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A (bipyridine)copper(l I )  and seven bis(bipyridine)copper(ll) complexes of phenylcyanamide anion ligands have been prepared 
and characterized by visible electronic and infrared spectroscopies and cyclic voltammetry. Crystal structures of the complexes 
[(bpy),Cu(2.3-CI2pcyd)][PF,I (1) and [(bpy)Cu(2,3-C12pcyd),) (2) are presented. For 1, the coordination geometry around Cu(ll) 
is shown to be a distorted square pyramid of nitrogen donor atoms i n  which the phenylcyanamide ligand occupies a basal 
coordination sitc. For 2, thc coordination geometry is distorted square planar. I n  both 1 and 2, the anionic cyanamide group 
of the ligand (2.3-dichlorophcnyl)cyanamidc is shown to be nearly coplanar with the phenyl group due to strong K coupling and 
coordinated to coppcr(1l) via the cyano nitrogen. Crystal data for 1, C,,H,,N6F6PCI2Cu. are monoclinic crystal system and space 
group C ! / i ,  with n = 16.9094 (21) .  b = 8.2073 (7)  A. c = 40.224 (4) A, 13 = 94.485 (9)O. V = 5565.2 (IO) A). and Z = 8. The 
htructurc h a s  rcfincd by using 3748 reflections with I > 2.5u(I) to a n  R factor of 0.083. Crystal data for 2, Cz4H14N,CI,C~. 
a rc  riionoclinic crystal system and space group P2, /n  with a = 7.3244 (16) A, b = 40.200 (4) A. c = 16.1674 (16) A. = 93.650 
( I  2)'. V = 4750.74 ( I  2 )  A), and Z = 8.  The structure was refincd by using 4838 C u  Kn reflections with / > 2.5u(/)  to a n  R 
factor ol' 0.070. Crystal structure data,  LMCT band intensity, and clectrochemical potentials are compared with penta- 
ammineruthcniuiii(1II) phcnylcyanamide complexes. The results are consistent with a mostly u bonding interaction between Cu(1l) 
and tlic cyinaniidc anion group. The coordination chemistry of the copper( 11)  cyanamide complexes is relevant to an understanding 
01' the rnixcd-valence state of copper in C U ( D C N Q I ) ~  molecular nictals. 

Introduction 
A new class of quinone derivatives,  t h e  N,N'-dicyanoquinone 

d i imines  ( D C N Q I ) .  w a s  recent ly  synthesized by A u m u l l e r  and  
H u n i g . '  

h'CN 

These novel compounds are powerful acceptors and some charge 
transfer  complexes of these compounds, having t h e  stoichiometry 
M( D C N Q I ) ? .  s h o w  high electrical  conductivity.* Indeed. t h e  
copper salt of t h c  radical anion of 2,5-dimethyl-N,N'-dicyano- 
quinone diimine exhibited metal l ic  conduct ivi ty  d o w n  to 3.5 K 
with rr = 500000 S ~ m - ' . ~  Crystal  structure data3s4 indicate tha t  
t h e  coppc r  ions a r e  interconnected by bridging DCNQI and t h a t  
each coppcr ion is i n  ;I d is tor ted t e t r ahedra l  env i ronmen t  coor- 
dinated by four cyanamide groups ( -NCN) .  Segregated DCNQI 
A s tacks are also revealed in t h e  crystal lattice. Conductivity along 
x stacks has been observed in many o the r  organic charge-transfer 

Examples of high conductivity in A acceptor  stacks5 are 
those  i n  wh ich  cach H accep to r  molecule has a par t ia l  negat ive 
charge.  The movement  of electrons within a A stack can therefore 
occur without a Coulombic barrier. For this mechanism to operate  
i n  Cu( D C Y Q I ) ?  molecular metals ,  copper mus t  exist  i n  a mix- 
ed-valence s t a t e  and th is  is suppor t ed  by low-temperature  X-ray 
d i f f r a ~ t i o n ~ ~  and XPSZb  which indicate a n  average oxidation s ta te  
of 1.3 for Cu. Researchers have proposed tha t  t h e  mixed-valence 
s tn tc  of copper  arises from the  direct  coupling of copper d orbitals 
with radical  anion DCNQI PA  orbital^.^^^*^^^ 

