂ.iaSn%c.,YDeCa:It_onsﬂ'iragz_OSJC,mZQBSa. Q. Chem. Soc C, H, and N analyses were carried out on a MOD 1106 analyzer.

Dalton Trans 2002, 1847. (b) Guerriero, P.; Vigato, P. A.;"Bali, IR data were recorded on a Nicolet NEXUS 470-FTIR spectro-
J.-C. G.; Moret, EJ. Chem. Soc., Dalton Tran99Q 647. photometer with KBr pellets in the 46@000 cm! region.

(10) Casellato, U.; Guerriero, P.; Tamburini, S.; Vigato, P. A.; Graziani, \/griable-temperature maaneti ibili wer in
R.J. Chem. Soc.. Dalton Trans99Q 1533, ariable-temperature magnetic susceptibility data were obtained

(11) (a) Guerriero, P.: Sitran, S.; Vigato, P. A.; Marega, C.; Marigo, A.. ©n & SQUID susceptometer (Quantum pes'gn' MPMS-5) in the
Zametti, R.Inorg. Chim. Actal99Q 171, 103. (b) Wang, S.; Pang,  temperature range =800 K with an applied field of 500 G. All
Z.; Smith, K. D. L.; Hua, Y.-S.; Delippe, C.; Wagner, M. lorg. data have been corrected for diamagnetism by using Pascal's
Chem 1995 34, 908. (c) Cui, Y.; Zheng, F.-K.; Qian, Y.-T.; Huang, constantd?
J.-S.Inorg. Chim. Acta2001, 315, 220. o
(12) (a) Liu, S.; Gelmini, L.; Rettig, S. J.; Thompson, R. C.; Orvig,JC. Preparation of [Gd,(u,-OOCFc),(OOCFc),(MeOH),(H20),]-
Am. Chem. Soc1992 114 6081. (b) Panagiotopoulos, A.; Zafiro-  2MeOH-2H,0 (1). NaOOCFc (0.0375 g; 0.15 mmol) in MeOH

oulos, T. F.; Perlepes, S. P.; Bakalbassis, E.; Masson-Ramade, |I.; ] :
Eahn, 0.: Terzis, A.;pRaptopoulou, C.Porg. Chem1995 34, 4918, (5 mL) was added dropwise to a methanol solution (4 mL) of Gd-

(c) Costes, J.-P.; Dahan, F.; Dupuis, A.; Lagrave, S.; Laurent, J.-P. (NO3)3*5H;0 (0.0217 g; 0.05 mmol). The result pale yellow solution

Inorg. Chem 1998 37, 153. (d) Costes, J.-P.; Dupuis, A.; Lauurent,  was allowed to stand at room temperature in the dark. Good quality
J.-P.Inorg. Chim. Actal998 268 125. (e) Niu, S. Y., Yang, Z. Z.; " yaq crystals were obtained after several days. Crystals afe
Yang, Q. C.; Yang, B.; Chao, J. Q.; Yang, G. D.; Shen, E. Z. ble in the air. Yield: 68%. Anal. Calcd f Fe.O
Polyhedron1997, 16, 1629. (f) Costes, J.-P.; Clemente-Juan, J. M.; unstable in the air. Yield: 6. Anal. Calcd for;dl7gFe020-
Dahan, F.; Nicode, F.; Verelst, MAngew. Chem., Int. E®002 Gdy: C, 44.51; H, 4.16. Found: C, 45.12; H, 3.98. IR (Cm
ﬁltvﬁ- éﬁé;%'ﬁ)c\)g';é \é\% V%ﬁ;‘%aml‘.k"- Eé-o ﬁ(-e';-: sC“SG‘.ﬂ.a*fnsW KBr): 3405 m, 1522 s, 1474 s, 1393 m, 1360 s, 1185 m, 1105 m,
D. J,; -Ley, S. V; O’Mahoﬁey, C. A; YMclsherson,y C-.’Il_. Chem.y 1024 m, 81_6 m, 800 m, 509 m, 490 m.
Soc., Chem. Commum989 1531. Preparation of [Nd(#2-OOCFc),(OOCFc)4(H20)4]-2MeOH-

(13) (@) Chen, Q--Y.; Luo, Q-H.; Fu, D.-G.; Chen, J.JI.Chem. Soc.,  H,0 (2). The complex2 was prepared in a manner analogous to

