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Synthesis and Crystal Structures of Novel One-dimensional 
- 

Polymers, [{M(bpen)X},1 [M = Cu', X = PF, ; M = Ag', 
X = Clod-; bpen = trans-I ,2-bis(2-pyridyl)ethylene] and 
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The new polymeric compounds [{M(bpen)X),] [M = Cu', X = PF,-, 1; M = Ag', X = CIO,-, 2; bpen = 
trans-l,2-bis(2-pyridyl)ethylene] and [{Cu(bpen) (CO) (CH,CN)(PF,)},] 3 have been synthesised and 
their structures determined by X-ray crystallography: 1, monoclinic, space group P2,/!, a = 1 3.653(8), b = 

9.288(3), c = 11.232(3) A, p = 96.89(3)O and Z = 4; 2, triclinic, space group P1, a = 7.569(1), b = 
13.253(5), c = 6.757(1) A, x = 92.24(3), p = 104.05(1), y = 78.41 (3)" and Z = 2; 3, triclinic, space 
group P i ,  a = 9.882(8), b = 12.1 26(9), c = 8.173(8) 8, Y. = 93.33(9), p = 102.10(9), y = 106.90(7)" 
and Z = 2. The complexes show an infinite-chain structure of macrocations with non-interacting PF,- or 
CI0,- anions. Compounds 1 and 2 are unique polymers having a linear co-ordination geometry, 
characteristic of d10 metals. They differ in the mode of polymerization, being of rectangular and triangular 
wave chain types, respectively. A non-coplanar structure between the pyridyl and olefinic groups of the 
co-ordinated bpen is recognized, indicative of the importance of intermolecular interaction in crystal 
packing. Compound 3 has a tetrahedral form of copper(1) as a repeating unit, involving a single CO 
molecule, which exhibits a short C=O distance [1.104(6) 81 irrespective of the normal v(C0) value 
(2088 cm-'). Proton NMR spectra of the copper(1)-bpen systems demonstrate that the solution 
species has a dimeric structure having two bridging bpen, where the olefinic moiety is co-ordinated 
to copper(!), dissimilar to the co-ordination mode of 1. A difference in chemical shifts between the 
PF,- and CI0,- salts is observed, indicative of the interaction of CI0,- with copper(1). The polymeric 
complex is predominantly obtained from the PF,- salt. The formation and the structure of CO or C,H, 
adducts in solution have also been examined by 'H NMR spectroscopy. 

lnfinite-chain structures are of substantial interest in under- 
standing the solid-state chemistry of metal complexes. * The 
recent advent of polymeric copper complexes,2 which have very 
good conductivity, has added an intriguing dimension to Group 
1 1  metal complex chemistry, prompting one to prepare a well 
ordered assembly of copper and silver c o m p l e x e ~ . ~  Copper(1) 
can have a wide variety of geometrical  structure^,^ from two- to 
six-co-ordinate, providing various types of solid structures as 
relevant building blocks. Reports on infinite-chain complexes 
of Group 11 metals with organic ligands having n electrons are 
still sparse although several famous complexes have been 
known for three decades.' 

Here we report the synthesis and structural characterization 
of a new type of chain compound, [{ M(bpen)X),,] [bpen = 
bis(2-pyridy1)ethylene; M = Cu', X = PF,-, 1; M = Ag', X = 
CIO,-, 21 in which the co-ordination geometry of the metal 
atoms is linear, unique in their metal  polymer^,^," and where the 
mode of polymerization is different for the two metals. 
Moreover. an interesting C O  adduct having infinite-chain 
structure has also been obtained. The solution species and their 
equilibria have been examined by use of ' H  NMR spectroscopy. 

Experimental 
All operations were carried out under an atmosphere of purified 
argon. Solvents were dried by conventional methods and 
distilled under argon. The salt [Cu(CH,CN),]PF, was 
prepared according to the literature,' [Cu(C2H,)(CI0,)] was 

t Siippl'ni('ti,r~r?' rhitci (11 uilrrhlc: sec Ins t ruc t ions  for A u t h o r \ ,  J .  CI1~~111. 
So( .  Drrlton Trms.. 1991, Issue I ,  pp. xviii xxii. 

obtained by the reduction of Cu(CIO,),-GH,O by copper wire, 
whose preparation has been mentioned previously,' and 
AgCIO, was obtained from Wako Chemicals. The compound 
trans- I ,2-bis(2-pyridyl)ethylene was purchased from Aldrich 
Chemicals. 

Prepmation qf Complexcs.-[(Cu(bpen)(PF,)j. 1. A 
methanol solution (5 cm3) of bpen (18.2 mg, 0.1 mmol) was 
added to [Cu(CH,CN),]PF, (37.3 mg, 0.1 mmol) and stirred. 
The solution soon became yellow, and white microcrystals were 
precipitated. The crystals were filtered off and washed with 
methanol. Yield 6604. 

