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Two dinuclear iron(IIT) compounds, [Fex(HL;)»(L;);]-MeOH (1) and [Fe,(u-L});] (2)
[L; = N-(2-hydroxypropyl)(3-methoxysalicylaldimine) and L} = 1,2-bis(2-hydroxybenzylidene)
hydrazine], have been synthesized and characterized. Structural analysis of 1 shows that the
six-coordinate Fe(III)’s are linked by two alkoxo oxygen atoms from two Schiff-base ligands to
form a rectangular arrangement of metal ions and oxygen atoms. The distance of these two
Fe(Il) ions is 3.2122(8) A. In 2, three Schiff-base ligands coordinate two Fe(IIl) ions in a
tetradentate mode; each iron is six coordinate with octahedral geometry. The Fe-Fe distance is
3.9304(10) A. Magnetic susceptibility (2-300K) indicates an antiferromagnetic interaction
between the two oxygen-bridged Fe(IIl) ions with J=—13.6cm™! for 1.

Keywords: Dinuclear iron(IlI) complexes; Schiff-base ligands; Crystal structure;
Magnetic property

1. Introduction

Schiff bases have been extensively studied in coordination chemistry due to their facile
syntheses, tunable steric and electronic properties, high purity, and good solubility.
The flexible coordination could be useful to generate dinuclear or multinuclear
complexes [1-8].

The design, synthesis, and characterization of iron complexes with Schiff-base ligands
are important in bioinorganic, materials chemistry, and catalytic chemistry due to their
importance as synthetic models for iron-containing enzymes [9], molecule-based
magnetic materials [10-19], oxidation catalysts [20-22], and bistable molecular
materials based on temperature-, pressure-, or light-induced spin-crossover behaviors
[23-25]. Dinuclear complexes were treated as models for understanding the effect of
structural parameters in determining the sign and magnitude of exchange coupling
interactions between two iron centers [26].

We have synthesized two new dinuclear iron(III) complexes containing Schiff-base
bridging ligands. Our strategy is using multidentate Schiff-base ligands to control
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H,L, H,L{

Scheme 1. The structures of H,L; and H,L.

nuclearity of the complexes. Herein, N-(2-hydroxypropyl)(3-methoxysalicylaldimine)
(H,L;) and 1,2-bis(2-hydroxybenzylidene) hydrazine (H,L}; scheme 1) were used as
bridging ligands to construct dinuclear iron(IIl) complexes. We report here the
synthesis, crystal structures, and magnetic properties of Fe,(HL),(L1),- MeOH (1) and

Fey(u-L))s (2).

2. Experimental

2.1. Chemicals and preparation of the ligands and complexes

o-Vanillin, iso-propanol amine, hydrazine, salicylaldehyde, methanol (MeOH, anhy-
drous), and FeCls - 6H,O were obtained from Aldrich and Alfa Aesar. All of the above
chemicals were used as received.

The Schiff base H,L; [H,L; = N-(2-hydroxypropyl)(3-methoxysalicylaldimine)] was
synthesized by condensation between o-vanillin 152mg (1 mmol) and iso-propanol
amine 75mg (1 mmol) in methanol (10mL). The mixture was refluxed for 2h. The
resulting light yellow precipitate was filtered. The Schiff base H,L| [H,L|=
1,2-bis(2-hydroxybenzylidene) hydrazine] was synthesized by condensation between
hydrazine 50 mg (1 mmol) and salicylaldehyde 244 mg (2 mmol) in methanol (10 mL).
The mixture was refluxed for 2 h. The resulting dark red precipitate was filtered.

