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Ni'"Ru'! and Cu""Ru"! Coordination Polymers Constructed from [Ru(CN)¢]*~

Iris Pui-Yee Shek,!?! Wai-Fun Yeung,?! Tai-Chu Lau,*!! Jing Zhang,”! Song Gao,*"
Lap Szeto,I! and Wing-Tak Wong!*!
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The dimetallic compounds [Ni(2,3,2-tet)],[Ru(CN)g]-8H,O
(1), [Ni(pn)2Jo[Ru(CN)e-5H,0  (2)  [Ni(tacd)(H,O)]z[Ru-
(CN)e]-8H20 (3) and {[Cu(dipn)]s[Ru(CN)e]}(ClO4)2-4H,O (4)
[2,3,2-tet = N,N’'-bis(2-aminoethyl)-1,3-propanediamine,
pn = 1,3-diaminopropane, tacd = 1,5,9-triazacyclododecane,
dipn = dipropylenetriamine] have been prepared from the
reaction of [Ru(CN)gl*~ with [Ni(2,3,2-tet)]**, [Ni(pn)y]?*,
[Ni(tacd)(H,0)]?** and [Cu(dipn)]?**, respectively. Compounds

1 and 2 contain a two-dimensional square network, com-
pound 3 has a one-dimensional, crossed-double chain struc-
ture, while compound 4 has an unusual, two-dimensional,
double-edged, honeycomb network. A very weak antiferro-
magnetic interaction is observed in 2.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

In the past decade, metal cyanides such as [M(CN)g]"~
M = VI CrT Mn", Mn™ or Mn!Y, Fe'' or Fe'") have
been used as building blocks for the construction of a vari-
ety of coordination polymers with various interesting struc-
tures and properties.l! 2% The use of 4d-metal cyanides as
building blocks, however, has not received much attention
until more recently. Most of the examples are limited to the
heptacyanometallate [Mo™(CN),]*~ and the octacyanome-
tallates [M"VV(CN)g]*4~ (M = W'YV, MoV or Nb'Y).129]
Only a few examples of coordination polymers containing
[Ru(CN)g]*~ have been reported.[>?P-30331 We describe here
a number of heterodimetallic coordination polymers made
from the reaction of [Ru(CN)¢]*~ with Cu?" or Ni’** in the
presence of an amine ligand such as 2,3,2-tet, pn, tacd, or
dipn [2,3,2-tet = N,N’-bis(2-aminoethyl)-1,3-propanediam-
ine, pn = 1,3-diaminopropane, tacd = 1,5,9-triazacyclo-
dodecane, dipn = dipropylenetriamine]. One of our objec-
tives was to compare the structure and magnetic properties
of these polymers with the corresponding ones made from
[Fe(CN)¢]*~. A number of polynuclear cyano-bridged com-
plexes containing [Fe(CN)g]*~ are known. For example, re-
action of [Ni(L);]X, with K4[Fe(CN)s] in water produces a
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3D network, [Ni(L),Js[Fe(CN)¢]X, [L = ethylenedi-
amine (en), trimethylenediamine (tn); X = PFq~, ClO4 7],
which exhibits a ferromagnetic interaction between the
nearest Ni'l ions through the diamagnetic Fe ion.['"]
On the other hand, reaction of Cu(ClO,),6H,0, ept
and  KyFe(CN)g] produces the 2D  molecule
{[Cu(ept)]s[Fe(CN)s]} (Cl04)»-5H,O [ept = N-(2-amino-
ethyl)-1,3-diaminopropane], which exhibits little or no coup-
ling between the copper atoms via the —NC—Fe—CN—
bridges.*®!
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pn tacd 2,3,2-tet dipn

Results and Discussion

Structure of [Ni(2,3,2-tet)],[Ru(CN)¢]-8H,O0 (1)

