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The heterobimetallic complexes containing electropositive 

and labile lanthanide and transition metals have been desir

able for heterogeneous and homogeneous catalytic studies.1,2 

While direct lanthanide-transition metal bonds are ideal for 

such a purpose, their syntheses can be very challenging.3 

The complexes with bridging ligands are much more accessi- 

ble.4 Therefore, our focus has been to synthesize the com

plexes containing the cyanide anion as a bridging ligand 

between lanthanide cations and the transition metals which 

might serve as precursors to bimetallic catalysts on oxide 

surfaces.5 The bidentate character of two of the four 

cyanides in [M(CN)4]2- has shown various types of struc

tures in the solid state.4,6 Recently, we have reported Tm(III)- 

M heterobimetallic complexes of the type {(DMF)i0Tm2- 

[M(CN)4]3)to (M = Pt, Pd; DMF = N,N-dimethyl form

amide) in which Tm(III) ions are bridged by the bidentate 

M(CN)42- anions.7,8 The present study is concerned with the 

completion of the synthesis of a series of the group VIII 

transition metal system containing cyanide-bridged lanth- 

anide-transition metal arrays.

Described here is detail of the synthesis and crystal struc

ture of a novel one dimensional array Tm(III)-Ni hetero- 

bimetallic complex {(DMF)ioTm2[Ni(CN)4]3} ^ prepared 

quantitatively in the reaction of TmCl3 and K2Ni(CN)4 (2:3 

molar ratio). The structure of the complex consists of two 

Tm(III) ions bridged by two bidentate Ni(CN)42- anions in a 

cis fashion, generating a Tm2Ni2 metal core.

Experimental Section

General procedures. All manipulations were carried out 

on a standard high vacuum line or in a drybox under an 

atmosphere of dry, 99.99% pure nitrogen. Dimethyl form

amide (DMF; Aldrich) was stirred over pretreated 4 A mole

cular sieves (Aldrich) for 4 days. The DMF was distilled into 

a 500 mL flask and then stored in the drybox fbr future use. 

TmCl3 was purchased from Aldrich and used as received. 

K2 [Ni(CN)4]-3H2O (Aldrich) was dried under vacuum at 

200 oC for 1 h and stored in the drybox. Fourier transform 

infrared (FT-IR) spectra were recorded on a Mattson Polaris 

Fourier transform spectrometer with 2 cm-1 resolution. Ele

mental analysis was performed by Galbraith Laboratories, 

Inc., Knoxville, TN.

X-ray structural characterization. A single crystal of 

{(DMF)i0Tm2[Ni(CN)4]3)« was mounted on the tip of a 

glass fiber coated with Fomblin oil (Aldrich). Single crystal 

X-ray diffraction data were collected on an Enraf-Nonius 

Kappa-CCD diffraction system, which employs graphite 

monochromated Mo Ka radiation (人=0.71073 A). Unit cell 

parameters were obtained by indexing the peaks in the first 

10 frames and refined employing the whole data set. Data 

integration was carried out for Lorentz and polarization 

effects using the Denzo-SMN package (Nonius BV, 1999).9 

The absorption corrections were applied using the SORTAV 

program10 provided by MaXus software.11 The structure was 

solved by direct methods and refined using SHELXL-97 

(difference electron density calculations and full matrix 

least-squares refinements) structure solution package.12

Preparation of {(DMF)i0Tm2[Ni(CN)4】3}皿 A 50 mL 

flask was charged with 275.3 mg (1.0 mmol) of TmCl3 and a 

magnetic stirring bar in the drybox. Then 25 mL of DMF 

was pipetted into the flask. To this solution was added 361.4 

mg (1.5 mmol) of K2Ni(CN)4. and the flask was sealed with 

a fine-fritted vacuum line extractor. After all reactants were 

dissolved in DMF, the mixture was stirred at room temper

ature for 4 days. During the process the solution turned 

cloudy due to the formation of KCl. The precipitate was 

removed by filtration, and the pale yellow filtrate was 

reduced in volume for crystallization. X-ray quality single 

crystals formed during dynamic vacuum in a day. Yield: 

nearly quantitative. IR (KBr, vcn, cm-1) 2163 (s), 2152 (s), 

2125 (s); Anal. Calcd for C42H7oN22O1oNi3Tm2： C, 32.39; H, 

4.53; N, 19.79. Found: C, 28.68; H, 4.03; N, 18.87.