[Fe>(HL;)>(L),] - MeOH (1) was prepared as follows: a solution of Schiff base (H,L,
0.209 g, 1 mmol) in methanol (15mL) was added to FeCls-6H,O (135mg, 0.5 mmol)
dissolved in 10mL of methanol under stirring. The mixture was further stirred for
30min and then filtered. Several days later, well-shaped dark brown crystals that
appeared were separated by filtration and washed with methanol, Yield: 111.8 mg
(50% based on iron(IIl) chloride). The product was air dried at room temperature;
single crystals suitable for X-ray diffraction were obtained. IR (cm™'): 3415 (b), 3132 (s),
2067 (m), 1667 (m), 1621 (s), 1544 (w), 1469 (w), 1443 (m), 1400 (s), 1303 (m), 1250 (m),
1221 (m), 1038 (m), 974 (w), 859 (m), 742 (m), 619 (m), 475 (m). Anal. Calcd (found) for
CysHsgFeaN4Op3 (%): C, 55.45 (55.39); N, 5.75 (5.59); H, 6.00 (6.10).

[Fex(u-L))s] (2) was prepared as follows: A solution of H,L| (241 mg, 1 mmol) in
methanol (20 mL) was added to FeCl; - 6H,O (100 mg, 0.62 mmol) dissolved in 10 mL of
methanol under stirring. The mixture was further stirred for 1h and then filtered.
Several days later, well-shaped brown crystals that appeared were separated by
filtration and washed with methanol, Yield: 119.8 mg (47% based on iron(III) chloride).
The products were air dried at room temperature giving single crystals suitable for
X-ray diffraction. IR (cm™"): 1607 (s), 1572 (s), 1526 (s), 1469 (s), 1450 (s), 1388 (W),
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1295 (m), 1192 (s), 1162 (m), 1022 (w), 979 (w), 936 (w), 761 (s), 685 (W), 457 (m). Anal.
Caled (found) for C4H30FesNgOy (%): C, 61.04 (60.97); N, 10.18 (9.96); H, 3.60 (3.73).

2.2. Crystal structure determination

X-ray measurements for 1 and 2 were taken at room temperature on a Bruker ApexII
CCD diffractometer with graphite-monochromated Mo-Ka radiation (A =0.71073 A),
operating in -260 scanning mode using suitable crystals for data collection.
Lorentz-polarization correction was applied to the data. The structure was solved by
direct methods (SHELX-97) and refined by full-matrix least-squares on F* using
SHELX-97 [27, 28]. Hydrogen atoms were added theoretically and refined with riding
model position parameters and fixed isotropic thermal parameters. Crystallographic
data and refinement details are given in table 1.

2.3. Spectroscopic and variable temperature magnetic susceptibility measurements

Fourier transform infrared (FTIR) spectra were recorded with a Vertex 70 FTIR
spectrophotometer using the reflectance technique (4000—400cm™'). Samples were
prepared as KBr discs. Variable temperature magnetic susceptibility measurements
were performed from 2 to 300K using a Quantum Design MPMS XL-7 SQUID
magnetometer equipped with 7 T magnet. Diamagnetic corrections for the compounds
were estimated using Pascal’s constants and magnetic data were corrected for
diamagnetic contributions of the sample holder.

3. Results and discussion

3.1. Crystal structure of [Fe;(HL;),(L;),]+MeOH (1)

Structural analysis shows that 1 crystallizes in the monoclinic space group P2;/c and
each unit cell comprises four dinuclear units. A perspective view of the metal centers of
the dinuclear core of 1 is depicted in figure 1; selected bond lengths and angles are
presented in table 2. The structure of 1 consists of well-separated molecules of
[Feo(HL{)>(L1),] and crystallization methanol. The metal centers of the dinuclear core
are linked by two alkoxo oxygen atoms from two ligands to form a rectangular
arrangement of iron atoms and oxygen atoms. The central Fe,(u-O), ring is almost
symmetric, angles at oxygen (104.55(12), 103.39(11)°) and iron (74.5(1), 76.26(10)°) are
typical for a symmetrical Fe—-O—Fe—O ring. The Fe—Fe distance is 3.2122(8)A and the
dihedral angle between the Fel-O3—Fe2 and Fel-O6-Fe2 planes is 13.80(155)°.

