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Abstract A new cyano-bridged polymeric mixed-valence C u l l / C u  I complex, [Cu(dien),(CN)eCu(CN)],, (2) 
(dien = diethylenetriamine) has been prepared by the partial reduction of the OH-bridged binuclear complex 
[Cu,(dien)2(OH)](ClO4)3 (1) with sodium cyanide. The X-ray crystal structure shows that 1 is a polymeric. 
linear mixed-valence Cu~/Cu" complex and consists of a one-dimensional three-coordinated [Cu~(CN)],, chain. 
in which the Cu' atoms are linked by two disordered CN bonding groups. The structure of each Cu" atom 
consists of a square-pyramidal five-coordinate environment, in which the basal plane is formed by the three 
nitrogen atoms of the dien ligands and one carbon atom of the terminal cyanide group, and the apical position 
is occupied by the nitrogen atom of a bridging cyano ligand. This is the first example of one Cu I~ centre 
coordinating with two different bonding types of the terminal Cun--CN and the bridging CuH--NC in a 
polymeric complex. The cryomagnetic behaviour has been investigated in the temperature range 4.2- 300 K. 
There is a weak antiferromagnetic interaction between two intrachain copper(ll) ions with J = 0.47 cm ' 
c 1997 Elsevier Science Ltd. All rights reserved. 

Kewcords: Copper complexes : mixed-valence Cu~/Cu ~E complexes : polymeric copper complexes ; X-ray struc- 
ture : magnetic property. 

It is well known that in aqueous solution copper(ll)  
is easily reduced to copper(I) by cyanide and that 
simple C-bonded cyano complexes of copper(ll) are 
unstable at normal temperatures with respect to 
reduction and cannot be isolated [1]. Nevertheless. it 
has been shown that by choosing ligands (e.g. amines) 
that have good a-electron donor character and stron- 
gly prefer to coordinate to Cu H rather than Cu ~ ions, 
it is possible to stabilize the Cu" - -CN coordination 
bonding. To date, several such complexes have been 
reported: the mononuclear, [CuU(phen)(CN)](NO3) 
[2], [Cu(bipy)2(CN)])NO, ] [31, [Cu(cyclps)(CN)] [4], 
[Cu(Me,,tren)(CN)](CIO4) [5], the CN-bridged 
binuclear, [Cuz([14]-4,11,-dien-N4)(CN)](ClO4) [6], 
[Cu2(tren)(CN)2](BPh4), [7], and [(Cu(Me~trenl)2 
(CN)]tCIO4) [5], and the CN-bridged polynuclear 
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[Cu(Mes-dien)(CN)],,(CF~SO0,, [5]. In addition, a few 
cyano-bridged Cu~/Cu" mixed-valence complexes of 
[Cu(en)z][Cu:(CN)sH:O] [8] [Cu"(en)z]~[Cu~,,(CN),, 
(SeCN)6] [9], and [Cue(L)(CN)](CIOa): (L = N,S- 
containing macrocyclic ligand) [10]  have been 
reported, but there are no cyanide groups directly 
coordinated to the Cun ion as C-bonded CuII--CN 
in these complexes. Most recently, a series of model 
molecular complexes of cytochrome-c oxidase con- 
taining the [Fem--CN--Cu  "] bridge unit has been 
prepared by Holm et al. [5,11] and structurally char- 
acterized, but there are no stable C-bonded CuII--CN 
of [Fem- -CN- -Cu  "] fragments reported in this series. 
Furthermore, to the best of our knowledge, only one 
example of a Cu"/Cu ~ mixed-valence stable polymer 
complex, [Cu'(CN)6Cu"(NH02],, with cyano-bridged 
Cu~--CN--Cu"  prepared from the reaction of 
[Cu~CN] with [Cu"(NH3h] 2 ~, has been reported [I 21. 
In this example the two copper(l) units, at linear 
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[Cu(CN)2] chain and a trigonal [Cu(CN)3] chain are 
bridged by cyanide ligands and there was no magnetic 
interaction between the Cu u ions. 