I n  th i s  s tudy,  w e  have  synthesized and character ized by X-ray 
crystal lography.  visible absorpt ion spectroscopy,  and  cyclic vol- 
tamnictry copper phenylcyanamide complexes,  in order to explore 
t h e  n a t u r e  of t h e  interact ion between copper(  11) and t h e  anionic 
cyanamide group. The results are compared to t h e  coordinat ion 
chemistry of ruthenium( I I  I )  phenylcyanamide complexes and the 
Coordination cnv i ronmcn t  of coppe r  in C U ( D C N Q I ) ~  molecular  
metals .  
Experimental Section 

Equipment. The equipment used to perform nonaqueous cyclic vol- 
tammetry and electronic absorption spectroscopy has been described in  
il prcviouq paper.8 Infrared spectra were obtained with a Perkin-Elmer 
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1600 series FTlR  spectrophotometer. 
Materials. Reagent grade cupric bromide, acetone, and acetonitrile 

(Anachemia). 2,2'-bipyridine (Aldrich), and ammonium hexafluoro- 
phosphatc (Alfa) were used without further purification. Cu-  
(CF3S03)2.nH20 (% Cu = 1 3.7)9 was prepared by digesting copper metal 
turnings in triflic acid (Aldrich). Sephadex LH-20-100 was obtained 
from Sigma. Caledon HPLC grade acetonitrile, which had been dried 
with activated neutral alumina,I0 vacuum distilled, and stored over type 
4A molecular sieves, was used in cyclic voltammetry experiments. 
Caledon HPLC grade acetonitrile and dimethylformamide (DMF)  and 
spectrograde dichloromethane were used without further purification in 
the electronic absorbance measurements. Tetrabutylammonium hexa- 
fluorophosphate (TBAH) electrolyte (Aldrich) was recrystallized twice 
from ethanol/water and vacuum dried at  I18 "C  overnight. Elemental 
analysis was performed by Canadian Microanalytical Services, Ltd. 

Preparation of Phenylcyanamide Ligands. The general preparation of 
neutral phenylcyanamide derivatives and their thallium salts is available 
in the 

Preparation of [(bpy),CuBr][Br]. This complex has been prepared 
p r e v i o ~ s l y . ~ ~  I n  our synthesis, 7.0 g of 2,2'-bipyridine was added to a 

Aumuller, A.; Hunig, S. Justus Liebigs Ann. Chem. 1986, 142. 
(a) Erk, P.; Hunig, S.; Von Schutz, J. U.; Werner, H.-P.; Wolf, H. C. 
Angew. Chem.. Int. Ed. Engl. 1988, 27, 267. (b) Schmeisser, D.; Graf, 
K.; Gopel, W.; Von Schutz, J .  U.; Erk, P.; Hunig, S. Chem. Phys. Lett. 
1988, 148, 423. (c) Mori, T.; Inokuchi, H.; Kobayashi, A.; Kato, R.; 
Kobayashi, H. Phys. Rec. E 1988,38, 5913. (d) Mori, T.; Bandow, S.; 
Inokuchi, H.; Kobayashi, A,; Kato, R.; Kobayashi, H. Solid Stare 
Commun. 1988, 67, 565. (e) Werner, H.-P.; Von Schutz, J. U.; Wolf, 
H. C.; Kremer, R.; Gehrke, M.; Aumuller, A. Erk, P.; Hunig, S. Solid 
State Commun. 1988, 65, 809. 
Aumuller, A.; Erk, P.; Klebe, G.; Hunig, S.; Von Schutz, J .  U.; Werner, 
H.-P. Angew. Chem., Int.  Ed. Engl. 1986, 25, 740. 
(a) Kato, R.; Kobayashi, H.; Kobayashi, A.; Mori, T.; Inokuchi, H. 
Chem. Lett. 1987, 1579. (b) Kobayashi, A,; Kato, R.; Kobayashi, H.; 
Mori, T.; lnokuchi Solid State Commun. 1987, 64, 45. (c) Kato, R.; 
Kobayashi, H.; Kobayashi, A. J .  A m .  Chem. SOC. 1989, / I / ,  5224. 
Ferraro, J .  R.; Williams, J .  M .  Introduction to Synthetic Electrical 
Conductors; Academic Press, Inc.: New York, 1987. 
Mori, T.: Imaeda, K.; Kato, R.; Kobahashi, A,; Kobayashi, H.;  Inoku- 
chi, H. J .  Phys. SOC. Jpn. 1987, 56, 3429. 
Tomic, S.;  Jerome, D.; Aumuller, A,; Erk, P.; Hunig, S.; von Schutz, 
J .  U. Europhys. Lett. 1988, 5 .  553. 
Crutchley, R. J.; Naklicki, M. L. Inorg. Chem. 1989, 28, 1955. 
The percent Cu in  CU(CF,SO,)~ was determined by atomic absorption 
spectroscopy. 
Reilley, C .  N.: Van Duyne. R. P. Anal. Chem. 1972. 44, 142. 
Naklicki, M .  L.; Crutchley, R. J .  Inorg. Chem. 1989, 28, 4226. 
Crutchley, R. J.; McCaw, K.; Lee, F. L.; Gabe, E. J.  Inorg. Chem. 1990. 
29, 2576. 
Harris. C .  M.:  Lockyer, T. N.; Waterman. H. Nature 1961, / 9 2 ,  424. 
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boiling solution of 5.0 g of cupric bromide i n  200 mL of distilled water. 
The bluc color of the solution rapidly intensified as the product formed. 
The solution was allowed to cool in ice, resulting in green-blue needles 
of product which were filtered and washed with water and acetone. 
Yield: I O  5 g ( 8 8 7 ) .  