Dalton Trans.2002 2873. (b) Ryazanov, M.; Nikiforov, V.; Lloret, . N .
F.. Julve, M.; Kuzmina, N.; Gleizes, Anorg. Chem 2002 41, 1816. that used to prepare Reaction of Nd(NG)s-6H,O with NaOOCFc

(c) Costes, J.-P.; Clemente-Juan, J. M.; Dahan, F.; Dumestre, F.; gave2 as red single crystals. Crystals ®fire unstable in the air.
Tuchagues, J.-finorg. Chem 2002 41, 2886. (d) Chen, Q.-Y.; Luo, Yield: 72%. Anal. Calcd for ggH7.,Fes0190Ndx: C, 44.95; H, 3.99.

Q.-H.; Zheng, L.-M.; Wang, Z.-L. Chen, J.-Thorg. Chem 2002 . . .
41, 605. (e) Costes, J.-P.; Dahan, F.; Dupuis, A.; Laurent, lheg. Found: C, 44.74; H, 3.75. IR (cmh, KBr): 3411 m, 1524 s, 1468
Chem 200Q 39, 169. (f) Ma, B.-Q.; Gao, S.; Xu, G.-ngew. Chem., s, 1359 m, 1184 m, 1105 m, 1024 m, 815 m, 794 m, 509 m, 489

Int. Ed. 2001, 40, 434. (g) Yan, F.; Chen, Z.-DJ. Phys. Chem. A m.

200Q 104, 6295. (h) Legendziewicz, J.; Borzechowska, M.; OCZkO, Preparation of [Y (ﬂ -OOCFC) (OOCFC) (H o) ]‘ZMEOH

G.; Meyer, G.New J. Chem200Q 24, 53. (i) Costes, J.-P.; Dahan, P 2y%2 2 ARG

F.; Dupuis, A.; Laurent, J.-Bnorg. Chem 1997 36, 3429. (j) Costes, (3). The complex3 was prepared according to the above methods
J.-P.; Dahan, F.; Dupuis, A.; Laurent, J.{Rorg. Chem 1997 36, also. Reaction of Y(Ng)3-6H,O with NaOOCFc produced red
4284. (k) Costes, J.-P.; Dahan, F.; Dupuis, A.; Laurent, Jntg. single crystals of3. Crystals of3 are unstable in the air. Yield:

Chem 1996 35, 2400. . .
(14) (a) Rancurel, C.; Leznoff, D. B.; Sutter, J.-P.; Golhen, S.; Ouahab, 66.5%. Anal. Calcd for gHzFeOwsY2 C, 48.38; H, 4.18.

L.; Kliava, J.; Kahn, O.norg. Chem.1999 38, 4753. (b) Asokan, Found: C, 48.11; H, 3.95. IR (cmh, KBr): 3396 m, 1522 s, 1472

A.; Varghese, B.; Manoharan, P. org. Chem1999 38, 4393. (c) s, 1394 s,1360 s, 1105 m, 10244 m, 817 m, 802 m, 512 m, 492 m.
Stumpf, H. O.; Ouahab, L.; Pei, Y.; Grandjean, D.; KahnS0ience

1993 32, 5358. (d) Che, D. J.: Li, G.; Yao, X. L.; Zhu, Y.; Zhou, D. X-ray Crystallography. Cry_stal (_1ata and experimental details

P.J. Chem. Soc., Dalton Tran$999 2683. (e) Che, D. J.; Yao, X. for compoundsl—3 are contained in Table 1. All measurements

IF}'; LI,QG.;CLhI, Y.ZH. é. Ch.JemWSQCH D'eztlton Tvr\;':mf’ii% 1,]81_5|§h ® were made on a Rigaku RAXIS-IV imaging plate area detector
en, Q.; en, £.; ren, J.; el, A.; Feng, i ang YS. . ita. P —

Chem: A2002 106.6161. (g) Fabrizi de Bian, F.. Ruiz, E.: Cano. J.. With graphite-monochromated Modkradiation ¢ = 0.710 73 A).