Undoubtedly the stable copper(ll)-cyanide linkage 
formation is dependent on the chemical reduction pro- 
cess and the types of ligands that will stabilize coor- 
dination of cyanide [1]. The aim of this paper is to deal 
with the first example of the cyano-bridged polymeric 
mixed-valence complex [Cu"(dien)(CN)2Cu~(CN)], 
(2) (dien = diethylenetriamine) with a very unusual 
five-coordination of Cu H containing a terminal C- 
bond C u ' - - C N  and a bridging C u " - - N C - - C u  j bond- 
ing. This compound was prepared by the reduction of 
the known OH-bridged binuclear complex [Cu" 
(dien)2(OH)](C104)3 (1) with sodium cyanide in meth- 
anol. The preparation, structural and cryomagnetic 
studies of this binuclear complex I have been reported 
[13,14]. The structure of [Cu"(dien)2(OH)](C104)3 
consists of a discrete binuclear molecule where the 
two copper(II) atoms are bridged by a single OH 
group with C u " - - O H - - C u  ~x angles of 128 and an 
intramolecular Cu"--Cu" distance of 3.43 A and 
weaker interactions with oxygens from three per- 
chlorate ions, with a strong antiferromagnetic inter- 
action between two copper(II) ions. We chose this 
OH-bridged binuclear copper(II) complex for 
reduction with NaCN since from the viewpoint of 
the dien ligand in 1 it has the capability to stabilize 
CuH--CN bonding and also because such a complex 
would be relevant to the development of model sys- 
tems for active sites of biological interest [15]. 
Additionally, cyanide is an irreversible inhibitor of the 
copper-oxidized enzymes ; specifically, its toxicity has 
been traced to bimetallic oxidases such as cytochrome- 
c oxidase [16] and a haemocyanin [17]. Herein the 
preparation, X-ray crystal structure, spectroscopic 
and magnetic properties of the complex 2 are reported. 
In addition, for comparison, the structure of the OH- 
bridged binuclear complex 1 was reconfirmed by X- 
ray crystallographic analysis. 
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methanol were added 15 cm 3 of methanol containing 
an excess amount (18 mg) of NaCN. During the 
addition of NaCN the solution turned to light blue 
with subsequent precipitation of a white substance. 
The mixture was filtered off and the light blue filtrate 
was transferred to a beaker and allowed to stand at 
ambient temperature. After several days well-formed 
light blue crystals suitable for X-ray analysis were 
isolated, filtered off and dried in vacuo. Found: C, 
31.4; H, 4.1 ; N, 22.6. Calc. for CTHI3N6Cu2 : C, 31.4; 
H, 4.3 ; N, 22.6%. 

Physical measurements 

Infrared spectra were recorded on a Bio-Rad FTS- 
40FTIR spectrophotometer as KBr pellets in the 
4000400 cm-~ region. X-band (9.8 GHz) EPR spec- 
tra at 298 K were recorded on a Bruker ECS-106 
spectrometer. Cryomagnetic susceptibilities of the 
polycrystalline samples were measured between 4.2 
and 300 K at a field of 1 T using a Quantum Design 
Model MPMS computer-controlled SQUID mag- 
netometer. Diamagnetic corrections were made using 
Pascal's constants. 

Crystal structure determinationsJbr 1 and 2 

The X-ray crystallographic data of a dark blue crys- 
tal (0.40 mm x 0.45 mm x 0.60 ram) of 1 and a light 
blue plate (0.35 mm × 0.45 mmx 0.45 mm) of 2, were 
collected with graphite-monochromatized Mo-K~ 
radiation at 25C  using an Enraf-Nonius CAD-4 
diffractomer, and are given in Table 1. Cell parameters 
were calculated from the least-squares fitting of setting 
angles for 25 reflections. The ~ 2 0  scan technique to 

Table 1. Crystallographic data for 1 and 2 

Formula CsHi7N6C13Oi3Cu2 
F.w. 638.70 

EXPERIMENTAL Size, mm 0.4 × 0.45 z 0.60 
Temp., K 298 

Preparation of  complexes Crystal system Monoclinic 
Space group P2~ 
a, A 11.4382(20) 

[Cu2(dien)2(OH)](CIO4)3 (1) was prepared following b, A 9.402(3) 
the method initially described by Curtis and Powell c, A 11.849(3) 
[13]. To a solution of Cu(CIO4)'6H20 (1 retool) in /~, ~ 117.928(20) 
water (10 cm 3) were added diethylenetriamine (dien) V, j~3 1125.9(5) 
in ethanol (15 cm3). The resulting blue solution chan- De, gcm ~ 1.884 
ged to blue-violet on adding of Na2CO3" 10H20 (5 Z 2 
mmol). Deep blue-violet crystals of [Cu2(dien)2 F(000) 640 
(OH)](CIO4)3 were obtained by slow evaporation at ~t, cm ~ 23.22 
room temperature. These were collected by filtration, N 2736 

No [I > 2.0a(/)] 2156 
washed with water and air dried. Found : C, 15.0 ; H, R" 0.054 
4.0; N, 12.9. Calc. for CsHI7N6Or3CI3Cu2: C, 14.8; Rwh 0.065 
H, 4.2, N, 13.0%. 