The yellow filtrate was transferred to a glass tribe and kept 
for 1 d at room temperature. Colourless crystals were obtained, 
one of which was used for X-ray crystallography. The crystals 
are insoluble in methanol and acetone. Raman: v(C=C) 1629 
cm-'. ' H  NMR (the filtrate): 6 7.72, 7.89. 7.39, 8.56 and 7.78 for 
H2, H3, H". H 5  and H " respectively. 

[ fAg(bpen)(CIO,)),] 2. A tnethanol solution (5.0 cm3) of 
bpen (18.2 mg, 0.1 mmol) was gently added to a methanol ( 5  
cm3) solution of AgCIO, (20.3 mg, 0.1 mmol). The mixture 
obtained was filtered and the colourless filtrate transferred to a 
glass tube. which was kept at room temperature for 10 d in a 
dark place. Colourless crystals were obtained, one of which was 
used for X-ray crystallography. Raman: v(C=C) 163 1 cm-'. 

[ICu(bpen)(CO)(CH,CN)(PF,,)) 3. A methanol solution 
( 5  cm3) of bpen (18.2 mg, 0.1 mmol) was added to 
[ C L I ( C H ~ C N ) ~ ] P F ~ ,  (37.3 mg, 0.1 mmol) and stirred. Then 
carbon monoxide gas was bubbled into the yellow solution for 
20 min, and the colourless solution obtained was transferred to 
a glass tube under a carbon monoxide atmosphere and kept for 
a few weeks at 5 C. Pale yellow crystals were obtained. one o f  

http://dx.doi.org/10.1039/DT9910002869


2870 J. CHEM. SOC. DALTOK TRANS 1991 

Fig. 1 ORTEP views of portions of macrocations of (o)  [{Cu- 
(bpen)(PF,)),] and (h)  [jAg(bpen)(ClO,)),]. The thermal ellipsoids 
enclose 30:o probability 

which was used for X-ray crystallography. IR (KBr disk): v(C0) 
2088, v(CN) 2120 cm-'. Raman: v(C=C) 1631 and 1642 cm-'. 
'H  NMR (-90 'C, C2H,]methanol, reaction solution atom 
numbering as in crystal structures. C' I denotes both ethylenic 
protons of bpen): 6 8.17, 8.17, 7.67, 8.74 and 7.94 for H2,  H3, H", 
H 5  and H'  ' respectively. 

bpen. Crystals of bpen were obtained by recrystallization from 
methanol. 'H NMR ([2H4]methanol): 6 7.64, 7.83, 7.31, 8.54 
and 7.62 for H2, H3, H4, H s  and H" respectively. Raman: 
v(C=C) 1639 cm-'. 

[(Cu(p-bpen)(ClO,)j,] 4. A methanol solution (1 cm3) of 
bpen (2.7 mg, 0.015 mmol) was added to a methanol solution 
(2.0 cm3) of [Cu(C2H,)(C10,)] (0.01 5 mmol) and stirred under 
an ethylene atmosphere. After the ethylene was purged with 
argon, the solution was filtered. The filtrate was sealed in a glass 
tube and kept at 5 C for 3 d. Yellow microcrystals were 
obtained. (Found: C. 41.80; H, 3.00; N, 7.95. Calc. for 
C,2H,,ClGuN,0,: C, 41.75; H, 2.90; N, 8.10°,). ' H  NMR 
(['H,]methanol, redissolked crystals): 6 7.74,7.93,7.43,8.53 and 
7.81 for H2,  H3, H4, H5 and H" respectively. 

Phj$.sicul Mcuc~~irmicil t  5.-- U V VI S spectra were recorded 
with a Hitachi 15&20 spectrophotometer. IR and Raman 
spectra with JASCO FT IR-8000 and JEOL JRS-400T laser 
Raman spectrophotometers, respectively, and 'H NMR spectra 
with a JEOL GSX-270 spectrometer operating in the Fourier- 
transform mode (16 K data points. spectral width 3500 HZ after 
100-200 pulses) at ambient temperature (SiMe, as internal 
reference). 

C 'r:\..c t ti llogr cipli j 3 .  ~~ G en e r a I cry s t a1 1 ogra p h I c d at a a n d pr oce - 
dures for this paper are as follows. As a rule, crystals werc glued 

on top of a glass fibre. For each compound unit-cell constants 
were determined from the geometric parameters of 20 well 
centred reflections with 28 values in the range 20-32 . Then, a 
unique data set was measured to a 28 limit predetermined from 
the scope of the data, using a Rigaku AFC6B automated 
diffractometer fitted with a monochromatic Mo-Kx radiation 
source (h  = 0.710 73 A) and operating in conventional 0-20 
scan mode at 25 ' C .  N Independent reflections were obtained, 
No with F, > 30(F0) being considered 'observed' and used in the 
block-diagonal least-squares refinement after analytical absorp- 
tion corrections. Full-matrix refinement was used for the smaller 
structures. The structure was solved by direct methods 
(MULTAN 78).8 After anisotropic least-squares refinement for 
non-hydrogen atoms, all hydrogen atoms were located in the 
Fourier difference map, but their parameters were not refined. 
Residuals at convergence (Rand R') are estimated on IF[. Atomic 
scattering factors and anomalous dispersion terms were taken 
from ref. 9. Computation was carried out on the FACOM 780 
computer at the Data Processing Center of Kyoto University by 
using the program system KPPXRAY. The positional 
parameters for each compound are listed in Tables 1 4 .  