Novoa, J. J.; Alvarez, Snorg. Chem200Q 39, 3221. (h) Ruiz, E.; Red prismatic single crystals 4f(0.30 x 0.20 x 0.20 mm), of2

Alemany, P.; Alvarez, S.; Cano,J.Am. Chem. S0¢997 119, 1297. (0.25 x 0.20 x 0.20 mm), and of3 (0.28 x 0.25 x 0.20 mm)

(i) Estil, G.; Cukiernik, F. D.; Maldivi, P.; Poizat, Qnorg. Chem.
1999 38, 3030. (j) Ishida, T.; Kawakami, T.; Mitsubori, S.-I.; Nogami,
T.; Yamaguchi, K.; lwamura, HJ. Chem. Soc., Dalton Tran2002

were selected and mounted on a glass fiber. All data were collected

3177. (k) Tercero, J.; Diaz, C.; Ribas, J.; Mahia, J.; MiguelQ¥lem. (16) Gmelin Handbuch der Anorganische Chemie. Eisen Organische
Commun2002 364. VerbindungenSpringer-Verlag: Berlin, 1976; Vol. A3, p 58.

(15) Huang, H.-J.; Yang, S.-H.; Zhang, X.-X.Phys. Chem. B00Q 104, (17) Carlin, R. L.MagnetochemistrySpringer: Berlin, Heideberg, New
1473. York, Tokyo, 1986.
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Table 1. Crystallographic Data

Hou et al.

1 2 3
formula GroH78020F Gt CegH72019F 65N CaaH3s0qF€5Y
fw 1888.92 1816.84 844.05
cryst system triclinic triclinic triclinic
cryst size (mm) 0.36« 0.20x 0.20 0.25x 0.20x 0.20 0.28x 0.25x 0.20
space group P1 P1 P1
a(h) 11.019(2) 8.900(2) 8.812(2)

b (A) 12.122(2) 14.621(3) 15.286(3)
c(A) 15.297(3) 15.384(3) 15.542(3)
o (deg) 75.46(3) 117.83(3) 117.42(3)
p (deg) 87.25(3) 104.62(3) 91.03(3)
y (deg) 65.25(3) 91.33(3) 104.92(2)
V (R3) 1792.4(6) 1689.5(6) 1772.9(6)
D¢ (Mg m—3) 1.750 1.786 1.574

z 1 1 2

w (mmY) 3.071 2.828 2.874

no. of reflcns 5462 6415 5701
data/restraints/params 5456/0/443 6415/0/434 5701/0/427
R2 0.1035 0.0568 0.0926
RiP 0.2553 0.1407 0.02551
GOF onF? 1.061 1.103 1.095

—2.324 and 3.926

—1.662 and 1.204

—0.858 and 2.176

Apmin andApmax (€ A-3)
AR = Z[|Fo| — IFell/Z|Fol. ® Ry = [Z(|Fol — [Fc)2/Z|Fo|?*2.

Table 2. Selected Bond Distances (A) and Angles (deg) ffor Table 3. Selected Bond Distances (A) and Angles (deg) for 2

Distances Distances
Gd(1)-0(1) 2.390(10) O(LyC(2) 1.29(2) Nd(1)—-0(1) 2.514(5) O(1rC(11) 1.263(8)
Gd(1)-0(2) 2.504(12) o(2yCc(1) 1.27(2) Nd(1)-0(2) 2.465(5) O(2rC(11) 1.278(9)
Gd(1)-0(3) 2.438(13) O(5)yC(23) 1.29 (2) Nd(1)-0(3) 2.675(5) O(5)yC(33) 1.273(9)
Gd(1)-0(4) 2.349(12) 0(6)C(23) 1.29(2) Nd(1)—O(3)** 2.463(5) 0O(6)-C(33) 1.251(8)
Gd(1)-0(4)* 2.941(13) O(4)C(12) 1.33(2) Nd(1)-0(4) 2.447(5) O(4yC(22) 1.267(9)
Gd(1)-0(5) 2.559(11) o(8yc(12y1 1.22(2) Nd(1)—0(5) 2.562(5) 0O(3)yC(22) 1.295(8)
Gd(1)-0(6) 2.394(11) O(»C(34) 1.44(3) Nd(1)—0(6) 2.491(5) C(10yC(11) 1.459(9)
Gd(1)-0(7) 2.439(11) C(1yC(2) 1.50(2) Nd(1)—-0O(7) 2.514(6) C(32yC(33) 1.474(9)
Gd(1)-0(8) 2.417(12) C(23¥C(24) 1.46(2) Nd(1)—-0(8) 2.495(5) C(21yC(22) 1.458(9)
Gd(1)-Gd(1)y? 4.409 C(12)-C(13) 1.41(3) Nd(1)—-Nd(1)* 4.210
Angles Angles
O(4)—-Gd(1)-0O(4y* 67.5(5) O(4)-Gd(1)-0O(3) 90.3(4) O(3)—-Nd(1)—0(3y* 70.2(2) O(4FNd(1)-O@3y* 120.7(2)
O(1)-Gd(1)-0(2) 54.0(4) O(1)Gd(1)-0(7) 137.8(4) O(1)—Nd(1)-0(2) 52.4(2)  O(1)Nd(1)—0O(7) 76.5(2)
0O(5)-Gd(1)-0(6) 53.4(4) O(1)Gd(1)-0(3) 131.5(4) O(5)—-Nd(1)-0(6) 51.1(2) O(1)}Nd(1)-0O(3) 123.5(2)
O(4y1-Gd(1)-0(8) 47.0(4) O(4yrGd(1)-0(5) 150.7(3) O(3)-Nd(1)-0(4) 50.9(2) O(4)yNd(1)-0O(5) 77.3(2)
0O(2)-Gd(1)-0(5) 118.3(4) O(41—Gd(1)-0(6) 124.4(5) 0O(2)—-Nd(1)-0(4) 80.2(2) O(3P—Nd(1)-0O(6) 155.1(2)
Gd(1)-0(4)-Gd(1y*  112.5(5) O(3YGd(1)-0O(7) 79.4(4) Nd(1)-O(3)-Nd(1y*?  110.0(2) O(73-Nd(1)-0O(8) 76.2(2)