The pale-pink, dimetallic compound 1 was obtained by
reacting Ni(CH53COO),-4H,O with one molar equivalent of
2,3,2-tet and K4Ru(CN)g]. The structure was determined
by X-ray crystallography; selected bond lengths and angles
are summarized in Table 1. The compound is isomorphous
to [Ni"(diamine),],[Fe™(CN)¢]X.[7!7-18]1 The asymmetric
unit of 1 contains a [Ni(2,3,2-tet)]*" cation, one-half of a
[Ru(CN)g]*~ anion, and four water molecules (Figure 1a).
The four equatorial cyanides of each [Ru(CN)g]*~ unit are
coordinated to four trans-[Ni(2,3,2-tet)]>** moieties to pro-
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Figure 1. (a) Asymmetric unit of [Ni(2,3,2-tet)],[Ru(CN)g]‘8H,O
(1) showing the atom labeling scheme; (b) view of the 2D structure
of [Ni(2,3,2-tet)[,[Ru(CN)4]-8H,O (1); water molecules and hydro-
gen atoms have been omitted for clarity

duce a square 2D network which has an aaa-type sequence
(Figure 1b). The average Ru—C bond length of 2.03 A and
C=N bond length of 1.156 A are similar to those in
Mn,[Ru(CN)¢]-8H,0.3% The bond lengths of bridging
[1.156(3) A] and terminal cyanides [1.154(3) and 1.157(3) A]
are essentially identical. The Ni—N bond lengths in trans-
[Ni(2,3,2-tet)]*" range from 2.102(2) to 2.109(2) A, and are
similar to those in other trans-[Ni(2,3,2-tet)?* com-
pounds.** There are N—H-++O, O—H-N, O—H-+-O hydro-
gen-bond interactions in the crystal structure which are
mainly between the water solvates and two of the amine
nitrogens. The  O-+O  distances range from

Eur. J. Inorg. Chem. 2005, 364—370 www.eurjic.org

2.794(4)—2.880(5) A and the N-+O distances are 2.873(6)
and 3.064(4) A (Table SI, Supporting Information). The
NiNi separation through -NC—Ru—CN-is 10.06 A, and
the shortest interlayer Ni-Ni distance is 8.91 A.

Table 1. Selected bond lengths [A] and angles [°] of 1

Ru(1)—C(1) 2.0412) Ru(1)-C(2) 2.025(2)
Ru(1)—C(3) 2.0292) Ni(1)-N(2) 2.085(2)
Ni(1)-N(@3) 2.101(2)  Ni(1)~N(4) 2.108(3)
Ni(1)-N(5) 2.109(2) Ni(1)~N(6) 2.102(2)
Ni(1)-N(7) 2.1032) N(1)-C(1) 1.154(3)
N(2)-C(2) 1.157(3) N(3)-C(3) 1.156(3)
C()—-Ru()-C(2)  89.959) C(1)—Ru(1)-C3)  90.79(9)
C(2)-Ru(1)-C(3)  90.27(9)  Ru(1)-C(1)-N(1) 178.7(2)
Ru()-C(2)-N(2) 176.12)  Ru(1)-C(3)-N(3) 176.3(2)
Ni(D)-N@2)—C(2) 1482(2)  Ni(1)-N(3)—C(3) 145.2(2)

Structure of [Ni(pn),],[Ru(CN)¢]-'5H,0 (2)

Blue crystals of compound 2 were obtained by treating
Ni(CH3;C0OO0),4H,O with 2 mol-equiv. of pn and 1 mol-
equiv. of K4Ru(CN)] in water. The structure was deter-
mined by X-ray crystallography; selected bond lengths and
angles are summarized in Table 2. The asymmetric unit of
2 consists of a [Ni(pn),]*" cation, one-half of a [Ru(CN)¢]*~
anion, and two and a half water molecules (Figure 2a). The
four equatorial cyanides of each [Ru(CN)g]*~ unit are coor-
dinated to four trans-[Ni(pn),]>" moieties to produce a
square 2D network that is similar to that of compound 1
(Figure 2b). Bridging of the cyano group leads to only a
small deviation of the C(cyanide)—Ru—C(cyanide) angles
[89.63(11)—90.37(11)°] from a right angle, as in compound
1. The average Ru—C bond length of 2.03 A and C=N
bond length of 1.15 A are similar to those in compound 1;
the bond lengths of bridging (1.152 A) and terminal cyan-
ides (1.146 A) also show little difference. The separation
of neighboring nickel atoms through —NC—Ru—CN- is
10.30 A.