Departures from the above occurred for complex 3. The 
PF,- anion is disordered with the site occupancies of 7: 3 for 
equatorial F(3A), F(4A), F(5A) and F(6A) cs. F(3R), F(48), 
F(5B) and F(6B), whereas those for the axial F( l )  and F(2) are 
1 : 1. The minor model B comprises the anion rotated by u. 45 
from the model A around the F(1)-P-F(2) axis. For the final 
refinement the multiplicities were fixed at those values. The 
significance of the minor sites was verified by the stable 
refinement and the fact that the parameters derived for the 
minor anion are within acceptable ranges. 

Crystal drta. 1, C, ,H,,CuF,N,P, M = 390.73. monoclinic, 
space group P2,/n,  a = 13.653(8), b = 9.288(3), c' = 11.232(3) 
A, p = 96.89(3)", U = 1414.0 A3, 2 = 4, D, = 1.835 g cm-3, 
F(000) = 776, p = 17.21 cm-'. Specimen size: 0.30 x 0.30 
x 0.25 mm. 28,,, = 60 ; N , N ,  = 3750, 1367; R,K' = 0.055, 
0.053. 

2, C,  ,H1 oAgCIN204, A4 = 389.57, triclinic, space group Pi, 
[I = 7.569(1), h = 13.253(5), c = 6.757(1) A, r. = 92.24(3), = 

104.05(1)-, y = 78.41(3) , C' = 644.2 A3, Z = 2, D, = 2.008 g 
~ r n - ~ ,  F(000) = 384, p = 17.70 cm-'. Specimen size: 0.30 x 
0.30 x 0.30 mm. 28,,,, = 60 ; N , N ,  = 4188, 3550; R,R' = 
0.033, 0.043. 

3, C,  ,H ,CuF,N,OP, M = 459.80, triclinic, space group Pi, 
( I  = 9.882(8), h = 12.126(9), c = 8.173(8) A, 3: = 93.33(9), p = 
102.10(9), y = 106.90(7) , b' = 909(1) A3, Z = 2, I), = 1.680 
g ern-,, F(000) = 460, p = 13.13 cm-'. Specimen size: 0.20 
x 0.20 x 0.15 mm. 20,,,, = 55  ; IV.N, = 4765, 3421: R,R' = 
0.046,0.0.56. 

bpen, C,,H,,Nz, M = 182.23. monoclinic. space group 
P2,/ri, = 7.310(5), h = 12.252(5). I '  = 5.654(5) A, p = 
107.05(6) , I '  = 484.2 A3,  Z = 2, D, = 1.250gcm '. F(000) = 

192, p = 0.71 cm-'. Specimen size: 0.30 x 0.30 x 0.30 mrn. 

Additional material available from the Cambridge Cry- 
stallographic Data Centre comprises H-atom coordinates, 
thermal parameters and remaining bond lengths and angles. 

20,,,, = 60 ; N , N ,  = 1678,499; R,R' = 0.065, 0.063. 

Results and Discussion 
<'j*j3,stiil Structur~cs of'Coriipic.ves 1 cmtl 2.-- Fig. I indicates :i 

portion of each polymer. The single-crystal X-ray diffraction 
analysis reveals that compound 1 (or 2) is composed of n o i a -  
interacting PF, ~~ (or CIO, ~ ) anions and [[Cn(bperi)] t ;  , ( o r  
[[Ag( bpen)] + 1 ~ ) macrocations. The cation of 1 is an infinite 
c) tie-di men si on al chain j us t 1 i ke a co 11 tin uo i i  s recta n gii 1 a r wave 
running parallel to the monoclinic h axis. The basic repeating 
uni t  is two-co-ordinate Cu(py) ,  (py = pyridine), whose mode 
of polymerization is such that ;i bpen Lvhich is co-ordinated t o  a 
copper atom also acts as ;t ligand for it second neighbouring 
copper. The ethylene group of a bpen is raeai-iy pcrpenciiciii:tr to 
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Table 1 Atomic positional parameters * for [(Cu(bpen)( PF,)) I 3 