a Symmetry transformations used to generate equivalent atoms:x#1,
+1,-y+2,-z+ 1.

a Symmetry transformations used to generate equivalent atoms:»#1,
+1,-y+1,-z+ 1.

at a temperature of 291(2) K using the-260 scan technique and  E-mail:  deposit@ccdc.cam.ac.uk. www: http://www.ccdc.
corrected for Lorenzpolarization effects. A correction for second- cam.ac.uk). X-ray CIF files have also been deposited as Supporting
ary extinction was applied. Information.

The three structures were solved by direct methods and expanded ) )
using the Fourier technique. The non-hydrogen atoms were refinedR€sults and Discussion
with anisotropic thermal parameters. Hydrogen atoms were included Preparation of Complexes.The self-assembly reaction

bu'F not refined. The final cycle of fuII-maFrix Ieast-squargs of Ln(NO3); (Ln = Gd, Nd, Y) with sodium ferrocenecar-
refinement was based on 5462 observed rt_eflectlons and 443 Yanableooxylate in the dark is an effective route for preparation of
parameters forl, 6415 observed reflections and 434 variable - .
parameters foR, and 5701 observed reflections and 427 variable novel rare-earth Complexes C_Oma'”'”g ferrocene. Itis ngl-
parameters for3, All calculations were performed using the ~KNOWn that electron-withdrawing substituents on the Cp ring
SHELX-97 crystallographic software packafjeSelected bond  for ferrocenes may provide a greater photolability, and the
lengths and bond angles are listed in Tables42 Complete ferrocenes can undergo photolysis in some solvents to cause
crystallographic data have been deposited with the Cambridge both ring—metal and ring-carbonyl cleavages, giving free
Crystallographic Data Center, CCDC Nos. 184319, 184320, and Fe*" cation and some free radicafsThese active intermedi-
184321 for compounds—3, respectively. Copies of this informa-  ates are sensitive to oxygen, water, heat, and light and make

tion can be obtained free of Charge from The Director, CCDC, 12 the Secondary reactions Comp”cated. For example’ if the
Union Road, Cambridge CB2 1EZ, U.K. (fax:44-1223-336033.

(19) (a) Bergamini, P.; Martino, S. D.; Maldotti, A.; Sostero, b.

(18) Sheldrick, G. MSHELX-97 Program for the Solution and Refinement Organomet. Chen1989 365 341. (b) Ali, L. H.; Cox, A.; Kamp, T.
of Crystal StructuresUniversity of Gdtingen: Gitingen, Germany, J.J. Chem. Soc., Dalton Tran£973 1468. (c) Heaney, E. K.; Logan,
1997. S. R.Inorg. Chim. Actal977, 22, L3.
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Table 4. Selected Bond Distances (A) and Angles (deg)3®r