Table 2. Selected bond lengths [A] and angles [°] of 2; symmetry
transformations used to generate equivalent atoms: —x + 1, —y,

Z

Ru—C(1) 2.029(3)  Ni(2)—N(1) 2.104(3)
Ru—C(2) 2.025(3)  Ni(2)—N(6) 2.125(3)
Ru—C(3) 2.036(3) Ni(2)—N(7) 2.117(3)
Ni(1)—N(2) 2.070(3)  N(DH—C(1) 1.151(4)
Ni(1)—N(4) 2.10333) N@)—C(2) 1.154(4)
Ni(1)—N(5) 2.1183) N@B)—C(3) 1.146(5)
C(2")—Ru—C(1) 90.37(11) N(1)-C(1)—Ru 178.1(3)
C(2)—Ru—C(1) 89.63(11) N(2)—C(2)-Ru 177.8(2)
C(1)—Ru—C(3") 90.17(14)  N@B3)—C(3)—Ru 178.8(4)
C(1")—Ru—C(3’) 89.83(14) C(1)-N(1)—Ni(2) 154.6(3)
C(2")—Ru—C(3) 88.92(12) C(2)—N(2)—Ni(l)  158.0(2)
C(2)—Ru—C(3) 91.08(12)
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Figure 2. (a) Asymmetric unit of [Ni(pn),,[Ru(CN)¢]-SH,O (2)
showing the atom labeling scheme; water molecules have been
omitted for clarity; (b) view of the 2D structure of
[Ni(pn)>]o[Ru(CN)¢]-5H,O (2); water molecules and hydrogen
atoms have been omitted for clarity

Structure of [Ni(tacd)(H,0)],[Ru(CN)g]-8H,O0 (3)

Red crystals of 3 were obtained from the reaction of
Ni(CH3COO),4H,O with tacd and K4Ru(CN)s]. Com-
pound 3 has a 1D crossed double-chain structure (Fig-
ure 3b), as determined by X-ray crystallography. Selected
bond lengths and angles are summarized in Table 3. The
asymmetric unit consists of two [Ni(tacd)(H,O)]*" cations,
one [Ru(CN)¢]*~ anion, and eight water molecules (Fig-
ure 3a). Each [Ru(CN)¢J*~ unit is connected to four
[Ni(tacd)(H,O)]** units through two axial and two equa-
torial cyanides, and each [Ni(tacd)(H,O)]*" unit is connec-
ted to two [Ru(CN)g]*~ units in a cis fashion. This produces
Ru—Ni squares. Each square is perpendicular to adjacent
squares and this arrangement results in a zig-zag structure.
The angles C(1)—Ru(1)-C(6), C(2)—Ru(1)—C(5),

366 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. (a) Asymmetric unit of [Ni(tacd)(H,O)],[Ru(CN)g]:8H,O
(3) showing the atom labeling scheme; water molecules have been
omitted for clarity; (b) view of the 1D structure of
[Ni(tacd)(H,O)],[Ru(CN)¢]-8H,O (3); water molecules and hydro-
gen atoms have been omitted for clarity