[Cu(dien)(CN)2Cu(CN)], (2). To a solution of 
[Cu2(dien)2(OH)](C104)3 (1) (30 mg, 0.04 retool) in 

C~H~3NsCu2 
306.317 
0.35 x 0.45 z 0.45 
298 
Orthorhombic 
Pnma 
19.184(6) 
8.6917(24) 
7.124(3) 

1187.9(7) 
1.578 
4 
616 
35.685 
1830 
1367 
0.026 
0.026 

"Rr  ~ ~ [ I F o r -  I Q I ] / ~ I ~ I .  
h R~ = [ ~ w ( I F o l -  IQI)2/2h*,'lFol2] ''-~. 
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Table 2. Bond distances (A) and angles ( ) for 1 

Cu( 1 )--O(1 ) 1.893(10) Cull )--0(7) 2.894(21 ) 
Cull) N(I) 2.180(14) Cu(1)--N(2) 2.004(8) 
Cu( 1 )--N (3) 1.993(10) Cu(2)--O( 1 ) 1.960( 11 ) 
Cu(2) 0(2) 2.481(9) Cu(2)--O(7) 2.746(14) 
Cu(2)--N(4) 2.158(15) Cu(2) N(5) 2.014(8) 
Cu(2)--N (6) 1.960(11 ) Cu( 1 )--Cu(2) 3.420(17) 

Cu(1)--O(I )--Cu(2) 129.1(4) Cull) O(7)--Cu(2) 74.9(4) 
N/I)--Cu(I)--N(3) 163.5(5) N(I) Cu(l)--O(1) 94.8(9) 
N(3)--Cu(I)--O(I) 96.6(8) N(4)--Cu(2)--O( 1 ) 91.7(9) 
O( 1 )--Cu(2)--O(2) 93.7(3) Cu(2) O(21--C1(1 ) 128.1(7) 
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Table 3. Selected bond distances (A) and angles ( ) for 2 

Cu( 1 )--C(4) 1.919(3) Cull )--NC 1.9, 58(--) 
Cu(2)--N(I) 2.0517(21) Cu(2)--C~31 1.971(3) 
Cu(2)--N (4) 2.171 (3) NC--NCb 1.138(4) 
C(4)--N(4) 1.127(4) C(3)--N(3) 1.133(5) 

C(4)--Cu ( I )--NC 1 2 0 . 3 6 ( 1 7 )  NC--Cu( 1 )--NC 119.08(10) 
N(4)--Cu(2)--C(3) 98.77(13) N(I)--Cu(2)--C(3) 94.81(6) 
N(1)--Cu(2)--N(1) 1 5 8 . 8 4 ( 1 8 )  N(2)--Cu(2)--C(3) 163.12(12) 
Cu(1)--C(4)--N(4) 178.1(3) Cu(2) N(4)--('(4) 171.3(3) 
Cu(2)--C(3)--N(3) 177.9(3) Cull ) - -NC--NCb 176.84(21) 

a 20 ...... value of  55.0 for 1 and 160.0 for 2 was used. 
A total of  2736 reflections for 1 and 1830 for 2 were 
measured, of  which 2730 for I and 1830 for 2 with 
/ >  2.0a(/), were used in further calculations. The 
structures were solved by the heavy-atom method. 
Full-matrix least-squares anisotropic refinement for 
all non-hydrogen atoms yielded R~- = 0.054, 
R~ - 0.065 and GOF (goodness-of-fit) = 2.11 for 1 
and R,. = 0.026, Rw = 0.026 and G O F =  16 at con- 
xergence. All calculations were performed using the 
N RCVAX computer  crystallographic software pack- 
age [18]. Disorder was observed in the chain-bridging 
cyano groups of  2. Selected bond distances and angles 
for I and 2 are given in Tables 2 and 3, respectively. 
Complete crystal data, atomic coordinates, full listings 
of bond distances and angles and the anisotropic ther- 
mal parameters for I and 2 are available as sup- 
plementary material, and have been deposited at the 
Cambridge Crystallographic Data Centre. 