Distances
Y(1)—O(1) 2.419(9) O(1)yC(11) 1.314(14)
Y(1)—-0(2) 2.634(9) 0o(2yCc(11) 1.366(15)
Y(1)—0(3) 2.457(9) O(5)C(33) 1.250(14)
Y(1)—0(4) 2.396(9) O(6YC(33) 1.35(2)
Y(1)—O(2)* 2.472(8) 0(3%-C(22) 1.327(15)
Y(1)—0O(5) 2.509(9) O(4)yC(22) 1.304(14)
Y(1)—0(6) 2.500(9) C(11yC(10) 1.48(2)
Y(1)—0(7) 2.462(9) C(33}C(32) 1.54(2)
Y(1)—0(8) 2.462(9) c(22yC(21) 1.44(2)
Y(1)-Y(1)# 4.205
Angles
O(2)-Y(1)—0(2y* 69.1(3) O(4)>Y(1)—0(@3) 55.0(3)
O(1)-Y(1)—0O(2y1 122.8(3) O(1yrY(1)—0O(7) 148.9(3)
O(5)-Y(1)—0O(6) 52.5(3) O(1)Y(1)—0(3) 124.2(3)
O(2y1=Y(1)—0(5) 155.2(3) O(4)Y(1)—0(6) 131.3(3)
0(2)-Y(1)-0(1) 54.0(3)  O(Zf—Y(1)—0(8) 75.4(3)
Y(1)-O(2-Y(1)**  110.9(3)  O(7}Y(1)—O(8) 74.7(3)

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

mixture of lanthanide ion and ferrocenecarboxylato ligand
in methanol solution was placed under light, it could turn
from pale yellow to dark-brown solution and then produce

a brown precipitate, whose composition cannot be identified.
We believe that the ferrocenecarboxylato ligand undergoes
photolysis; thus, our target compounds, ferrocene-containing

rare earth complexes, could not be obtained.

Most reported lanthanide(lll) carboxylates usually show
one-dimensional or two-dimensional polymeric structures;
there are only several dimeric complexggi2befWwe

obtained three novel lanthanide dimers in our reaction

OOCFc}(OOCFc)(MeOH),(H0
system; this may be due to the structural characterization of A N 2(H:0)]
ferrocenyl ligands. When six ferrocenecarboxylates coordi-

nate to two Ln(lll) ions, the bulky ferrocenyl groups hold

the oxygen atoms of carboxylate groups to coordinate to

more Ln(lll) ions simultaneously. From this point of view,

that six ferrocenecarboxylate ligands can be described as two
groups (I and I1). Group | contains two ferrocenecarboxylate
ligands acting as tridentate fashion. O4 (or O4A) bridges
two metals (Gdl and Gd1A), and O8 (or O8A) only
coordinates to one metal atom Gd1 (or Gd1A). The other
four ferrocenecarboxylate ligands belong to group II, in
which two oxygen atoms from each ferrocenecarboxylate
ligand chelate the Gd1 (or Gd1A) atom forming four-
membered rings. Hence, we noted that the distance between
the bridging oxygen atom O4A and Gd1 is 2.941(13) A,
which is the longest distance around the Gd1 ion. The angles
Gd1-04—Gd1A and O4Gd1-04A are 112.5(5) and 67.5-
(5)°, respectively. The four-membered ring Ge4—
Gd1A—04A is obviously perfectly planar. The distance of
Gd1-Gd1A is 4.409 A, which can be comparable to the
value 3.9841(2) A of reported complex [(GALZJCHCk
(HsL1 = tris(((2-hydroxybenzyl)amino)ethyl)amin&p

The carboxylate groups, with bite angles ranging from
117.8(16) to 120.4(13) are nearly coplanar with thes8,4
rings (angles varying from 1.6 to 7)7 The C-C distances
(1.414(8) A, average), FeCing distances (2.036(2) A,
average), and €C—C angles (108.0(8) average) of the
ferrocenyl units are all similar to those reported in the
literature?® In each ferrocenyl moiety, the cyclopentadieny!
rings are planar and nearly parallel with a dihedral angle
of 3.9 at Fel, 3.4 at Fe2, or 3.3 at Fe3. Gdi:-Fel,
Gd1:--Fe2A, and Gdi-Fe3 distances are 5.577, 5.665, and
5.612 A, respectively.