Atom Y v 
0.4492( 1) 
0.7182(2) 
0.7392(4) 
0.70 1 6(4) 
0.8330(3) 
0.6043(3) 
0.7264(4) 
0.7094(4) 
0.4053(5) 
0.43 13(5) 
0.5247(6) 
0.5907(5) 
0.5644( 5 )  
0.1298(5) 
0.1 167(5) 
0.0261(6) 

- 0.0538( 5) 
- 0.0386( 5 )  

0.3087(5) 
0.2257(5) 
0.4738(4) 
0.0508(4) 

0.1949( 1 ) 
0.0477(2) 
0.1908(7) 

0.0206( 5 )  
0.0763(6) 
0.1 332(6) 

0.470 l(8) 
0.6106(8) 
0.6597(8) 
0.5701(9) 
0.4358( 9) 
0.4282(7) 
0.298 l(9) 
0.2508(8) 
0.3309( 8) 
0.4587(9) 
0.41 1 l(7) 
0.4870( 7) 
0.3 824( 7) 
0.5 109(6) 

-0.0950(6) 

- 0.042 1 (7) 

0.7424( 1) 
0.9552(2) 
1.026 1 (7) 
0.8829(6) 
0.9679( 5 )  
0.9371(5) 
0.8359(5) 
1.07 1 O( 5 )  
0.8404( 6) 
0.8772(7) 
0.8729( 7) 
0.8322( 7) 
0.7970( 7) 
0.865 3 (6) 
0.9203( 7) 
0.9342(7) 
0.8978(7) 
0.8447(7) 
0.8493( 7) 
0.85 12(7) 
0.80 1 O ( 5 )  
0.8294(5) 

* Estimated standard deviations are given in parentheses. 

X 

0.6533(0) 
0.1995(1) 
0.054 1 (3) 
0.3436(3) 
0.1034( 5 )  
0.155( 1) 
0.29 14( 5 )  
0.2496(9) 
0.1865(7) 
0.273( 1) 
0.2047(7) 
0.130( 1) 
0.6165(5) 
0.4885(2) 
0.7410(3) 
0.8149(3) 
0.4348(3) 
0.3282(3) 
0.2774(4) 
0.33 3( 5 )  
0.4369(3) 
0.6845( 3) 
0.7601(4) 
0.8947(4) 
0.95 17(4) 
0.8728(3) 
0.4944(3) 
0.5398(4) 
0.6272(4) 
0.9063 (4) 
1.0276(5) 

Y 
0.7866(0) 
0.7388( 1 ) 
0.7376(3) 
0.7414(3) 
0.6577(5) 
0.6 121 (6) 
0.8027(5) 
0.8745(6) 
0.62 17( 5 )  
0.729( 1) 
0.848 1 ( 5 )  
0.760( 1) 
0.9055( 4) 
0.6444( 2) 
0.8946(2) 
0.7105(2) 
0.5465(2) 
0.4510(3) 
0.4525(3) 
0.5505(3) 
0.643 3( 3) 
0.9727(2) 
1 .O496(3) 
1.0479( 3) 
0.9680(3) 
0.8941(3) 
0.5463( 2) 
0.97 17(3) 
0.8623(3) 
0.6756(3) 
0.6324(4) 

L. 

0.2760(0) 

0.1290(4) 
- 0.1830( 1) 

- 0.2357(4) 
-0.3473(5) 
-0.242(1) 
- 0.0094(6) 
- 0.130( 1) 
- 0.1OO2(9) 
- O.ooO( 1 ) 
- 0.263 l(9) 
- 0.370( 1) 
- 0.0255(5) 

0.3024(3) 
0.5048( 3) 
0.2669(4) 
0.1901 (3) 
0.2 160(4) 
0.3599(5) 
0.4748(4) 
0.441 3(4) 
0.5669(4) 
0.7108(4) 
0.7944( 4) 

0.5908(4) 
0.0398(4) 
0.4750(4) 
0.0896( 5 )  
0.258 l(4) 
0.2487(6) 

0.7349(4) 

Table 2 Atomic positional parameters * for [{Cu(bpen)(CO)- 

* Estimated standard deviations are given in parentheses. 

the b axis. In linear-chain copper(]) corn pound^^.^ this two-co- 
ordination of the copper(1) monomer unit is quite rare, while 
three- and four-co-ordinate copper(]) monomer units are 
common. 

The cation of 2 also shows infinite one-dimensional chains 
just like a continuous triangular wave (zigzag mode) running 
parallel to a diagonal axis of the triclinic cell. The basic 
repeating unit is similar to that of 1, indicative of an uncommon 
structure in polymeric silver compounds. 