Fe(l) and Fe(2) are in a FeN,O,4 coordination environment composed of two
nitrogen atoms, two phenoxido oxygen atoms, and two alkoxo oxygen atoms from the
ligands with a moderately distorted octahedron. Two of the four iso-propanol groups
are neutral and uncoordinated, but a surprising feature of the structure is that the
chelates containing the two iso-propoxides are attached to the same iron. All N—Fe(III)
and O-Fe(III) bond distances are within the normal range observed in other iron(III)
complexes [26, 29, 30].
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Table 1. Crystallographic data and structure refinement for 1 and 2.

Empirical formula
Formula weight
Crystal system
Space group

Unit cell dimensions (A, °)

™R O

v .

Volume (A%), Z
Temperature (K)
Calculated density (gcm ™)

Absorption coefficient (mm™")

F(000)
0 range (°)
Measured reflections

Reflections collected
Unique reflection, R;,
Goodness-of-fit on F>
Final R indices [ > 20(])]
R indices (all data)

Largest difference peak and hole (e 10\*3)

1
CysHsgFeaN4O13
974.65
Monoclinic
P2]/C

17.658(4)
24.283(5)
11.007(2)
90
103.21(3)
90

4594.8(16), 4

293(2)

1.409

0.699

2048

3.46 < 6 < 25.01

21 <h<2l; —28<k<28;
—10</<13

28,704

7917, 0.0985

1.062

R*=0.0697, wR*=0.1751

R=0.0803, wR=0.1838

0.884 and —0.478

2
CaoH3zoFeaNgOg
826.42
Trigonal
R-3

13.3837(19)

13.3837(19)

37.077(7)

90

90

120

5751.6(16), 6

293(2)

1.432

0.813

2544

281 <6 <27.86

—13<h=<17;-16<k <17,
—48 </<41

15,828

3035, 0.0398

1.093

R=0.0488, wR°=0.1114

R=0.0569, wR=0.1170

0.547 and —0.545

“R=X||Fo| — |Fell/Z|Fo|.

PR =[Sw(F2 — F2)*/S(wFH]'2.

Figure 1. A perspective view of structure for [Fe,(HL),(L;),]- MeOH. Hydrogen atoms are omitted for

clarity.
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Table 2. Selected bond lengths (A) and angles (°) for 1.

Fe(2)-O(8) 1.959(3) Fe(1)-0(2) 1.939(3)
Fe(2)-O(11) 1.975(3) Fe(1)-0(5) 1.945(3)
Fe(2)-0(3) 1.993(3) Fe(1)-0(6) 2.050(3)
Fe(2)-0(6) 2.043(3) Fe(1)-0(3) 2.067(3)
Fe(2)-N(3) 2.147(4) Fe(1)-N(2) 2.135(3)
Fe(2)-N(4) 2.153(4) Fe(1)-N(1) 2.136(3)
O(8)-Fe(2)-0(11) 96.77(11) 0(2)-Fe(1)-0(5) 117.02(13)
O(8)-Fe(2)-0(3) 164.78(11) 0(2)-Fe(1)-0(6) 93.06(11)
O(11)-Fe(2)-0(3) 97.75(11) O(5)-Fe(1)-0(6) 141.15(12)
O(8)-Fe(2)-0(6) 90.06(11) 0(2)-Fe(1)-0(3) 143.18(13)
O(11)-Fe(2)-0(6) 169.37(11) O(5)-Fe(1)-0(3) 91.72(11)
0(3)-Fe(2)-0(6) 76.26(10) 0(6)-Fe(1)-0(3) 74.50(10)
O(8)-Fe(2)-N(3) 88.71(12) 0(2)-Fe(1)-N(2) 83.30(13)
O(11)-Fe(2)-N(3) 82.17(12) O(5)-Fe(1)-N(2) 82.94(13)
0(3)-Fe(2)-N(3) 97.77(12) 0(6)-Fe(1)-N(2) 76.47(12)
0(6)-Fe(2)-N(3) 89.88(11) 0O(3)-Fe(1)-N(2) 125.07(12)
O(8)-Fe(2)-N(4) 86.20(13) 0(2)-Fe(1)-N(1) 83.15(12)
O(11)-Fe(2)-N(4) 86.97(12) O(5)-Fe(1)-N(1) 84.74(13)
0(3)-Fe(2)-N(4) 90.01(12) O(6)-Fe(1)-N(1) 125.08(13)
0(6)-Fe(2)-N(4) 101.65(12) 0O(3)-Fe(1)-N(1) 76.79(12)
N(3)-Fe(2)-N(4) 167.38(13) N(2)-Fe(1)-N(1) 155.08(13)