Interestingly, in the solid-state structure bf [Gdy(u2-
groups are joined to-
gether by hydrogen bonds forming a two-dimensional
network. Figure 2 shows the hydrogen-bonding systems of
the compound. As can be seen, the crystallization water
molecule links O3 of the coordinated water from the }&d
(u2-OOCFcHOOCFc)(MeOH)(H0),] group and O5 of

the ferrocenecarboxylate is a useful ligand for the generaﬂonferrocenecarboxylate from the neighboring jGe-OOCFc)-

of dimeric lanthanide(lll) complexes.

(OOCFc)(MeOH),(H;0),] group forming two hydrogen

All three complexes are unstable, slowly losing their shape ponds at the same time. Viewed from thaxis, each [Gg

in the air. They are not soluble in common organic solvents,

such as MeOH, EtOH, MeCN, and THF, but just soluble in

(u2-OOCFcHOOCFc)(MeOH)(H20),] links an adjacent
[Gda(u2-OOCFcH( OOCFc)(MeOH),(H,0),] unit leading to

highly polar solvents DMSO or DMF. Single crystals suitable an infinite chain through intermolecular @H—0 hydrogen
for X-ray crystallography for these compounds were collected ponds. We also noted that the crystallization methanol

by slow evaporation of their methanol solutions in the dark.
Crystal Structure of [Gd x(u2-OOCFc),(OOCFC),-

(MeOH)4(H20);]-2MeOH-2H,0 (1). The structure analysis
by X-ray diffraction demonstrates thatontains two Gd(lll)

molecule joins O3 of the coordinated water from one chain
and O2 of ferrocenecarboxylate from another chain forming
two hydrogen bonds as those of the crystallization water.
Thus, these ©@-H—O hydrogen bonds serve to link the

centers bridged by two ferrocenecarboxylate anions, leadingchains into a 2-D sheet (Figure 2).

to a dimeric [Gd(u.-OOCFc}] core. This molecule crystal-
lizes in the space groupl. The perspective view ol

Crystal Structure of [Nd 2(u2-OOCFC),(OOCFc)y(H20)4]
2MeOH-H20 (2). X-ray diffraction analysis of compound

together with the atomic numbering scheme is illustrated in 2 shows that it crystallizes in the space groBi as

Figure 1.
Each Gd ion is nine-coordinate bonding to two bridging

oxygen atoms and five oxygen atoms of four ferrocenecar-
boxylate units and two oxygen atoms from one coordinate

water and one methanol. The 60 distances range from
2.349(12) to 2.941(13) A. The average €@ distance at
Gd1 is 2.492(12) A, which is close to that of the reported
acetate dimer [Gd(€CHs)2(phen)}.22? It should be noted

compoundl. Compound2 contains a dimeric group [Néd
(u-OOCFcHOOCFc)(H,0)4], one crystallization water, and
two crystallization methanol molecules.

As is depicted in Figure 3, each Nd(lll) ion is at a nine-
coordinated geometry in which seven oxygen atoms come

(20) (a) Takusagawa, F.; Koetzle, T.Acta Crystallogr 1979 B35, 2888.
(b) Allen, T. H.; Kennard, OChem. Des. Automat. Nevl993 8,

146.
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Figure 1. Perspective view ol with atom-labeling scheme. The hydrogen atoms are omitted for clarity.

Figure 2. Hydrogen bond systems dfon thebc plane indicating a two-dimensional sheet.

from ferrocenecarboxylate ligands and two oxygen atoms than that of dimers [Ngphen}(ONQO,),(CH;COO),] (3.974-
from two coordinated water. As that of compouhdtwo (1) A)12e and [Nd[CioHs(OH)(COO)k(H20)(C:HsO)} 5]+
oxygen atoms O3 and O3A from two ferrocenecarboxylate 2H,0-2C,HsO (4.087 A)2d

units bridge Nd1 and Nd1A to afford a dimeric core. The  The cyclopentadienyl rings in each ferrocenyl fragments
distances of NetO are ranging from 2.447(5) to 2.675(5) are planar and nearly parallel with a dihedral angle of 1.7
A, and the average value is 2.514(5) A. As is shown in Table at Fel, 2.7 at Fe2, and 2.0at Fe3. Fe-Cyiyq distances range
3, all of the C-O or No—O bond lengths are not equal. The from 2.004(10) to 2.061(9) A (average 2.038 A), intra-
bond angles around each Nd(lIl) ion vary from 50.9(2) to cyclopentadienyl €C bond lengths lie in the range 1.35-
155.1(2). Therefore, the nine oxygen atoms form an irregular (2)—1.444(12) A (average 1.418 A), and—~C—C angles
polyhedron. The angles of N&tID3—Nd1A and O3A- (average 108.0(8) are all similar to those reported in the
Nd1—03 are 110.0(2) and 70.0(2yespectively, which can literature?® The distances of Ndi:Fel, Ndt--Fe2, and
be comparable to that of compourid Obviously, four- Nd1---Fe3 are 5.618, 5.679, and 5.686 A, respectively.
membered ring NdtO3—Nd1A—O3A is perfectly planar. In the solid-state structure a2, an infinite [Nch(uo-
The Nd1-Nd1A distance is 4.210 A, which is slightly longer OOCFc}OOCFc)(H20)4], chain is formed by intermolecu-
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Figure 4. 1-D infinite chain structure of.