Table 3 Atomic positional parameters * for [{Ag(bpen)(ClO,)j ] 

Atom s 1' 

0.68 5 3 (0) 
0.9092( 1) 
0.74 1 O( 3) 
0.6794(3) 
0.4950(4) 
0.3720( 3) 
0.4396( 3) 
0.6468(3) 
0.6840(4) 
0.7737(4) 
0.8249(4) 
0.7892(4) 
0.9349(3) 
0.5476(4) 
0.61 98(3) 
0.7034(3) 
0.9289(4) 
0.7232(3) 
1.0379(4) 
0.9449(5) 

0.2780(0) 
0.2221 (0) 
0.0365(2) 

-0.0552(2) 
- 0.0560(2) 

0.0373(2) 
0.1 260(2) 
0.5072(2) 
0.6067( 2) 
0.6368(2) 
0.5676(2) 
0.471 l(2) 
0.040 1 (2) 
0.4708(2) 
0.1276(2) 
0.4391(2) 
0.1 136(2) 
0.2668(2) 
0.251 l(3) 
0.2594(3) 

0.39730) 
0.9497( 1 ) 
0.3660(4) 
0.3 I93(4) 
0.23 88(4) 
0.2002(4) 
0.2428(4) 
0.2728(4) 
0.2987(5) 
0.4874( 5 )  
0.649 1 ( 5 )  
0.61 38(4) 
0.4604(4) 
0.0795(4) 
0.3264(3) 
0.4305( 3) 
0.9542( 5 )  
0.8436(5) 
0.8 525( 6) 
1.1 5 18(5) 

* Estimated standard deviations are given in parentheses. 

Table 4 
ethylene 

Atomic positional parameters * for fmns- 1,2-bis(2-pyridyl)- 

x 
0.7902(4) 
0.6959(5) 
0.5508(6) 
0.5008(5) 
0.5982(5) 

0.7407(4) 
0.9467(4) - 

1' 

0.0659(2) 0.0836(6) 
0.0520(3) 0.2591(7) 
0.1202(3) 0.2656(7) 
0.201 7(3) 0.0938(7) 
0.2107(3) -0.0741(7) 

-0.0053(3) 0.0738(6) 
0.1459(2) -- 0.0854( 5 )  

* Estimated standard deviations are given in parentheses. 

Fig. 2 Projection of the chain structure of [{Cu(bpen)),]"+ along the 
CI axis, showing the framework of the non-planar polymeric chain. 
Dashed lines show the nearcst-neighbour atom contacts: ( 1 )  Cu . - - Cu 
7.17; (2) C(1) - - - C(3') 3.46; (3) C(1) . C(4') 3.69 A. Primes denote 
atoms in the ncighbouring chain 

Table 5 provides a list of important bond distances and 
angles. The co-ordination geometry of the metal in both 
compounds 1 and 2 indicates a deviation from linearity. The 
N-Cu-N angle of 168.2(2)' for 1 is close to that of pyridine 
derivatives, [Cu(dmpyj,]C104 ( I  70 ) (dmpy = 2,4-dimethyl- 
pyridine)," but smaller than that of other two-co-ordinate 
copper(rj complexes, (170-180 ). lo  On the other hand, the Cu- 
N,, distance of 1.884(6) A falls within the range 1.86-1.94 A." 
In the case of 2 the bond distance Ag-N,, of 2.162(3) A falls 
within the common values, and the angle N-Ag-N 169.6( 1 )  is 
at the lower end (1 72- 180') for two co-ordinate silver complexes 
having N-donors." Because 1 and 2 reveal a similar co- 
ordination geometry, the difference in the polymerization mode 
is attributable to the counter anion. 
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Table 5 Selected bond distances (A) and angles (") 

((0 C (Cu(b~en))nI" + 

Cu-N( 1) 1.878(6) Cu-N(2) 
N( 1 )-C(5) 1.338(9) N( 2)-C( 6) 
N( 1)-W 1.354(9) N(2)-C(10) 
C( 1)-C( 11) 1.44( 1) C(6)-C( 12) 
C( 1 1)-C( 12) 1.33( I )  

N( l)-Cu-N(2) 168.2(2) Cu-N( 1)-C( 1) 
Cu-N(l)-C(Sj 117.3(5) Cu-N(2j-C(6) 
Cu-N(2)-C( 10) 115.3(4) C(l)-C(ll)-C(l2) 
C(6)-C(12)-C(ll) 125.7(6) 

Cu-N( 1) 
Cu-N(3) 
N( 1 )-C(5) 
N(l)-C(l) 
C( 1)-C( 11) 
C( 12 j-C( 12') 
C( 1 1)-C( 1 1') 
C( 13)-O( 1) 

N(I)-Cu-N(2) 
N( l)-Cu-C( 13) 
N(2)-Cu-C( 13) 
Cu-N( 1 )-C( 1 ) 
Cu-N(2)-C(6) 
cu-C( 13)-0( 1) 
C( I)-C(l 1)-C( 11') 

N( l)-Ag-N(2) 
Ag-N( 1)-C(5) 
Ag-N(2)-C( 10) 
C(6)-C( 12)-C( 12') 