3.2. Crystal structure of [Fe>(p-L;);3] (2)

Structural analysis shows that 2 crystallizes in the trigonal space group R-3 and each
unit cell has six dinuclear units. A perspective view of the dinuclear molecule with atom
numbering is depicted in figure 2(a). Selected bond lengths and angles are presented in
table 3. In this complex, three ligands coordinate the two metal ions via two phenolates
and two imines. The coordination spheres of the Fe(III) ions in 2 are identical. Each is
in a FeN3;Oj; octahedron, formed by three imine nitrogen atoms and three phenolate
oxygen atoms. The salicylaldimine moiety is facial and connected by three diaza
(=N-N=) bridges. The Fe---Fe distance in this complex is 3.9304(10)A with ligands
twisted along N-N single bonds to accommodate the two irons and consequently a
triple helical structure is generated. The extent of twisting is slightly different for the
three ligands. The dihedral angles between the two salicylaldimine moieties of the three
ligands are 35.70(107)°, 38.06(150)°, and 33.01(50)°. All N-Fe(III) and O-Fe(III) bond
distances are within the normal range observed in other iron(I1I) complexes [26, 29, 30].

3.3. Magnetic properties

The magnetic properties of 1 were studied to evaluate the magnetic interactions between
the two paramagnetic centers. Variable temperature magnetic susceptibility measure-
ments from 2 to 300 K under a constant magnetic field of 1 kOe were carried out.
The magnetism of 1 as yy7 against 7 plots is shown in figure 3. Data were corrected
for gelatin capsule sample holder as well as for diamagnetic and temperature
independent paramagnetism. As shown in figure 3, the room temperature value of
xmT (6.60cm® K mol™") is slightly less than the sum value expected for two spin-only
paramagnetic systems with S=15/2 (7= 8.75cm’ K mol ™! assuming g =2), and xu 7
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Figure 2. Molecular structure of [Fe,(u-L))s] (2). Hydrogen atoms are omitted for clarity: (a) diagram
showing the perspective view of 2 with atom labels and (b) space-filling representation of the triple helical
structure.

decreases rapidly upon lowering the temperature. This indicates antiferromagnetic
coupling interaction between the two high-spin iron(III) ions in 1.

For theoretical analysis of the magnetic behavior of 1, the analytical expression based
upon the Hamiltonian (H=—2JS;S,) was used. The molar susceptibility of the
Fe(IIT)-Fe(III) (S; =S, =75/2) system is given in equation (1) [31].