lar hydrogen bonds (&H—0). As can be seen from Figure uy-bridge The distances between oxygen atoms of two
4, there are three kinds of hydrogen bonds. One is betweencoordinated waters and Y1 are equal (7. = O8—Y1 =

the O7H (or O8H) unit of the coordinated water from one
[Nd2(e2-OOCFcH(OOCFc)(MeOH)(H20),] group and O5
of a ferrocenyl unit from the neighboring [MNgk.-OOCFc)-
(OOCFc)(MeOH)(H0),] group. The second is arising from
the interaction of O9H of one crystallization methanol
molecule with O7 of the coordinated water and O4 of a
ferrocenecarboxylate unit. The third originates from O10H
of the crystallization water with O6 from a [Ng,-OOCFc)-
(OOCFc)(MeOH),(H,0),] group.

Crystal Structure of [Y 2(#2-OOCFc),(OOCFc)4(H20)4]"
2MeOH (3). Complex3 has a dimeric structure to similar
to that of 2, with a center of inversion between the metal

2.462(9) A), which is shorter than the average distance
between the ferrocenecarboxylato oxygen atoms and Y1
(2.484(9) A). The angles of YA02A—Y1A and O2-Y1—
O2A are 110.9(3) and 69.1(3¥espectively, which are close
to those of compounds and2. Four-membered ring Y4
02-Y1A—02A is perfectly planar too. The YAY1A
distance is 4.205 A, which is similar to that of dimers,{Y
(n-C5H11COO)3(HzO)2] (4086 A)Ze and [Yz(/lz-CHgCOOb-
(CHsCOOY(H,0)4]-4H,0 (4.163(2) Ayt

The bond lengths and angles within the ferrocenyl group
are unexceptional and close to those reported in the
literature?® The distances of Y-:t-Fel, YZX:-Fe2, and

atoms, bridged by two ferrocenecarboxylate ligands. The Y1:--Fe3 are 5.673, 5.703, and 5.870 A, respectively.

difference is that there is no crystallization water3in
Each Y(lll) is nine-coordinated too. The-YO distances

As can be seen from Figure 5, in the solid-state structure
of 3 there are two kinds of hydrogen bonds. One is between

range from 2.396(9) to 2.634(9) A (average value 2.479(5) the O7H unit of the coordinated water from one,(¥>-

A), and the Y102 distance is the longest due to the existing

OOCFc}OOCFc)}(MeOH)(H20),] group and O6 of the

Inorganic Chemistry, Vol. 42, No. 2, 2003 433
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Figure 5. Crystal packing along tha axis of 3.

ferrocenecarboxylate unit from the neighboring (.-
OOCFc)(OOCFc)(MeOH)(H20),] group. Another is aris-
ing from the O9H of the crystallization methanol with O7
of the coordinated water. Viewed from thexis, each [¥-
(u2-OOCFcHOOCFc)(MeOH),(H,0),] group links adjacent
[Y 2(u2-OOCFcH(OOCFc)(MeOH)(H,0),] group by inter-
molecular G--H—0O hydrogen bonds leading to an infinite
1-D chain [Yz(u2-OOCFcH(OOCFc)(MeOH)(H20)] ».

IR Spectroscopy. Compoundsl—3 give rise to very
similar infrared spectra in the range 460000 cn1?!. The
bands attributable to # occur at the same positions (3405
and 1636 cm* for 1; 3411 and 1631 cnt for 2; 3396 and
1632 cm?! for 3). The characteristic IR bands of the
ferrocenyl group at 3097 and 489 chdue tov(C—H) and
v(Fe—Cp) vibrations, respectively, are close to the previous
reported compound$:?° In the middle energy range, the
strong absorption bands around 1522 and 1470 '@an be
assigned ta,{ COO") andv{COQ") vibrations, respectively,
which is consistent with the previous complexeg: The
vibrational bands around 1359 and 1024 “éntan be
attributed tod(CHs) and p(CHz), respectively?