R E S U L T S  A N D  D I S C U S S I O N  

The chemical reduction of  [Cu2(dien)2(OH)](CIO~)~ 
(1) in excess methanolic solution of  N a C N  yielded 
a one-dimensional chain structured CuI/Cu" mixed- 
valence complex, [Cu"(dien)(CN)2Cu'(CN)],,  (2) and 

some white solid identified as NaCIO4. Complex 2 was 
isolated in low yield (ca 20%), but was air stable in 
solution and in the solid state for a long period. 

IR spectra 

The most relevant IR feature is the presence of  
bridging and terminally bound CN stretching 
vibrations. In general, the v(CN) frequency should be 
significantly greater for the bridging case than for the 
terminal one. Therefore, complex 2 exhibits very sharp 
double v(CN) bands at 2133 and 2118 cm ~ in KBr, 
suggestive of  the absorptions for the bridging CN and 
the terminal CN stretching vibrations, respectively [5 
7,11]. 

Description t~[the structures 

The structure of  1 (as shown in Fig. l) consists of 
a binuclear [Cu2(dien)2(OH)] 3~ cation with three 
C104 anions, which is the same as previously found 
[14]. Nevertheless. in our system, only one C104 
group oxygen atom was coordinated to the Cu" centre 
with a Cu(2) - -O(2)  bond distance of  2.481(9) A and 
the oxygens of  the other two ClO4 groups interact 
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Fig. 1. ORTEP stereoview of [Cu2(dien)2(OH)](CIO4)3 (1) with atom-numbering scheme and vibrational ellipsoids at the 
30% probability level. 

only with Cu". These C u ' " O C I O  3 interactions are 
very weak, at 2.608(10) [Cu(l)--O(12)],  2.746(14) 
[Cu(2)--O(7)] and 2.894(21) A [Cu(l)--O(7)],  and 
are probably electrostatic rather than covalent. The 
two copper atoms are bridged by a hydroxo group 
with the Cu(1) - -OH--Cu(2)  angle of 129.1(4)" and 
the intermolecular Cu( l ) - -Cu(2)  separation of 
3.4320(17) A being close to those previously reported 
by Julve and co-workers [14]. The bridging C u - - O  
distances of 1.893(10) and 1.960(7) for Cu(1)--O(1) 
and Cu(2)- -O (1), respectively agree closely with those 
previously reported [14]. 

The structure of the title compound [Cu u 
(dien)(CN)2Cu~(CN)],, (2) consists of a one-dimen- 
sional skeleton formed by the polymeric mixed-val- 
ence Cul/Cu" chain through the cyanide bridges as 
shown in Figs 2 and 3. The layer structure of this 
polymer is illustrated in Fig. 4. As shown in Fig. 2, 
the copper(II) atom, Cu(2), takes a distorted square- 
pyramidal coordination with three nitrogen atoms of 
the dien ligand, one carbon atom of the terminal CN 

ion and a nitrogen atom of CN in the apical position, 
which is linked with the copper(I) atom of the polymer 
chain. In the polymer chain, the copper atom, Cu(1), 
is in trigonal-planar coordination (three C--Cu~--C 
bond angles are 120 °) with D3h symmetry. 

It is important to note that due to static disorder, 
in the bridging CN groups with Cu ~ the Cu ~ atom 
bonded as Cu- -CN,  and the other bonded as 
Cu- -NC,  are almost identical; this means that dis- 
crimination between the N and C atoms of the N 
group linking the Cu ~ centres is impossible, and they 
are assumed to have 50% probability for each of the 
C and N designated as NC, in the structure refinement. 
The bond length of N C - - N C b  1.138(4) A is slightly 
longer than that of 1.127(4) A for C(4)--N(4) which 

11 11 II link with the Cu atom. In the Cu site, the Cu - -C(3)  
distance of 1.971 (3) A found here compares favour- 
ably with the distances found in the other C-bond 
Cu" - -CN  complexes mentioned above [2-7]. The 
Cu(2)--N(CN) bond length of2.171 A. is significantly 
longer than the mean Cu(2)--N(dien) bond length 
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kIP NC 
NC 