Results and Discussion

One dimensional array with the general formula {(DMF)10- 

Tm2[Ni(CN)4]3)« was obtained via metathesis reaction of
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Table 1. Crystallographic Data for ((DMF^oTm[Ni(CN^^}oo

empirical formula dHoN^NiQ 1 oTm?
fw 1557.19
space group Pi
a, A 10.2909(2)
b, A 10.9452(2)
c, A 15.0452(3)
a, deg 73.978(1)
月,deg 83.963(1)
Y, deg 83.828(1)
V, A3 1614.30(5)
Z 1
p (calcd), mg/m， 1.602
T, K 150(2)
九,A Mo Ka (0.71073)
0 range (deg) 2.67-27.46
h k / ranges -13 13, -14 14,

-19 19
Reflections collected 43745
Independent reflections 7384
", mm 3.642
GOF 1.049
R [I>2b (I)]“ 0.0279
wR (all data/ 0.0502

W = S || F| - |F || £ / |F|. bwR2 = {£w(F°2 - F『)2/£w(F2)2}旗

2:3 molar ratio of TmCl3 with K2Ni(CN)4 in DMF at room 

temperature (eq. 1). To ensure complete removal

DMF
2TmCh + 3KNi(CN)4 —―>((DMF^0Tm[Ni(CN^h^+ 6KCl (1)

of chloride as KCl, long reaction time such as 4 days was 

employed. The required long metathesis reaction time was in 

part due to the stability of the inner-sphere coordination 

complex.13 The low solubility of TmCl3 in DMF also contri

buted to the long reaction time.

Crystallographic data and selected bond distances and 

angles for {(DMF)i0Tm2[Ni(CN)4]3}« are listed in Tables 1 

and 2, respectively. This structure is different from those of 

Tm-Pd and Tm-Pt systems.7,8 The structure consists of an 

unique nonisostructural one-dimensional array which is 

consistent with Yb-Ni heterobimetal complex {(DMF)10- 

Yb2[Ni(CN)4]3}«.5(a) The two structures, types I and II in

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

Bond Distances
Tm-O(1) 2.2884(18) Tm-O(2) 2.344(2)
Tm-O(3) 2.288(2) Tm-O(4) 2.314(2)
Tm-O(5) 2.304(2) Tm-N(6) 2.450(2)
Tm-N(8) 2.432(2) Tm-N(11) 2.416(2)
Ni(1)-C(16) 1.866(3) Ni(1)-C(17) 1.871(3)
Ni(2)-C(18) 1.870(3) Ni(2)-C(19) 1.873(3)
Ni(2)-C(20) 1.872(3) Ni(2)-C(21) 1.860(3)

Bond Angles
C(16)-Ni(1)-C(16b) 180.000(0)
C(16)-Ni(1)-C(17b) 88.85(12)
C(18)-Ni(2)-C(21a) 91.34(11)
C(18)-Ni(2)-C(20) 176.94(13)
C(18)-Ni(2)-C(19) 89.16(12)
C(16)-N(6)-Tm 177.0(2)
C(21)-N(11)-Tm 168.7(2)
N(9)-C(19)-Ni(2) 177.0(3)
N(11)-C(21a)-Ni(2) 174.1(3)
C(16)-Ni(1)-C(17) 91.15(12)
C(17)-Ni(1)-C(17b) 180.000(10)
C(20)-Ni(2)-C(21a) 89.19(12)
C(19)-Ni(2)-C(21) 172.81(14)
C(19)-Ni(2)-C(20) 90.69(13)
C(18)-N(8)-Tm 174.4(2)
N(8)-C(18)-Ni(2) 177.5(2)
N(10)-C(20)-Ni(2) 178.5(3)

Scheme 1, result from the differences in coordination of the 

ligands to the Tm(III) ions. This complex adopts the struc

tural type II in which the one dimensional array is generated 

by translating the repeating unit along the ac diagonals of the 

lattice. Two Tm(III) ions are bridged by two Ni(CN)42- 

anions in a cis fashion, creating diamond-shaped Tm?Ni2 

metal cores that are held together by cyanide bridges. These 

cores are then linked by Ni(CN)42- anions which are bound 

to the thulium atoms through cynide bridges in a trans 

fashion. Unlike this complex, Tm-Pt and Tm-Pd complexes 

{(DMF)ioTm2[M(CN)4]3}。(M = Pt, Pd)7,8 adopt the struc

tural type I in which the repeating units are translated only 

along the crystallographic a axis of the lattice. The structures 

consist of two parallel running zigzag chains that are invert

ed from each other. The chain are then connected through 

the Tm atoms by trans bridging M(CN)42- (M = Pt, Pd)

Type II

Scheme 1
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Figure 1. One dimensional structure (50% thermal ellipsoids) of 
{(DMF)ioTm2[Ni(CN)4]3" (a) Coordination geometry around 
thulium atom. (b) A portion of one dimensional array.

anions.