Preparation of I(bpy),CuBrl[PF61. The procedure for the preparation 
of [ (bp!)2C~Br]  [Br] was followed cxcept that instead of allowing the 
reaction holution to cool, 4 g of ammonium hexafluorophosphate in  20 
mL of \+:iter \\;IS added. The product immediately precipitated and was 
filtered ;ind washed with water followed by ethanol. Yield: I 3  g (9747). 

Preparation of [(bpy),Cu(OHz)llCF3S031*. The complex has been 
prcviouslj prcparcd ;is ;I SzO,- salt. '4 An aqueous solution of Cu- 
(CF,S0,)2.nH20 (10 g in  70 mL)  was brought to a boil and then 7 . 2  g 
of 2,2'-bip>ridinc i t a h  added. .After 5 n i i n .  the reaction solution was 
placed in rln ice bath.  Thc bluc crystals that  formed wcre wabhed with 
ice cold uatcr and then air-dried. Yield: 12.5 g (84%). The coordinated 
uatcr could be climinatcd by rccrystalli7ation from ether diffusion into 
an ;icetone Solution of the complex or by vacuum drying the complex at 
I20 " C  for 18 h. 

Preparation of Copper Phenylcyanamide Complexes. Two methods are 
orcacntcd that use either the neutral form of the phenylcyanamide ligand 
or i t \  th , i l l iu i i i  s d t  

First Method. Preparation of I(bpy),Cu((4-CI)pcyd)IPF,I. To a hot 
filtcrcd w l u t ~ u n  ol' I (bw),CuBrIlBrl  (0 5 e i n  70 mL of k i t e r )  wrls .. ,I* 

addcd 0. I g 01' potassium hydrox~idc,'follow~d by 0.18 g of (4-chloro- 
phcn>I)cy;in;imidc in  20 mL of acetone. While the reaction was heated 
to boil off ;icetone. ;I filtcrcd solution of 4.5 g of ammonium hexa- 
fluorophosphatc in  2 mt. of water was slowly added. Almost immedi- 
atcl!. ;I dccp purple crystalline product formed. The hot reaction mixture 
wa\  filtered ,ind thc  product wahhcd uith watcr and ethanol and thcn 
vacuuni dricd ;it I I X "C for 3 h .  Yield: 0 .4  g (64%).  Anal. Calcd for 
C27H2,N,F,PCICu: C. 48.23: H. 3.00: N. 12.50: CI. 5.27. Found: C .  
48.56: t i ,  3.03: U. 12.62: CI. 5.71. 

Second Method. Preparation of i(bpy),Cu(2,3,5.6-Cl,pcyd)lPF6]. T o  
a solution of I .6 g of [(bpy)2CuBr][PF6] in  160 mL of acetonitrile was 
added 2.3 g of the thallium halt of anionic (2.3,5.6-tetrachlorophcnyl)- 
cyanamide. TI( ?.?.5.6-C14pcyd). Caution! Thallium is extremely toxic. 
The rciiction mixture was stirred for 16 h at  approximately 45 OC. during 
which tinic thc w l u t i o n  turned a dccp brown. The solution was filtered 
froiii the th;illium precipitate and the filtrate evaporated to dryness. The 
brown product \tiis rccrystallircd b) cthcr diffusion into an acctone 
aolution (11" the product and thcn vacuum dricd at I18 OC. Yicld: 0.7 
g (34':). An.11 Calcd for C2,HI,N6F6PC14Cu: C. 41.80: H. 2.21: N. 
10.X3: Cl. I X . 2 X .  Found: C. 41.97: H, 2.34: N, 10.82: CI. 18.66. 