xwm = (Ng* g /kT)[A/ B, (1)
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Table 3. Selected bond lengths (A) and angles (°) for 2.
N(1)-Fe(2) 2.1829(19) Fe(1)-NQ)#2 2.1685(18)
N(2)-Fe(1) 2.1686(18) Fe(1) N(Q2)#1 2.1686(18)
O(3)-Fe(1) 1.9255(16) Fe(2)-O(4)#2 1.9178(18)
O(4)-Fe(2) 1.9178(18) Fe(2)-O(4)#1 1.9178(18)
Fe(1)-0(3)#1 1.9255(16) Fe(2)-N()#1 2.1830(19)
Fe(1)-O(3)#2 1.9256(16) Fe(2)-N(1)#2 2.1830(19)
O(3)-Fe(1)-O(3)#1 98.02(6) O(4)#1-Fe(2)-0O(4) 96.34(7)
0(3)-Fe(1)-0(3)#2 98.02(6) O(4)#2-Fe(2) N(1)#1 170.54(7)
O3)#1-Fe(1)-O(3)#2 98.02(6) O(d#1-Fe(2)-N(1)#1 84.72(7)
O(3)-Fe(1)-N(2)#2 89.63(7) O(4)-Fe(2)-N(1)#1 92.88(7)
O(3)#1-Fe(1)-N(2)#2 170.88(7) O(4)#2-Fe(2)-N(1) 92.88(7)
O(3)#2-Fe(1)-N(2)#2 85.74(6) O(4)#1-Fe(2)-N(1) 170.54(7)
O(3)-Fe(1)-N(2)#1 170.88(7) O(4)-Fe(2)-N(1) 84.72(7)
O(3)#1-Fe(1)-N(2)#1 85.74(7) N(D#1-Fe(2)-N(1) 85.84(7)
O(3)#2-Fe(1)-N(2)#1 89.64(7) O(4)#2-Fe(2)-N(1)#2 84.72(7)
NQ)#2-Fe(1)-NQ2)#1 85.98(7) O(@)#1-Fe(2)-N(1)#2 92.88(7)
0(3)-Fe(1)-N(2) 85.73(7) O(4)-Fe(2)-N(1)#2 170.55(7)
O3)#1-Fe(1)-N(2) 89.64(7) N(D#1-Fe(2)-N(1)#2 85.84(7)
O(3)#2-Fe(1)-N(2) 170.88(7) N(1)-Fe(2)-N(1)#2 85.84(7)
NQ)#2-Fe(1)-N(2) 85.98(7) O(4)#2-Fe(2)-O(4)#1 96.34(7)
N(2)#1-Fe(1)-N(2) 85.98(7) O(4)#2-Fe(2)-0O(4) 96.34(7)

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

Bl (cm’K mol™)

200 300

Figure 3. The plots of xyT vs. T for 1; the solid line represents the best fit with J=—13.6cm™" and g=2.0.

A =2 +10e™ + 286" + 60™™ + 1106,

B=1+ 382)( + SeGX + 7812)( + 9620)( + 11830)6’
x = J/KT.

In these expressions, J is the magnetic coupling parameter, g is the Landé factor, and
N, B and k have their usual meanings. Least-squares best-fit parameters are
J=—13.6cm™', g=2.0, and R=4.1x10"* (R is the agreement factor defined as
R=2[(xM)obs — (XM)calc]Z/ 2[(XM)obs]2)- The calculated curve matches rather well with
the magnetic data in the whole temperature range investigated. This indicates that the
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Table 4. Selected magneto-structural data for dinuclear ©-O bridged iron(III) complexes.

Compound Fe-O-Fe (°) Jexp (em™h Ref.
[Fex(HL})>(L),] - MeOH 104.6 (103.4) —13.6 This work
[Fea(HL,),(OH),](ClOy), 100.7 —11.0 33
[Fe(acac)Ls], - MeCN 103.3 —16.1 32
[FeLs], 104.5 —27.2 32
[FeClLy], 105.4 —29.6 32
[Fe>(HO-dipic),(H,O)(OH)] - 4H,O 103.2 —14.6 34
[Fe,(salen)>,(OH),] - 2H,O-2py 102.8 —20.8 35
[Fex(dipic)»(H,0),(OH),] 103.6 —22.8 34
[Fex(Me,Ndipic),(H,0)»(OH),] - 2H,O 105.3 —234 35

Abbreviations used: H,L; =N-(2-hydroxypropyl)(3-methoxysalicylaldimine); H,L,=macrocyclic tetraaminodiphenol;
N(R),N-(2-methylene-4,6-di-tert-butylphenol) aminoethan-1-ol (H,L3;, R=Me and H,L,, R =H); HO-dipic =4-hydroxo-
2,6-pyridinedicarboxylate;  salen = N,N’-ethylenebis-salicylaminate);  py=pyridine;  dipic = 2,6-pyridinedicarboxylate;
Me,Ndipic = 4-dimethylamino-2,6-pyridinedicarboxylate.