The coordination around Tm atom governs the structural 

type adopted for the complex array.14 In the structure of Tm- 

Ni complex (Figure 1), Tm(III) ions are bound to three N 

atoms of the bridging cyanide ions and fve O atoms of the 

DMF ligands. The coordination geometry around each of the 

thulium atoms is a slightly distorted square antiprism. Two 

of the coordinated N atoms share an edge of one of the bases 

of the antiprism, while the third N atom occupies a corner of 

the other base opposite the shared edge. The edge sharing N 

atoms, N(8) and N(11) of the square antiprism are donated 

by two cyanide ligands of two cis bridges Ni(CN)42- anions, 

while the third N atom, N(6) is from a cyanide ligand of a 

trans bridge Ni(CN)42- anion. The average Tm-N and Tm-O 

bond distances for the eight coordinate Tm(III) ion in the 

complex are 2.433 and 2.308 A, respectively. These average 

distances are comparable to those observed in Tm-Pd, Tm- 

Pt and other lanthanide metal systems.7,8,14 The coordination 

geometry around the nickel atom is approximately square 

planar. The widest C-Ni-C bond angle (91.33°) in the 

structure is C(18)-Ni(2)-C(21a) that bridges two sterically 

crowded thulium atoms in a cis fashion, while the bond 

an이e C(16)-Ni(1)-C(17) bridging in a trans fashion is 

91.15°. Though the C(18)-Ni(2)-C(21a) is opened to bridge 

two thulium atoms, this does not affect the linearity of the

Figure 2. Solid state infrared spectra of one dimensional arrays: A. 
{(DMF)oTm[Ni(CN>h^- B. {(DMF>0Tm[Pd(CN>h^- C. 
{(DMF)ioTm[Pt(CN)4]3"

Ni-C-N bond angles ranging from 174.0 to 178.5°. On the 

contrary, C-N-Tm bond angles vary with regard to linearity 

ranging from 168.7 to 177.0° due to steric crowding around 

the thulium atoms. The distances between H atoms of the 

methyls and N atoms of the CN bridges or O atoms of DMFs 

and the D-H-A bond angles shown in Table 3 suggest that 

there exist the hydrogen bond interactions.15 The H •,* and 

H^O interatomic distances range 2.55 to 2.59 A and 2.35 to 

2.60 A, respectively and the C-H and C-H …ᄋ angles 

range 146.3 to 167.2° and 100.2 to 105.9°, respectively.

The experimental section lists the observed infrared 

absorption frequencies for the complex. Solid-state infaed 

spectra are useful in distinguishing between type I and type 

II structure. The stretching patterns in the infrared spectrum 

(Figure 2) of {(DMF)i0Tm2 [Ni(CN)4]3} TO with structural 

type II dift&s ^om those of {(DMF)ioTm2 [Pd(CN)4]3} TO, and 

{(DMF)ioTm2[Pt(CN)4]3}。with structural type I. The spec

trum A of {(DMF)ioTm2[Ni(CN)4]3}TO consists of three ab

sorptions at 2163 (s), 2152 (s), and 2125 (s) cm-1. The

Table 3. Selected Bond Distances (A) and Angles (deg, D = Donor, 
A = Acceptor)

D-H …A d(D-H) d(H …A) d(D …A) <(DHA)

C(2)-H(2A)…O(1) 0.98 2.35 2.767(4) 104.8
C(3)-H(3A)…N(7) 0.98 2.58 3.539(4) 167.2
C(6)-H(6A)…N(9) 0.98 2.56 3.421(5) 146.3
C(8)-H(8A)…N(7)#2 0.98 2.59 3.467(4) 149.0
C(8)-H(8C)…O(3) 0.98 2.38 2.789(4) 104.5
C(10)-H(10)…O(1) 0.95 2.60 2.999(4) 105.9
C(12)-H(12A)…O(4) 0.98 2.39 2.736(5) 100.2
C(14)-H(14B)…N(7)#3 0.98 2.55 3.503(5) 164.9
C(15)-H(15A)…O(5) 0.98 2.38 2.777(4) 103.6

Symmetry transformations used to generate equivalent atoms: #1 -x, 
-y+1, -z #2 -x+1, -y+1, -z+1 #3 -x, -y+1, -z+1
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infrared spectra for type II complex contain bands that are 

higher than the normal modes for the cyanide ligand in 

K2[Ni(CN)4] (2127 cm-1).16 Typically bridging CN ligands 

have higher stretching frequencies than the terminal CN 

ligands.17 Accordingly, cyanide stretching bands (2163, 2152 

cm-1) at higher frequencies than the stretching modes of 

K2[Ni(CN)4] are assigned to bridging cyanide ligands. The 

band at 2125 cm-1 is assigned to terminal cyanide ligands 

because their location in the cyanide stretching region 

compares with the absorptions observed for the nonbridging 

cyanide ligands in K2[Ni(CN)4]. Array {(DMF)10Tm2- 

[Ni(CN)4b}s and other lanthanide metal-Ni systems display 

similar CN stretching patterns in their spectra.14

Supplementary Material. Crystallographic data for struc

tural analysis have been deposited with the Cambridge 

Crystallographic Data Center (CCDC No. 668539). Copy of 

this information may be obtained free of charge from The 

Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK 

(Fax: +44-1223-336033; e-mail: deposit@ccdc.cam.ac.uk or 

www: http://www.ccdc.cam.ac.uk).
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