Preparation of I ( hpy)~Cu(2,4,5-C13pcyd)~~PF6~. This complex w a s  
prcpiircd b! the hccond nicthod. Yicld: 30%. Anal. Calcd for 
C27H,,N,F,PC13Cu: C. 43.74: H. 2.45: N .  11.34: Cl. 14.35. Found: C. 
43.70: t i ,  2 47: \ .  11.24: CI, 14.53. 

Preparation of I(bpy),Cu(2,3-Cl2pcyd)WPF,I. This complex was pre- 
pared b! ~ h c  \ccond incthod. Yicld: 40'7,. Anal. Calcd for 

46.19:  ti^ 2.X7: Y .  I I .69: CI, 10.33. 
Preparation of 1 (hpy)zCu(2,6-C12pcyd)WPF61. This complex was pre- 

pared b! the \ccond incthod. Yicld: 35%. Anal. Calcd for 

46.04:  ti^ 2 . 8 5 :  h. 11.93: CI. 10.12. 
Preparation of [(hpy)zCu((2-Cl)pcyd)I(PF,I. This complex was pre- 

pared b> thc first mcthod iind recrystallii.cd by ether diffusion into an 
acctonc m l u t i u n  of thc complcx. Yicld: 5 5 ' 1 .  A n a l .  Calcd for 
C27t120Y,F6PCICu: C. 48.23: H. 3.00: N .  12.50: CI. 5.27. Found: C. 
48.10: H. 3.01: h. 12.45: CI. S , 7 5 .  

Preparation of I(bpy)2Cu(3,4.5-Meo3pcyd)IPF,1. This complex could 
not be prcp:ircd pure. Attcmpts to prcparc the complex using thc first 
nicthod ! icldcd :I product whosc clcmcntal analysis indicatcd an excess 
of PF6- Thc in.;tabilit) of the complex in  solution precluded recrystal- 
Iiz~ition. The bcht clciiicntal analysis and cyclic voltammetry behavior 
Ncrc obt'iincd t r i t h  product prcpnred by the following procedure: to an 
aqueous wlution of [(bpy)2Cu(OH,)][CF,S03]2 ( I .Og  in 30 mL) at 60 
"C \\;I\ :iddcd an iicetone solution of (3.4.5-trimethoxyphenyl)cyanamide 
(0.3 g in  ?0 nil .) .  The pH of the bluc solution was adjusted to 6.8 uith 
0.5 \I Y,iOl I .  The rcaulting dccp purplc solution was Concentrated to 
an oil. di\\olvcd in ncctonitrilc. and placed on a Sephadex LH-20-100 
coluiiin (diiiicnhions ucrc 25 c i n  by 2 . 2  em diameter). Thc purplc 
product bnnd v+a\ rapidly eluted with CH3CN.  leaving unreacted copper 
coiiiplcx ,it thc  top of column The cluent w a s  concentrated to approx- 
imatcly I O  iiiL J n d  cthcr added. prccipitrlting the purplc product. The 
produci \ \ , I \  filtered. \r:ished u i t h  cthcr. and t h c n  vacuum dricd over- 

(14 )  Harrison. W .  D.: Hathaway. B. J .  ,4cra Cr.v.ira//ogr.. Serr. B 1979. 35. 
2910 

C~,H, ,N,F,PCI~CU: C. 45.88: H. 2.71: K3 11.89: CI, 10.03. Found: C. 

C , ~ H , ~ U , F , P C I ~ C U :  C. 45.88: H. 2.71: N ,  11.89: CI. 10.03. Found: C. 