C(l)-N(l)-C(5) 
N(1)-C(1)-C(l1) 

2.057(3) 
2.075(4) 
1.338(4) 
1.355(4) 
1.470( 5 )  
1.29 3 (9) 
1.309(6) 
1.104(6) 

109.7(1) 
11931) 
114.9(1) 
123.0(2) 
126.1(2) 
176.3(5) 
124.4(3) 

2.158(3) 
1.348( 3) 
1.3 5 3( 3) 
1.461(3) 
1.3 18(3) 

169.6(1) 
1 15.8(2) 
118.2(2) 
125.6(3) 

1.342(4) 
1.305(5) 

1 17.0(3) 
117.5(3) 

Cu-N(2) 
cu-C( 13) 
N(2)-C(6) 
N(2)-C(lO) 
C( 6)-C( 12) 
N(3)-C( 14) 
C( 14)-C( 1 5 )  

N(l)-Cu-N(3) 
N(2)-Cu-N(3) 
N(3)-Cu-C( 13) 
Cu-N( 1)-C(5) 
Cu-N(2)-C( 10) 
N(3)-C(14)-C( 15) 
C(6)-C( 12)-C( 12') 

4 - W )  
N(2)-C(6) 
N(2)-C( 10) 
C(6)-C( 12) 
C(ll)-C(ll') 

Ag-N( 1)-C( 1) 
Ag-N( 2)-C( 6 )  
c(l)-c(l l)-c(l l ' )  

N( l)-C(l)-C(2) 
C(2)-C( 1)-C( 11) 

1.890(6) 
1.346(8) 
1.343(9) 
1.44( I ) 

124.8(5) 
I27.0(4) 
125.8(6) 

2.083(4) 
1.835(4) 
1.3 5 5 (4) 
1.346(4) 
1.465(5) 
1.116(5) 
1.455(7) 

100.2( 1) 
101.3( 1) 
108.6(2) 
1 19.6(2) 
116.5(2) 
178.8(3) 
126.3(4) 

2.1 66(3) 
1.353(3) 
1.347(3) 
1.457(4) 
1.325(3) 

1 2 5.9( 2) 
123.3(2) 
125.2(3) 

1.326(5) 
1.45 3(6) 

121.1(3) 
121.4(3) 

The pyridine ring contact between the nearest-neighbour 
chain in compound 1 is 3.46 A (Fig. 2), indicative of n-n 
stacking interactions.' Evidently, no metal-metal interaction 
occurs because of the long distance (7.1 A) of the nearest- 
neighbour copper atoms. 

Crystal Structure of Complex 3.-The carbonyl complex 3 
also gives an infinite one-dimensional chain (Fig. 3), which is 
composed of non-interacting PF,- anions and { [Cu(bpen)- 
(CO)(CH,CN)] + } JI macrocations. The macrocations run 
parallel to a diagonal axis of the triclinic cell. The basic 
repeating unit is four-co-ordinate [CU(~~)~(CO)(CH,CN)] ,  
whose mode of polymerization is such that a bridging bpen is 
co-ordinated to two copper atoms in a similar manner as in 1 
and 2. The midpoint of the ethylene group sits on the 
crystallographic inversion centre. 

The two Cu-N(py) distances, 2.057(3) and 2.083(4) A, are 
close to that of [C~(py),lClO,, '~ while Cu-N(nitri1e) 2.075(4) 
8, is longer than that of [Cu(CH,CN),]CIO, [average 
1.98(2)].15 In the case of the bond angles around the copper 
atom. the average deviation from a tetrahedron (109.5-) is only 

+ 0.2 and -0.9" for N(py)-Cu-N(py) and C( 13)-Cu-N(nitrile), 
respectively, while larger deviations are found for N(py)- 
Cu-C( 1 3)av ( + 7.7) and N(py)-Cu-N(nitrile),. ( - 8.7"), 
indicating that both CO and CH3CN incline at ca. 8" from a 
tetrahedral bond direction. 

It is worth noting that the Cu-C( 13) distance, 1.835(4) A, is 
the longest in four-co-ordinate copper(1) complexes (1.73-1.82 
A) so far synthesised.'h-22 The C-0 distance is at the shortest 
end (1.1C1.148 A) and shorter than the value (1.128 A) of 
metal-free C0.23  To the best of our knowledge only one 
carbonyl copper polymer, [(Cu(CO)(C2H,S0,)) has been 
crystallographically characterized. The Cu-C and C-0 bond 
distances of the tetrahedral copper moiety fall within the range 
mentioned above, but quite a high v(C0) (2128 cm-') is 
observed, indicative of a high positive charge or low electron 
density on the copper which is attributed to a weak copper- 
sulphonate intera~tion.~,  This v(C0) is in contrast to that (2088 
cm-') of 3 which falls within the normal range (2060-2090 
cm-1).'6-22 This is because 3 contains N-donor ligands, where 
the electron density on the copper atom increases and 7[: back- 
bonding interaction is involved in the Cu-CO bond more than 
in the case of the sulphonate group. Although the 7c back 
bonding contributes to the Cu-CO bond, its structural 
parameters reveal the predominance of 0 bonding. At present 
there are no positive data to show that the Cu-CO bonding in 
the carbonylated polymer complex 3 is weak. In practice, the 
crystals did not lose CO when exposed to air. Thus the 
collection of the X-ray diffraction data was successful. 