complex undergoes antiferromagnetic spin-exchange interaction between the irons. The
magnitude of the antiferromagnetic coupling in 1 (J=—13.6cm™") falls in the range
11.0 to —29.6cm™"! observed for other dinuclear u-O bridged iron(III) complexes
(table 4) [32-34]. According to the literature, a magneto-structural correlation exists
between both the experimental and calculated J values and the Fe—O—Fe angle for these
type complexes. It should be noted that such a strong correlation does not exist with
other structural parameters (e.g., Fe—O or Fe- - -Fe distances), hence the main structural
factor governing the magnetic exchange coupling between planar Fe(u-O),Fe
complexes is proven to be the Fe—-O-Fe angle. The crossover point from AF to F
interactions is predicted at 100.4° [35].

4. Summary and conclusion

We have synthesized and characterized two dinuclear complexes of N-(2-hydroxypro-
pyl)(3-methoxysalicylaldimine) (H,L;) and 1,2-bis(2-hydroxybenzylidene) hydrazine
(H,L}). These Schiff-base ligands are bi-, tri-, or tetradentate donors in the new
complexes. For 1, metal centers of the dinuclear core are linked by two alkoxo oxygen
atoms forming an almost symmetric Fe-O-Fe—O ring. In 2, three ligands are twisted
about the N-N single bond and coordinate to two irons in a helical fashion to generate
the triple helical structure. The magnetic behavior of 1 shows a moderate antiferro-
magnetic interaction within the normal range observed in other oxygen-bridged
diiron(III) complexes. Magneto-structural correlations between J values and the
Fe-O-Fe angles for planar Fe(u-O),Fe complexes are worthy of in-depth research;
further studies are currently underway in our laboratory.

Supplementary material

Crystallographic data (excluding structure factors) for the structural analysis have been
deposited with the Cambridge Crystallographic Data Centre, CCDC 827463
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and 827464. Copies of this information may be obtained free of charge from The
Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK or Fax: +44 1223 336033;
E-mail: deposit@ccdc.cam.ac.uk; www: http://www.ccdc.cam.ac.uk.

Acknowledgments

Financial support by the NSFC (21061009, 91022104) and Inner Mongolia
Autonomous Region Foundation for Scientific Research Project (2010MS0201) are
kindly acknowledged.