Table I .  Crystal Data for [(bpy)2Cu(2,3-Cl,pcyd)][PF6] ( I )  and 
l (bp~)C~(2 ,3 -Cl2p~yd)2 ]  (2) 

1 2 

empirical formula C,,Hi9N6F6PCl2Cu C2,H14N6C14CU 
fw 700.42 519.77 
cryst syst monoclinic 

0. A 16.9094 (21) 
h. A 8.2073 (7) 
c, A 40.224 (4) 
:?. dcg 94.485 (9) 
v. 'A3 5565.2 (10) 
Z 8 
Pcalcd? dcm' 1.672 
r. "C  22  
radiation ( A ,  A )  
p ,  cm-' 0.41 I 
transmission coeff 0.324-0.550 
R factor" 0.083 
R,  factor" 0.084 

space group c2/c 

Cu K n ,  (1.540 56) 

" R  = 7311Fol - l~cll/ElFol: Rw = (XNlFoI 

monoclinic 

7.3244 (16) 
40.200 (4) 
16.1674 (16) 
93.650 ( I  2 )  
4750.74 ( I  2) 
8 
1.655 
22 
Cu Knl (1.540 56) 
0.576 

0.070 
0.053 

Q l n  

- IFc1)2/~wIFo12)"2. 

night. Yield: 0.45 g (43%). Anal. Calcd for C3,H27N,06F3SCu: C ,  
50.85; H, 3.72: N ,  11.48. Found: C ,  47.58; H,  3.53; N,  10.41. 

Preparation of ((bpy)Cu(2,3-C12pcyd),l. This synthesis is a variation 
of thc first mcthod. To a hot filtered solution of [(bpy),CuBr][Br] (2.0 
g in  75 mL of water) was added a solution of (2,3-dichlorophenyl)- 
cjanainidc ( I  .4 g i n  SO mL of acetone). Triethylamine ( I  .9 g) was then 
quicklq added and almost immediately a black precipitate formed. The 
product uas filtered and washed with water and ethanol and recrystal- 
lized from dimethylformamide/water solution. Yield: 1.4 g (63%). 
Anal. Calcd for C2,HI4N6CI4Cu: C. 48.71; H, 2.38; N. 14.20; CI, 23.96. 
Found: C, 48.70; H ,  2.50; N, 14.28; CI, 23.89. 

Crystallography Studies. Deep brown rectangular prisms of 
[(bpy),Cu(2,3-CI2pcyd)][PF6] (1) were grown by the diffusion of ether 
into a concentrated acetone solution of the complex. Intensity data were 
collcctcd on a Picker diffractometer using Cu K a  radiation (graphite 
monochromator). Data were corrected for decay, Lorentz-polarization 
effects, secondary extinction, and absorption. The structure was solved 
by direct mcthods and refined by cycles of least-squares calculations. 
Weights based on counting statistics were used. Hydrogen atom positions 
ucre calculated and included in structure factor calculations. The copper, 
chloride. nitrogen, phosphorus, and cyanamide carbon atoms were refined 
anisotropically. Other non-hydrogen atoms were refined isotropically. 
Merging R for 1 = 3.6% for 148 differences. All computations were 
carried out using the NRCVAX system of crystal structure programs.isa 
Scattering factors were taken from ref 15b. 

I n  the original solution and refinement of 1, the PF,- was found to be 
disordered. Attempts to prepare the halide salts of this complex were 
unsuccessful and a triflate salt again showed disorder of the anion. 
During this time, the NRCVAX system of programs was expanded to 
include the possibility of group refinement. The resolution of the dis- 
ordered PF,- into two or more orientations seemed more feasible than 
the resolution of the CF,S03- disorder, so we returned to this structure. 
From earlier efforts of refinement, i t  was clear that more than one PF; 
oricntation existed but that  one was obviously prevalent. The top six 
peak5 surrounding the phosphorus gave a convincing octahedron with 
reasonable P-F distances. This was fitted to a rigid group: a tetragonal 
bipqramid with a central atom. All P-F bonds were fixed at  1.58 A. The 
remaining four major peaks were found to be coplanar with four of the 
original fluorines; i.e., the disorder of the octahedron was confined to the 
equatorial plane. These four peaks were fitted to an idealized square 
plane with no central atom. Complementary refinements were refined 
for the trio sets of equatorial fluorines. The axial fluorines and phos- 
phorus were assigned occupancies of 1 .  After refinement of the group 
origins and angles, the fluorines were allowed to refine anisotropically. 
The occupancies of the dominant equatorial fluorines were refined to 
0.677. 