Table 3. Selected bond lengths [A] and angles [°] of 3

Ru(1)—C(1) 2.025(4) Ru(l)—C(4) 2.043(5)
Ru(1)—C(2) 2.024(5) Ru(1)-C(5) 2.028(5)
Ru(1)—C(3) 2.038(5) Ru(1)—C(6) 2.032(5)
Ni(1)—0(1) 2.2723) Ni(2)-0(2) 2.217(3)
Ni(1)-N(2) 2.063(4) Ni(2)-N(1) 2.055(4)
Ni(1)—N(5) 2.040(4) Ni(2)—N(6) 2.067(4)
Ni(1)—N(7) 2.101(4) Ni(2)—N(10) 2.089(4)
Ni(1)—N(8) 2.099(4) Ni(2)—N(11) 2.095(4)
Ni(1)~N(9) 2.106(4) Ni(2)—N(12) 2.124(4)
N(1)—-C(1) 1.144(6) N(4)—C(4) 1.155(7)
N(2)-C(2) 1.142(6)  N(5)—C(5) 1.153(6)
N(3)-C(3) 1.147(6)  N(6)—C(6) 1.151(6)
Ru(l)-C(1)-N(1) 178.04)  Ru(1)-C(2)—N(2) 176.9(4)
Ru(1)-C(3)-N(3) 177.6(5)  Ru(1)-C(4)—N(4) 177.3(5)
Ru(1)-C(5)-N(5) 177.94)  Ru(1)—C(6)—N(6) 177.8(4)
C(1)-Ru(1)-C(6)  91.52)  C@2)—Ru(1)-C(5)  89.7(2)
C(1)-Ru(1)-C(3) 177.8(2)  C@2)—Ru(1)-C(4) 176.5(2)
C(5)-Ru(1)-C(6) 178.4(2)  Ni()-N(@2)—C(2) 168.0(4)
Ni()-N(5)—C(5) 170.34)  Ni(2)—N(1)-C(1)  163.5(4)
Ni(2)-N(6)—C(6) 163.84)  N(1)-Ni(2)~N(6) 89.7(2)
NQ2)-Ni()-N(@)  90.7(2)

N(2)—Ni(1)=N(5) and N(1)—Ni(2)—N(6) are 91.5(2)°,
89.7(2)°, 90.7(2)° and 89.7(2)°, respectively. Each nickel(1r)
atom is coordinated to the three nitrogen atoms of tacd,
two nitrogen atoms of cyanide and one oxygen atom of a
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water molecule, forming a distorted octahedral geometry.
The Ni—N(tacd) distances range from 2.099(4) to 2.106(4)
A for Ni(1) and 2.089(4) to 2.124(4) A for Ni(2), which are
within the normal range of Ni—N(amine) distances. The
Ni—N(cyanide) distances range from 2.040(4) to 2.067(4)
A. The bridging C=N distances of 1.142(6)—1.153(6) A are
similar to those in Mny[Ru(CN)g]-8H,0 [1.152(9)—1.165(8)
A].3% The Ru—C bond lengths are 2.024(5)—2.043(5) A.
The Ru—C=N bond angles are close to linear
[176.9(4)—178.0(4)°] while the Ni—N=C angles are bent
[163.5(4)—170.3(4)°]. There is intramolecular hydrogen
bonding between the coordinated water molecules, with an
O(1)-O(2) distance of 2.847(5) A. The uncoordinated
water molecules are positioned between the chains and are
hydrogen-bonded to the terminal cyanides of [Ru(Cl}I)s]“_;
the N--O distances range from 2.800(6) to 3.523(6) A. The
Ni--Ni separation through -NC—Ru—CN-is 10.38 A, and
the shortest interchain Ni---Ni distance is 9.56 A.