OIefinic C=C Bond Distances, r.-The crystals of complexes 2 
and 3 contain structurally different types of bpen. The two C=C 
distances, ra and rb, are listed in Table 5. Inspection of r and 
v(C=C) reveals that the decreasing order in r corresponds well 
with that of increasing v(C=C); 1629 [l, 1.33(1)] < 1631 [2a, 
1.325(4); b, 1.318(5); 3b, 1.309(1)] < 1639 [bpen, 1.305(5) A] 
< 1642 cm-' [3a, 1.293(1) A]. A relation r x v(C=C)-' holds 
for these polymers in the solid state. 

The crystallographic structure of metal-free bpen was also 
determined as the trans form shown. It is worth noting that the 

pyridine and ethylene groups of metal-free bpen are nearly 
coplanar [dihedral angles (q)* of 2.8"] while all the co- 
ordinated bpen ligands studied here show large deviations from 
planarity. The cp values in co-ordinated bpen in 1,3a, 3b, 2a and 
2b are 23.0, 13.2, 3 1.5, 1 1.4 and 13.7", respectively. In the case of 
3a and 3b the difference in cp is anomalously large. For two-co- 
ordinate systems the increasing order in the r appears to be in 
good agreement with that in 'p: 1.305(5) (2.8,4) < average 1.322 
(average 12.5, 2) < 1.33(1) 8, (23.0', 1). The apparent trend is 
opposite to that expected from usual considerations concerning 
conjugated systems, where large 'p is accompanied by a 
shortening of r because the bond order is increased by twisting 
of the C=C(C,H,N) bond. However, the I' 1's. cp relationship 
does not apply in the case of 4. The observed trend is not 
associated with a pure intramolecular electronic interaction 
such as n-7~ interaction with C=C and py moieties, which are 
perturbed by the metal atom. I t  is also not simply accounted for 
by the problem of the X-ray data analysis t because of the good 

* Defined as the angle between the ethylenic and pyridine ring planes, 
constituted by C(1)-H(1 I)-C( I l)-C(l2)-H(l2) and N(  l)-C(I)- 
C( 2)-C( 3)-C( 4)-C( 5 ) .  respec t i vel y . 
t A similar phenomenon has been found in the temperature-dependent 
ethylenic bond distance of (€)-2,2'-dimethylstilbene.'" which is related 
to the treatment of the anharmonic oscillation of the ethylenic atoms in 
the data analysis. 
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Fig. 3 An ORTEP view of portions of the macrocations of [{Cu(bpen)(CO)(CH,CN)(PF,)J ,I. The thermal ellipsoids enclose 30?,< probability 

relationship between r and v mentioned above. Most probably, NMR spectrum also demonstrates that this is the only species in 
the intermolecular interactions involved in the crystal packing solution because there are no other signals. The fact that metal- 
are important in governing the local molecular structure such as free pyridyl signals are not observed for 4 is accounted for by a 
dihedral angles and torsion angles. In this context bpen is an chemical exchange process: -Cu(*NC,H,)C=C(C,H,N) tf 

ideal ligand for studying such phenomena owing to its high -Cu(NC,H,)C=C(C,H,N*). 
degree of flexibility. 

Solution Species.-The ligand bpen reacts with [Cu- 
(CH,CN),]X (X = PF, or C10,) or [Cu(C,H,)(ClO,)] in 
acetone or methanol to give a yellow solution, which exhibits a 
shoulder (h  = 350 nm, E = 1400 dm3 mol-' cm-') on the ligand 
band. This band is assigned metal-to-ligand charge transfer 
(m.1.c.t.) (Cu+py) because analogous pyridine complexes of 
copper(1) give a band in the same region, e.g. [Cu(py),] + (330 
nm).26 When such complexes are two-co-ordinate, this band 
tends to be blue shifted, giving pale yellow or colourless 
~ r y s t a l s . ~ , ~ ~  The fact that complex 1 is colourless is not an 
exception because each copper(1) is two-co-ordinate. 

When copper(1) perchlorate systems such as [Cu(CH,CN),]- 
C10, or [Cu(C,H,)(CIO,)] were used as starting materials the 
resulting yellow solutions gave only yellow9 crystals of 4. The 
elemental analysis reveals [ [Cu(bpen)( CIO,)},]. When the 
PF6- salt was used as a starting material the yellow solution 
gave colourless crystals, which are undoubtedly assigned to 1 as 
mentioned above. 