Black rectangular prisms of [(bpy)C~(2.3-Cl,pcyd)~] (2)  were grown 
from a hot concentrated dimethqlformamide/water solut~on that was 
alloucd to slowly cool to room temperature. Data were collected on a 
Picker diffractometer using Cu Kn radiation and corrected for decay, 

( 1 5 )  (a) Gabe. E. J.: LePage, Y.; Charland, J.  P.; Lee, F. L.; White, P. S. 
J .4ppl. Crysrallogr. 1989, 22, 384. (b) lnternotionol Tables for X-ray 
Crysfu//ography: Kynoch Press: Birmingham. 1974: Vol. IV.  p 99, 
Table 2 . 2  B. 
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Y \’ 2 Bk,b 

Cu 0.04841 (6)  0.15347 ( I  I )  0.109352 (24) 3.45 (4)  
CII -0.20044 (13) 0.3512 (3 )  0.29652 (5)  4.28 (IO) 
CI2 -0.12244 ( I S )  0.57193 (24) 0,24414 (5)  4.75 ( 1 1 )  
N I  0.1119 (3 )  
N 2  0.0609 (3 )  
N3 -0.0247 (3 )  
N4 0.1331 ( 3 )  
N5 -0.0425 (4 )  
N6 0.0231 (4 )  
CI -0.0092 ( 4 )  
C I I -0.07 I3 (4 )  
C I 2  -0.1062 ( 5 )  
C13 -0.1467 ( 5 )  
C I 4  -0.1510 ( 4 )  
C I S  -0.1150 ( 4 )  
C I 6  -0.0745 ( 4 )  
c 2 1  0.1336 (4 )  
c 2 2  0.1758 ( 5 )  
C23 0.1975 ( 5 )  
C24 0.1757 (4 )  
C25 0.1324 (4 )  
C26 0.1063 (4 )  
C27 0. I175  ( 5 )  
C28 0.0997 (5 )  
C29 0.0552 ( 5 )  
C30 0.0352 (4)  
C31 -0.1025 ( 5 )  
C32 -0.1532 (5) 
c 3 3  -0. I 19x ( 5 )  
c 3 4  -0.0389 (4 )  
c 3 5  0.0082 ( 4 )  

C38 0.2202 ( 4 )  
c 3 9  0.25x0 ( 5 )  
c 4 0  0.2125 ( 4 )  

C36 0.0954 (4 )  
C37 0.1384 ( 4 )  

0.3242 (6) 
0.0473 (7)  

-0.0206 ( 7 )  
-0.157 (7)  

0.3947 (7 )  
0.2897 (7)  
0.3327 (8 )  
0. I227 (9 )  
0.0298 ( I  I ) 
0.0979 (10) 
0.2667 (9 )  
0.3617 (9 )  
0.2939 (8 )  
0.4686 ( I O )  
0.5836 (I 0) 
0.5500 (IO) 
0.4021 (10) 
0.2900 (9 )  
0.1311 (9)  
0.0676 ( I O )  

-0.0860 ( I O )  
-0.1707 ( I O )  
-0.1026 (9 )  
-0.01 26 ( I O )  
-0.1151 ( I O )  
-0.2297 ( I  0 )  
-0.2382 (9)  
-0.1333 (8 )  
-0.1326 (8 )  
-0.2462 (9 )  
-0.2360 ( I  0) 
-0.1 181 ( I O )  
-0.0092 (9)  

0.08853 (13) 
0.06477 ( I  3) 
0.12625 (13) 
0.13674 ( 1  3) 
0.19342 ( 14) 
0.14662 ( I  4)  
0.16941 (16) 
0.21450 (17) 
0.23783 (19) 
0.26264 ( I  8) 
0.26507 (17) 
0.24207 (16) 
0.21642 (16) 
0.10271 (17) 
0.08628 (18) 
0.05546 ( 1  8) 
0.0401 1 ( I  8) 
0.05782 (16) 
0.04480 ( 16) 
0.01 507 ( 18) 
0.00530 ( I  9)  
0.02563 ( 1  8)  
0.05502 ( I  8) 
0.12081 (19) 
0. I 3690 ( 19) 
0.1 5930 ( I  8) 
0. I6466 ( 16) 
0.14797 (15) 
0.15319 (15) 
0.17346 (17) 
0.17675 (18) 
0. I6027 ( 18) 
0.13997 (17) 

2.4 (3 )  
2.6 (3)  
2.6 (3 )  
2.5 (3)  
2.9 (3)  
3.7 (3)  
2.5 (3)  
3.19 (15) 
4.34 (19) 
3.92 ( 1  7) 
3.05 ( I  5) 
2.75 ( I  4) 
2.47 ( I  3) 
3.28 ( 1  5) 
3.70 ( 1  7) 
3.60 ( I  6)  
3.53 ( I  6)  
2.49 ( I  3) 
2.53 (13) 
3.74 ( I  7)  
4.22 ( 1  8) 
3.79 ( 1  7) 
3.37 (16) 
3.89 ( I  7) 
4.25 ( I  8) 
3.89 ( I  7)  
2.94 ( 15) 
2.42 ( 1  3) 
2.38 ( 1  3) 
3.09 ( 1  5) 
3.56 (16) 
3.74 ( I  7)  
3.14 ( I S )  

“Estimated standard deviations are in parentheses. *Bise is the mean 
of thc principal xxcs of thc thcrmal cllipsoid. A2. 