Structure of {[Cu(dipn)ls[Ru(CN)gI}(C10,),4H,0 (4)

Green crystals of 4 were obtained from the reaction of
Cu(CH3COO),°H,0 with dipn, K4[Ru(CN)s] and NaClO,.
The structure of 4 was determined by X-ray crystallogra-
phy; selected bond lengths and angles are summarized in
Table 4. The asymmetric unit consists of three [Cu(dipn)]>*
one [Ru(CN)¢*~, two ClO,~, and four water molecules
(Figure 4a). The Cu' in each [Cu(dipn)]** unit is five-coor-
dinate and is bonded to two nitrogen atoms of two
[Ru(CN)g]*~ and the three nitrogen atoms of a dipn. Each
[Ru(CN)g]*~ is connected to six [Cu(dipn)]** units through
cyano bridges to form an unusual 2D double-edged honey-
comb network (Figure 4b), which is similar to that of
{[Cu(ept)]5[Fe(CN)4]} (ClO4)»-5H,0.1281 The Ru—C bond
lengths lie in the range 2.018(7)—2.044(8) A. The bridging
C=N distances range from 1.144(10) to 1.159(9) A, and are

Table 4. Selected bond lengths [A] and angles [°] of 4

Cu(1)=N(1) 2.155(7)  Cu(1)—N(4) 2.006(7)
Cu(1)~N(7) 2.009(7)  Cu(1)—N(8) 2.067(7)
Cu(1)~N(9) 2.018(7) Cu(2)—N(2) 2.166(7)
Cu(2)—N(5) 2.009(7)  Cu(2)—N(10) 2.023(8)
Cu(2)—N(11) 2.060(6) Cu(2)—N(12) 2.032(7)
Cu3)-NQ3) 2.039(7)  Cu(3)—N(6) 2.116(7)
Cu(3)-N(13) 2.007(7)  Cu(3)—N(14) 2.090(7)
Cu(3)-N(15) 2.015(7)  Ru(1)—C(1) 2.019(8)
Ru(1)—C(2) 2.030(8) Ru(1)-C(3) 2.026(8)
Ru(1)—C(4) 2.0208) Ru(1)—C(5) 2.018(8)
Ru(1)—C(6) 2.0448) N(1)-C(1) 1.158(10)
N(@2)—C(2) 1.144(10) N(3)—C(3) 1.159(9)
N(4)—C(4) 1.147(10) N(5)—C(5) 1.149(9)
N(6)—C(6) 1.153(10)

C(1)-Ru(1)~C(6) 177.63)  C(2)—Ru(1)~C(4) 174.0(3)
CB3)-Ru()—C(5) 178.23)  Ru(1)=C(1)—N(1) 179.4(7)
Ru()-C(2)-N@Q) 173.6(7)  Ru(1)-C3)-N@3) 176.5(7)
Ru(1)-C(@4)—-N(@4) 174.5(7)  Ru(1)—C(5)—N(5) 179.4(6)
Ru(1)-C(6)-N(6) 174.4(7)  Cu(l)-N(1)—C(1) 155.3(7)
Cu(l)-N@)—C4) 161.0(7)  Cu(2)—-N(Q2)—C(2) 159.4(7)
Cu@2)—-N(5)—C(5) 153.7(6)  Cu(3)-N(3)—C(3) 157.1(7)
Cu(3)—N(6)—C(6) 168.3(7)
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similar  to  those in  Mn,y[Ru(CN)e]-8H,0.P%  The
Cu—N(amine) bond lengths [2.007(7)—2.090(7) A] are simi-
lar  to those in {[Cu(ept)]s[Fe(CN)g]}(ClOy), SH,O
(2.000—2.050 A). The Cu—N=C angles
[153.7(6)—168.3(7)°] show significant deviations from 180°,
and the Cu atom in each [Cu(dipn)]>" moiety has a dis-
torted square-pyramidal geometry, with 7 values of 0.16 for
Cu(l), 0.38 for Cu(2) and 0.61 for Cu(3). There are
N—H-O interactions in the crystal structure which involve
mainly the water solvates and the amine nitrogen, with
N--+O distances ranging from 3.077(12) to 3.240(13) A. Hy-
drogen bonding involving the perchlorate ion is also ob-
served, with N--O distances ranging from 3.071(19)
to 3.211(15) A (Table S2, Supporting Information). The
adjacent Cu--Cu separations are 6.590—8.270 A,
and the Cu-+Cu distance through —NC—-Ru—CN- is
10.093—10.318 A.