References

[1] P. Mukherjee, M.G.B. Drew, M. Estrader, C. Diaz, A. Ghosh. Inorg. Chim. Acta, 361, 161 (2008).
[2] P.S. Zhao, H.Y. Wang, J. Song, L.D. Lu. Struct. Chem., 21, 977 (2010).
[3] K. Isele, F. Gigon, A.F. Williams, G. Bernardinelli, P. Franz, S. Decurtins. Dalton Trans., 332
(2007).
[4] T.K. Karmakar, S.K. Chandra, J. Ribas, G. Mostafa, T.H. Lu, B.K. Ghosh. Chem. Commun., 2364
(2002).
[5] J. Chakraborty, S. Thakurta, G. Pilet, D. Luneau, S. Mitra. Polyhedron, 28, 819 (2009).
[6] Y. Morishita, T. Kogane, T. Nogami, T. Ishida. Dalton Trans., 4438 (2006).
[7] H.-C. Fang, X.-Y. Yi, Z.-G. Gu, G. Zhao, Q.-Y. Wen, J.-Q. Zhu, A.-W. Xu, Y.-P. Cai. Cryst. Growth
Des., 9, 3776 (2009).
[8] H.-C. Fang, J.-Q. Zhu, L.-J. Zhou, H.-Y. Jia, S.-S. Li, X. Gong, S.-B. Li, Y.-P. Cai, P.K. Thallapally,
J. Liu, G.J. Exarhos. Cryst. Growth Des., 10, 3277 (2010).
[9] H. Fujii, T. Kurahashi, T. Ogura. J. Inorg. Biochem., 96, 133 (2003).
[10] R. Kannappan, S. Tanase, I. Mutikainen, U. Turpeinen, J. Reedijk. Polyhedron, 25, 1646 (2000).
[11] C. Canada-Vilalta, E. Rumberger, E.K. Brechin, W. Wernsdorfer, K. Folting, E.R. Davidson,
D.N. Hendrickson, G. Christou. J. Chem. Soc., Dalton Trans., 4005 (2002).
[12] T. Glaser, R.H. Pawelke, M. Heidemeier. Z. Anorg. Allg. Chem., 629, 2274 (2003).
[13] V.K. Sivasubramanian, M. Ganesan, S. Rajagopal, R. Ramaraj. J. Org. Chem., 67, 1506 (2002).
[14] D.M. Kurtz. Chem. Rev. ( Washington DC, US), 90, 585 (1990).
[15] 1. Fita, A.M. Silva, M.R.N. Murthy, M.G. Rossmann. Acta Crystallogr., Sect. B, 42, 497 (1986).
[16] 1. Fita, M.G. Rossmann. J. Mol. Biol., 185, 21 (1985).
[17] B.K. Vainshtein, W.R. Melik-Adamyan, V.V. Barynin, A.A. Vagin, A.l. Grebenko, V.V. Borisov,
K.S. Bartels, I. Fita, M.G. Rossmann. J. Mol. Biol., 188, 49 (1986).
[18] B. Mauerer, J. Crane, J. Schuler, K. Wieghardt, B. Nuber. Angew. Chem., Int. Ed., 32, 289
(1993).
[19] S. Menage, J.M. Vincent, C. Lambeaux, M. Fontecave. J. Chem. Soc., Dalton Trans., 2081 (1994).
[20] K.P. Bryliakov, E.P. Talsi. Angew. Chem., Int. Ed., 43, 5228 (2004).
[21] T. Katsuki. Chem. Soc. Rev., 33, 437 (2004).
[22] A. Bottcher, M.W. Grinstaff, J.A. Labinger, H.B. Gray. J. Mol. Catal. A: Chem., 113, 191 (1996).
[23] C.T. Brewer, G. Brewer, G.B. Jameson, P. Kamaras, L. May, M. Rapta. J. Chem. Soc., Dalton Trans., 37
(1995).
[24] W. Chiang, D. Vanengen, M.E. Thompson. Polyhedron, 15, 2369 (1996).
[25] M.M. Bhadbhade, D. Srinivas. Polyhedron, 17, 2699 (1998).
[26] S.M. Gorun, S.J. Lippard. Inorg. Chem., 30, 1625 (1991).
[27] G.M. Sheldrick. SHELXS-97, Program for the Solution of Crystal Structures, University of Gottingen,
Germany (1997).
[28] G.M. Sheldrick. SHELXS-97, Program for Refinement of Crystal Structures, University of Gottingen,
Germany (1997).
[29] F. Le Gall, F. Fabrizi de Biani, A. Caneschi, P. Cinelli, A. Cornia, A.C. Fabretti, D. Gatteschi.
Inorg. Chim. Acta, 262, 123 (1997).
[30] R. Werner, S. Ostrovsky, K. Griesar, W. Haase. Inorg. Chim. Acta, 326, 78 (2001).
[31] Y. Yahsi, H. Kara, L. Sorace, O. Buyukgungor. Inorg. Chim. Acta, 366, 191 (2011).



Downloaded by [Renmin University of China] at 10:27 13 October 2013

3540 L. Yan et al.

[32] K.K. Nanda, S.K. Dutta, S. Baitalik, K. Venkatsubramanian, K. Nag. J. Chem. Soc., Dalton Trans.,
1239 (1995).

[33] J.A. Thich, C.C. Ou, D. Powers, B. Vasiliou, D. Mastropaolo, J.A. Potenza, H.J. Schugar. J. Am. Chem.
Soc., 98, 1425 (1976).

[34] L.L. Borer, L. Thalken, C. Ceccarelli, M. Glick, J.H. Zhang, W.M. Reiff. Inorg. Chem., 22, 1719 (1983).

[35] M.M. Hénninen, E. Colacio, A.J. Mota, R. Sillanpdi. Eur. J. Inorg. Chem., 1990 (2011).