C36 
63 cpB(f$y37 

Figure 1. Plot of [(bpy)2Cu(2.3-C12pcyd)][PF,1 (1) with atom number 
schcnie. The PF, anion has been omitted for clarity. 

Lorentz-polarization effects. and secondary extinction. For the space 
group P2,/n.  Z = 8, there are two crystallographically distinct molecules 
in  the asymmetric un i t .  The copper positions were identified from a 
Patterson synthesis: other non-hydrogen atoms were located by using 
difference Fourier maps. Hydrogen atoms were included in idealized 
positions. 

The structure was refined by least-squares calculations. Weights were 
based on counting statistics. Copper, chlorine. and nitrogen atoms were 
refined anisotropically and other non-hydrogen atoms were refined iso- 
tropically. Merging R for 2 = 0.9% for I942 duplicates. 

Crystal atructurc dntn and atomic coordinates and thermal parameters 
of significant atoms for 1 and 2 are given in Tables I ,  I I ,  and 111. Figure 
I shows thc coordination geometry of the ligands about copper for 1 and 
the atom nuinbering achcmc used to dcscribe the corresponding bond 
lengths and bond anglcs in Tablc IV. The crystal structure of 2 showed 
two unique copper ion5 pcr un i t  ccll (see Figures 2 and 3). Important 

Table 111. Atomic Parameters and Bi,,“ for [(bpy)Cu(2.3-Cl,pcyd)*] 
(2)  

X y Z Birab 
cu I 
cu2 
CI 1 
c12 
C13 
C14 
C15 
C16 
C17 
C18 
NI 
N2 
N3 
Y4 
N5 
Y6 
N7 
N8 
N9 
N10 
NI 1 
N12 
CI 
c2 
CI I 
C I 2  
C13 
C14 
C15 
C16 
c 2  1 
c 2 2  
C23 
C24 
c 2 5  
C26 
C3 1 
C32 
c 3 3  
c 3 4  
c 3 5  
C36 
c 3 7  
C38 
c 3 9  
C40 
C4 1 
C42 
C5 I 
C52 
c 5 3  
c 5 4  
c 5 5  
C56 
C6 I 
C62 
C63 
C64 
C65 
C66 
C7 I 
C72 
c 7 3  
c 7 4  
c 7 5  
C76 
c77 
C78 
c 7 9  
C80 

0.30951 (19) 
0.86293 (20) 
0.2399 (4 )  
0.3685 (4 )  
0.1319 (4 )  

-0.2790 (5)  
0.5650 (4)  
0. I600 (4)  
0.6750 (4) 
0.4884 (4)  
0.3113 (12) 
0.2454 ( I  I )  
0.2896 ( 1  I )  
0,1933 ( I O )  
0.3679 (9 )  
0.2720 (9)  
0.7989 ( 1  2) 
0.6600 ( 1 I ) 
0.7801 (12) 
0.7409 ( I  2) 
0.9004 ( I  0) 
0.9530 (10) 
0.2794 ( I  3) 
0.2349 ( I  3)  
0.2932 ( I  2) 
0.2994 ( I  2) 
0.3502 ( I  3) 
0.3915 (13) 
0.3804 ( I  3) 
0.3340 ( I  3) 
0.0097 ( 1  2) 

-0.0369 (13) 
-0.2206 ( I  4) 
-0.3521 (14) 
-0.3098 ( I  5) 
-0. I264 ( 1  3) 