C(4) 

N(4) 
N(3) 

C(3) Cu(2) 

N(1) ~ ( I )  
CO) C(~) 

C(2) C(2) 

Fig. 2. ORTEP stereoview of [Cu(dien)(CN)2Cu(CN)],, (2) with atom-numbering scheme and vibrational ellipsoids at the 
30% probability level. 

of  2.038 A., which is within the normal range. The 
C(3) - -N(3)  bond length of  1.133(5) ,~ of  the bridging 
CN is slightly longer than the terminal N(4) - -C(4)  
distance of  1.127(4) ~ .  The nearest intrachain and 
interchain C u " - - C u "  separations are 6.2214(13) and 
7.124(3) A., respectively, and are likely to cause a very 
weak magnetic interaction between two copper(II) 
ions. 

Ma,qnetic proper t ies  

The X-band (9.8 GHz) polycrystalline EPR spec- 
trum at 298 K for 2 was found to exhibit an axially 
elongated pyramidal copper(II)  centre, with 9u = 2.21 
and 9 ~ = 2.03. Magnetic susceptibility measurements 
from 300 to 4.2 K have been made for complex 2 as 
shown in Fig. 5, as the effective moments #err and Zm 
L'.~' T. In the temperature range studied, the/~tr value 
of  2.10 #B at 300 K is slightly lower than the value of  
2.45 /tu expected for a non-coupled, two S = ~ spin 
system, and decreases slowly with decreasing tem- 
perature, reaching 1.44 #B at 4.2 K. This decrease 
can be owing to intramolecular and/or  intermolecular 
antiferromagnetic exchange interactions between the 

nearest Cu u ions. Although there is not a detailed 
model for our complex mixed-valence system, we tried 
to reproduce the susceptibility of  this compound by a 
modified Bleaney Bowers susceptibility expression 
for the two-spin systems of  S = ~, 

X m =  2 N g 2 [ ~ - / k ( T - O ) [ { 1 / ( 3 +  x ')](1 t7)I 

+p/4]+N~ (1) 

x = exp ( - J / k T ) ,  the parameter 0 is the Curie Weiss 
constant, which accounts the intermolecular inter- 
action between C u ' - - C u  u of  the interchain, let 
0 = z J" (interchain coupling parameter) [19], p is the 
fraction o fmononuc lea r  paramagnetic impurity, N~ is 
the temperature-independent paramagnetism and the 
other symbols have their usual meaning. Where we 
have assumed the isotropic g value in calculation, the 
best result of  the least squares fitting to Eq. ( 1 ) gives 
,qi = 2.12 (obtained from averaged g value of  EPR 
d a t a ) , J =  - 0 . 4 7 c m  ~ , z J ' =  - 0 . 2 6 c m  ' , p = 0 . 0 6  
and N~ = 200× 10 ~' cm ~ mol '. Figure 5 illustrates a 
plot of Xm and p~- t~s. T for 2, with the solid line 
corresponding to the fitted parameters quoted above. 
The v a l u e s o f J =  - 0 . 4 7 c m  ~ a n d z J ' -  - 0 . 2 6 c m  ' 
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Fig. 4. Interchain molecular arrangement in the crystal of 2, 
showing the layer structure. 

are relatively much smaller, these may be due to a 
large separation, 6.22 and 7.12 ~,  of the nearest mag- 
netic Cu 11 ions of the intrachain (through - - N C - - C u  ~ 
- -CN--br idge)  and the interchain [through Cu H 
- - C N . - .  NH(dien)Cu H interaction] respectively, in 2. 

In summary, 2 is a new example of a mixed-valence 
Cu~/Cu H polymeric complex with the stable CuH--CN 
and CuH--NC bondings that resulted from the direct 
partial reduction of the OH-bridged binuclear cop- 
per(II) complex 1 by NaCN. The terminal C-bonded 
CuH--CN is stabilized by three nitrogen atoms of the 
dien ligand and one nitrogen atom of the bridged 
NC--Cu  ~. Although the detailed mechanistic aspects 
for the partial reduction for the present system and 
related systems were not elucidated at present, this 
work is in progress. 

Acknowledgement This work was supported by a grant 
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