cc?nnb‘@f
cur ST cxa}lycmu 5) cu ]i
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‘Ié["ﬁ}

3 Cu(3*)

Figure 4. (a) Asymmetric unit of [Cu(dipn)]3[Ru(CN)g](ClO4),:4H,O
(4) showing the atom labeling scheme; water molecules and per-
chlorate ions have been omitted for clarity; (b) view of the 2D
honeycomb structure of [Cu(dipn)];[Ru(CN)e](ClO,4),4H,O (4);
water molecules and perchlorate 1ons have been omitted for clarity
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Magnetic Properties

Figure 5 illustrates the temperature dependence of yy7T
and y5 ! per Ni,Ru unit of compound 1. The y\7T value
remains more or less constant from 300 K to 10 K. Below
10 K the y\ T value decreases rapidly with decreasing tem-
perature. A plot of yy~! vs. T obeys the Curie—Weiss law
with a Curie constant, C, of 2.468 cm>K-mol~' and a Weiss
constant, ¢, of 0.01 K. The C value is slightly larger than
the expected value of 2.00 cm3K-mol~! for non-coupled,
spin-only Ni (S = 1) and diamagnetic Ru ions. The very
small Weiss constant suggests there is negligible magnetic
interaction between the Ni' centers through the diamag-
netic [Ru(CN)¢]*~ bridges.

150 T T T T T T 4
120 C = 2.468(2) cm’mol 'K
0=0.012) K L3
ad
el go_fl@mz;mrmxxnoooooooooooo COQOO00 g\l
1 o N
£k 23
L 60 5
. S,
£ L, =
30
0 — 0

0 50 100 150 200 250 300
T/K

Figure 5. Temperature dependence of T (squares) and yn !

(circles) for compound 1 per Ni,Ru unit

The plot of yp ! vs. T for compound 2 (Figure S1, Sup-
porting Information) obeys the Curie—Weiss law with a Cu-
rie constant of 2.56 cm*K-mol™!' and a small negative
Weiss constant of —2.95 K. The C value is slightly larger
than the expected value (2.00 cm3*K-mol~') for non-cou-
pled, spin-only Ni (S = 1) and diamagnetic Ru ions. The
negative Weiss constant suggests that a very weak antiferro-
magnetic interaction between the Ni'l centers through the
diamagnetic [Ru"(CN)¢]*~ bridges may be present.

For compound 3, the plot of gy ! vs. T in the range
of 2—300 K (Figure S2; Supporting Information) obeys the
Curie—Weiss law, with a small positive Weiss constant of
1.0 K and a Curie constant of 2.17 cm*K-mol~!. For com-
pound 4, the plot of yy ' vs. 7 in the range of 2—300 K
(Figure S3, Supporting Information) also obeys the
Curie—Weiss law, with a small positive Weiss constant of
+1.1 K and a Curie constant of 1.16 cm*K-mol~!. The
small positive Weiss constants in compounds 3 and 4 do
not necessarily imply ferromagnetic interaction between the
Ni atoms through the —NC—Ru—CN-— bridge, since we
have no other supporting data available.

Conclusion

In this work four dimetallic assemblies made from
K4[Ru(CN)g] are reported. Although 3D NiFe assemblies
have been obtained from the reaction of [Ni(L);]X, (L =

368 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

en, tn; X = PFs~, ClO47) with K4[Fe(CN)g], similar reac-
tions using K4[Ru(CN)¢] produce only either 2D (1, 2) or
1D (3) compounds. In the case of CuM, however, both
[Cu(dipn)];[Ru(CN)4]}(Cl04),4H,O (4) and {[Cu(ept)]s-
[Fe(CN)]} (ClO4)>'5H,O have the same unusual, double-
edged honeycomb structure.