In order to clarify the structure of the yellow species in 
solution the yellow crystals of 4 were redissolved and the 'H 
NMR spectrum recorded. The protons of bpen were shifted 
downfield, indicative of co-ordination of the pyridyl N and 
olefin group: co-ordination shifts (6, = 6obs - 0.08, 0.06, 
0.08. 0.02 and 0.16 for pyridyl H2, H3, H4, H5 and olefinic 
H' '. respectively. A downfield shift of the olefinic protons 
has also been observed for an olefinic %-proton of 2- 
vinjlpyridine(vpy) in dimeric [C~,(p-vpy)~(vpy)~][ClO~]~ 5,18 

where the olefin group is co-ordinated to copper(1) is the side-on 
mode as shown. On this basis the yellow species 4 is also a 
binuclear copper(1) complex, [[Cu(p-bpe)(C1O4)j J .  The H 

CIO~ 
4 5 

In the crystal structure of compound 5,28 a C10,- anion is 
placed in the vicinity of copper(1) with a distance (Cu-O,,) of 
2.80( 1)  A, implying a weak interaction of C10, with copper in 
the solid state. It has also been found that a C10, anion 
interacts with copper(1) in [Cu(bipy)(CH,=CHPh)(ClO,)] 
(bipy = 2,2'-bipyridine) [Cu-0 2.591(4) A].29 In the case of the 
copper(1)-bpen system in solution a close contact Cu C10,- 
is also suspected because there is a clear anion dependence of the 
species obtained as mentioned above. However, no vibrational 
confirmation of perchlorate co-ordination to copper in solution 
was observed. A PF,- anion has n o  co-ordination ability3' and 
hence exerts no influence on the environment of the copper(1). 
The role of C10,- is associated with the solubility of complex 
4, which is the kinetically preferred species; its insolubility 
results in precipitation, interfering with the progress of the 
reaction. 

I n  the case of the PF, ~ salt, complex 1 precipitates as soon as 
the copper(r) salt and bpen are mixed. Complex 1 is insoluble in 
methanol. Thus, the 'H NMR spectrum of the yellow filtrate 
was directly measured. I t  is similar to that of 4, but 6, is slightly 
different. Because there are no Clod-  anions, the solution 
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Scheme 1 
( i c )  bpen 

( i )  bpen, PF,-, CO; (ii) bpen, PF,-; (i i i)  bpen, ClO,-; 

species is considered to be [(Cu(p-bpen)L,),][PF,],, where L 
denotes CH,CN or solvent molecule or no co-ordination.* As a 
result, the participation of the counter anion is related to the 
formation of polymeric structures and polymeric 1 can be 
predominantly prepared by the appropriate selection of starting 
materials having non-interacting anions such as PF,-. 

In conclusion, the formation of the polymeric complexes 
depends on the stability and the solubility of the low-molecular- 
weight precursor in addition to the requirements of their crystal 
packing. This is associated with the presence of co-ordinatively 
unsaturated copper(1) species, which can bind another co- 
ordinated bpen to give a linking system. In the copper(1)-bpen 
system, the use of an anion having no co-ordination ability 
results in polymeric complexes. Thus, the selection of the 
counter ion is also important in the synthesis of bpen-copper(1) 
complexes in the solid state. 

All the yellow species in solution can readily react with CO, 
reversibly, to give a quite soluble species. When CO gas is 
bubbled into the solution the yellow colour disappears, 
indicative of the formation of an adduct because it has been 
demonstrated that on the addition of CO the m.1.c.t. band even 
for four- or five-co-ordinate species undergoes a blue shift to the 
UV region.32 Proton NMR shifts reveal the co-ordination of 
pyridyl and olefin groups; 6, = 0.40,0.24,0.26,0.16 and 0.29 for 
H2, H3, H4, Hs and H' ', respectively. On this basis the species 
in solution is considered to be [(C~(p-bpen)(CO)L),]~+ (L = 
CH,CN or solvent). The carbonyiated species is equilibrated 
with uncarbonylated species due to the lability of CO as regards 
copper(1). This is illustrated by the change in 'H NMR signals 
on decarbonylation by purging CO with argon: the signals 
move continuously upfield and the signals for the two species 
are not separated. This means that the signals are averaged by a 
chemical exchange process. In the case of ethylene which is also 
a good 7c acid to copper,*' 6 ,  = 0.17, 0.01, 0.07, 0.09 and 0.10 
for H2, H3, H4, Hs and H", respectively. These smaller shifts 
than those for CO indicate that the affinity of ethylene for the 
copper(1) species is weaker than that of CO. 
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* The ' H  NMR signal of CH,CN shows a slight co-ordination shift 
(<0.1 ppm).,' At present i t  is difficult to determine whether CH,CN is 
co-ordinated or not. 
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