Magnetic Properties of [Gdy(u2-OOCFc),(OOCFC),-
(MeOH)»(H20),]-2MeOH-2H,0 (1). A variable-tempera-
ture magnetic study ohwas carried out over the temperature
range 1.8-300 K. The variations of the inverse of the
magnetic susceptibilityym*, andymT of 1 are shown in
Figure 6. The thermal evolution gf,~* obeys Curie-Weiss
law, ym = C/(T — ©), over the whole temperature range
with Weiss constant®, of 0.012 K. The Curie constant,
Cw, of 15.763 cdK mol~t is consistent with the theoretical
value for a binuclear complex of Gd (15.86 tKamol~1).129
It can be seen from Figure 6, at 300 K, tha{T is equal to
15.766 cm K mol~?%, which is close to the value for two
isolated G&" ions €S;,); as the temperature is loweregh T
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Figure 6. Plots ofym~tandymT vs T for 1. The solid line is the theoretical
curve obtained witly = 2.0 andJ = 0.006 cnt™.

T
100

below 18.5 K to 16.146 cAK mol at 1.8 K. Such behavior
can be referred to the presence of a weak ferromagnetic
exchange behavior. The data have been quantitative analyzed
on the basis of the equati¥h deduced from the isotropic
spin HamiltonianH = —JS5¢Ssq, With the quantum numbers
Ssd = Sse = 7/2. The least-squares fit is given as a solid
line in Figure 6. The best-fit parameters dre 0.006 cn1!
andg = 2.0. The discrepancy facter = [Z()obs — Ycald?
Sxobd? in the least-square fits is 6. 1074 Such
unexpected ferromagnetic behavior was only found in
homobinuclear gadolinium complex [Gdi(P1,0)]. (HL2 =
salicylic acid) 0 = 0.05 cm%, g = 2.0) reported by Costes
and co-workers in 2002 Obviously, the smalll value
reveals that the ferromagnetic Gd=d interactions irl are
weaker than that in the compound [Gd[2,0)].. It is found

that the interaction between gadolinium ions is generally
antiferromagnetic, such as in Schiff base dimer JGd
(NO3)-3H,0] (H3L3 = tris(4-(2-hydroxy-3-methoxyphenyl)-
3-azabutenyl)aminelf (J = —0.104 cn?) and [Gd(thd)g]

remains almost constant to 18.5 K and then increases rapidly(thd = 2,2,6,6-tetramethylheptanediondf8)J = — 0.082-

(21) Aparna, K.; Krishnamurthy, S. S.; Nethaji, M.; BalaramPBlyhedron
1997 16, 507.
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(1) cnl). Because the factors governing the nature and
magnitude of the Gd-Gd interactions are complicated, we
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Figure 7. Plot of ymT vs T for 2.

cannot explain why the two gadolinium ionsirdo present
ferromagnetic Gd-Gd interactions which are different from

Further splitting into Stark components is caused by the
crystal-field perturbation: the number of components de-
pends on the symmetry site of the Bt room temperature,
all the Stark levels arising from the 10-fold degenerfbgg
ground states are populated but, as the temperature decreases,
a progressive depopulation of these levels occurs. Finally,
the nature of the interactions between the two Nd(lIl) ions
with an orbital momentum cannot be unambiguously deduced
only from the shape of theuT vs T curve?

Because Y(lll) ion has no unpaired electrons, comdex
is expected to be diamagnetic.

Conclusion

By means of the “avoiding light method” we have
successfully prepared three crystal products from the reaction
of sodium ferrocenecarboxylate with Ln(N@in methanol
solution and clearly characterized the crystal structures of
the three novel organometallic dimers. The elemental analy-

those of the reported Gd complexes. To further understandS€S and the IR data are consistent with the X-ray analysis
the magnetic interaction mechanism, we will design more results. On the basis of the magnetic studies, the unexpected

homo-Gd complexes and study their magnetic properties. ferromagnetic coupling between the gadolinium(lll) ions can

Magnetic Properties of [Ndy(u2-OOCFc),(OOCFc),-

(H20)4]:2MeOH-H,0 (2). The variable-temperature mag-

be observed.
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