In all the compounds there is little or no magnetic inter-
action between the paramagnetic metal centers through the
diamagnetic [Ru"(CN)¢]*~ bridge. Compounds 1 and 3 in-
volve interesting octahedral Ni'! coordination compounds,
and it is notable that the magnetic moments of the less de-
formed NiNg octahedra in 1 and 2 reflect more spin-orbit
coupling than the clearly more distorted octahedron in 3.

Experimental Section

Reagents and Physical Measurements: N,N’-Bis(2-aminoethyl)-1,3-
propanediamine (2,3,2-tet), 1,3-diaminopropane (pn), and dipro-
pylenetriamine (dipn) were purchased from Acros. 1,5,9-Triaza-
cyclododecane (tacd) was obtained from Aldrich. All other re-
agents and solvents were of reagent grade and used without further
purification. Potassium hexacyanoruthenate(i) was prepared ac-
cording to a literature method.!*! Infrared spectra were recorded
as KBr discs in the region of 400—4000 cm ™! with an Avatar 360
FTIR spectrophotometer. Elemental analyses were carried out with
an Elementar Vario EL Analyser. The variable-temperature mag-
netic susceptibilities for a collection of small single crystals of 1—4
were measured in the temperature range of 2—300 K using either
an MPMS XL-5 SQUID (for 1, 3, 4) or an Oxford MagLab 2000
system (for 2).

Preparation of [Ni(2,3,2-tet)];]Ru(CN)¢]‘8H,O (1): An aqueous
solution (10 mL) of 2,3.2-tet (38.7 pL, 0.24 mmol) and
K4[Ru(CN)g] (0.1 g, 0.24 mmol) was slowly added to a methanolic
solution (10 mL) of Ni(CH3;C0O0),-4H-0O (0.06 g, 0.24 mmol). The
resulting solution was filtered to remove some pale-pink precipitate
and the filtrate was then allowed to stand in the dark at room
temperature for a few days. The resulting pale-pink crystals were
collected by filtration and washed with methanol and then diethyl
ether (79 mg, 76%). CyoHssN14NiOgRu (839.22): caled. C 28.62,
H 6.73, N, 23.37; found C 28.38, H 6.81, N 23.51. IR (KBr): V =
2066 s (C=N) cm .

Preparation of [Ni(pn),],[Ru(CN)¢|-5H,O (2): An aqueous solution
(10 mL) containing pn (0.06 g, 0.8 mmol) and K4 Ru(CN)¢] (0.2 g,
0.48 mmol) was added dropwise to an aqueous solution (10 mL) of
Ni(CH3;CO0),4H,0 (0.2 g, 0.8 mmol). The resulting blue solution
was placed in the dark at room temperature for several days. The
resulting blue crystals were filtered, washed with methanol and di-
ethyl ether, and dried in air (225 mg, 74%). C,sHs5oN4Ni,OsRu
(761.22): caled. C 28.40, H 6.62, N 25.76; found C 28.49, H 6.51,
N 25.52. IR (KBr): ¥ = 2062, 2094 (C=N) cm™ .

Preparation of [Ni(tacd)(H,O)];[Ru(CN)¢]-8H,O (3): An aqueous
solution (5 mL) of tacd (0.1 g, 0.24 mmol) and K4[Ru(CN)g] (0.1 g,
0.24 mmol) was added dropwise to an aqueous solution (3 mL) of
Ni(CH;CO0),4H-0 (0.06 g, 0.24 mmol). The resulting blue solu-
tion was placed in the dark at room temperature for several days.
The resulting red crystals were filtered, washed with methanol and
diethyl ether, and dried in air. (178 mg, 83%). C,4HsN(2Ni,OoRu
(897.30): caled. C 32.13, H 6.96, N 18.73; found C 32.14, H 6.91,
N 18.75. IR (KBr): v = 2066 s (C=N) cm .
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Table 5. Crystal data and structure refinements for compounds 1—4

1 2 3 4
Empirical formula C20H56N1408Ni2RU C|8H50N1405Ni2RU C24H62N|2010RuNi2 C24H59C12N|5012CU3RU
Formula mass 839.22 761.22 897.30 1112.44
Crystal system monoclinic triclinic triclinic triclinic
Space group P2,/c (no. 14) P1 (no. 2) P1 (no. 2) P1 (no.2)
a[A] 8.907(2) 8.6964(17) 12.016(1) 13.436(7)
b [A] 13.815(3) 9.2072(18) 12.635(2) 14.570(5)
¢ [A] 14.607(3) 10.289(2) 15.111(1) 12.92(1)
a[°] 90 86.06(3) 68.60(1) 94.30(8)
BI°] 99.66(1) 84.32(3) 72.62(1) 118.24(4)
v[°] 90 70.14(3) 83.75(2) 81.13(6)
V[A3] 1771.9(7) 770.5(3) 2038.5(4) 2201(2)
z 2 1 2 2
Deyiea. [g cm ™3] 1.573 1.641 1.462 1.678
T [K] 298(1) 293(2) 298(2) 298(2)
u[em™1] 15.33 17.46 13.40 19.56
Fooo 876.00 396 940.00 1138.00
Measured/independent reflections 21830/4085 1572713521 12836/8856 8097/7738
Rin 0.027 0.0295 0.021 0.072
R21 R [b] 0.024, 0.021 0.032,0.095 0.048, 0.068 0.059, 0.067
Goodness of fit 0.994 1.053 1.97 1.97
[e] I F| = |FVEIF. [e] [(Ew(F| — |Fc|)2/2(”’F02)]045-
Preparation of {{Cu(dipn)l5[Ru(CN)¢]}(ClO4),-4H,0 (4): An aque-  Acknowledgments

ous solution (10 mL) of Cu(CH;COO),-H,O (0.1 g, 0.5 mmol) was
added to an aqueous solution (5mL) of K4Ru(CN)g (0.21 g,
0.5mmol) and dipn (65 pL, 0.5mmol). An aqueous solution
(2 mL) of NaClO, (0.06 g, 0.5 mmol) was then added dropwise to
the resulting solution. After filtration, the filtrate was allowed to
stand in the dark at room temperature for two weeks. The resulting
green crystals were collected and washed with a small amount of
methanol and then diethyl ether (79 mg, 76%). C,4Hs9Cl,Cus.
N;50,Ru (1112.4): caled. C 25.91, H 5.35, N 18.89; found C 25.72,
H 5.30, N 18.76. IR (KBr): v = 2075 s (C=N) cm .

Crystallographic Data Collection and Structure Determination: Dif-
fraction data for a crystal of 1 or 3 were collected with a Bruker
SMART CCD diffractometer with graphite-monochromated Mo-
K, radiation (1 = 0.71069 A) at 298 K. Data for a crystal of 2 was
collected with a Nonius Kappa CCD diffractometer with graphite-
monochromated Mo-K,, radiation (4 = 0.71073 A) at 293 K. Data
for a crystal of 4 was collected with a Rigaku AFC7R dif-
fractometer with graphite-monochromated Mo-K, radiation (4 =
0.71069 A) at 298 K. The structure of 1 was solved by direct meth-
ods with PATTY,?% the structure of 2 was solved by direct methods
and refined by a full-matrix least-squares technique based on F?
using the SHELXL 97 program,*” and the structures of 3 and 4
were solved by direct methods with SIR923*®1 and refined by a full-
matrix least-squares technique based on F? using teXsan.l Hy-
drogen atoms were included but not refined. All calculations were
performed with a Silicon Graphic computer, using the teXsan crys-
tallographic software package from Molecular Structure Corpo-
ration. All crystallographic data and other details and parameters
are summarized in Table 5. CCDC-242152 (1), -242160 (2), -242151
(3), and -242150 (4) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge at www.ccdc.cam.ac.uk/conts/retrieving.html or from the
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK [Fax: + 44-1223-336-033; E-mail:
deposit@ccdc.cam.ac.uk].
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