0.4081 (13) 
0.4432 (14) 
0.4333 (14) 
0.3939 (14) 
0.3607 (12) 
0.3117 (12) 
0.3049 ( I  3)  
0.2509 (14) 
0.2067 ( I  3)  
0.2207 ( I  3)  
0.7240 (14) 
0.7594 (14) 
0.4775 ( I  3) 
0.4208 ( I  3) 
0.2361 (13) 
0.1191 (14) 
0.1724 (14) 
0.3504 ( I  3)  
0.6422 ( I  3)  
0.6092 ( I  2) 
0.5184 (13) 
0.4576 ( 1  3) 
0.4831 (13) 
0.5750 ( I  3) 
0.8639 ( I  3)  
0.8888 (14) 
0.9551 (14) 
0.9957 ( 1  3) 
0.9650 ( I  2) 
0.9982 (12) 
1.0680 ( I  3) 
1.0919 (14) 
1.0443 ( 1  4) 
0.9759 ( I  3) 

0.74381 (3)  
0.44400 (3) 
0.73974 (6)  
0.80096 (7)  
0.90025 (6)  
0.91988 (8)  
0.48691 (7)  
0.47526 (7)  
0.61967 (6)  
0.65375 (6 )  
0.73909 ( 1  7) 
0.74989 ( 1  7) 
0.7921 5 ( I  6)  
0.84053 ( I  5) 
0.69532 ( I  5) 
0.743 12 ( 16) 
0.43537 ( 1  8)  
0.45985 ( I  7)  
0.48963 (17) 
0.54834 ( I  7) 
0.39519 (15) 
0.44733 (17) 
0.74670 (21) 
0.81487 (21) 
0.77843 (20) 
0.77661 (19) 
0.80381 (22) 
0.83388 (22) 
0.83562 (22) 
0.80911 (21) 
0.84899 (20) 
0.87746 (20) 
0.88580 (23) 
0.86683 (23) 
0.83910 (23) 
0.83053 (21) 
0.67242 (22) 
0.63974 (22) 
0.63121 (23) 
0.65445 (22) 
0.68702 (20) 
0.71379 (20) 
0.71 145 (21) 
0.73837 (22) 
0.76725 (21) 
0.76920 (21) 
0.44731 (23) 
0.51700 (24) 
0.45517 (21) 
0.46654 (20) 
0.46081 (21) 
0.44482 (23) 
0.43482 (22) 
0.44036 (21) 
0.56176 (21) 
0.59632 (20) 
0.61084 (20) 
0.59257 (22) 
0.55851 (22) 
0.54310 (21) 
0.37043 (22) 
0.33790 (22) 
0.33066 (22) 
0.35549 (21) 
0.38857 (20) 
0.41763 (20) 
0.41664 (21) 
0.44542 (23) 
0.47471 (22) 
0.47514 (21) 

0.21295 (7)  
1.02399 (8)  

-0.22917 (14) 
-0.33145 (14) 

0.02688 ( 1  5) 
-0.004 1 3 (20) 

0.61494 (14) 
0.55009 ( 1  5) 
1.01303 (14) 
0.85566 (16) 
0.0943 (4)  

0.2090 (4) 
0. I297 (4)  
0.2384 (4)  
0.3347 (4)  
0.9070 (4)  
0.7804 (4)  
1.0184 (5)  
0.9954 (4)  
1.0494 (4)  
1.1438 (4)  
0.0264 (5)  
0.1710 (5)  

-0.0939 (5) 
-0.1794 (5) 
-0.2261 (5)  
-0.1879 (5)  
-0.1025 (6)  
-0.0564 (5)  

-0.515 (4)  

0.1 163 (5)  
0.0680 (5)  
0.0548 (5)  
0.0866 (6)  
0. I335 (6) 
0. I484 (5) 
0.1815 (5) 
0.2049 (5)  
0.2864 (6)  
0.3441 (5) 
0.3191 (5)  
0.3734 (5)  
0.4574 (5)  
0.5032 (5) 
0.4637 (5)  
0.3796 (5) 
0.8491 (6) 
1.0032 (6)  
0.7547 (5)  
0.6751 (5)  
0.6469 (5)  
0.6950 (6)  
0.7739 (6)  
0.8038 (5)  
0.9270 (5)  
0.9272 (5)  
0.8575 (5)  
0.7902 (5)  
0.7906 (5)  
0.8587 (5)  
0.9943 (5)  
1.0177 (6)  
1.0964 (6) 
1.1528 (5)  
1.1265 (5)  
1.1803 (5) 
1.2613 (5)  
1.3057 (5)  
1.2685 (5) 
I .  1866 (5) 

4.27 17) 
4.79 ( 7 j  
4.57 (14) 
5.65 (16) 
4.71 (14) 
8.66 (21) 
5.31 (15) 
5.45 ( I  5) 
4.01 (13) 
4.81 (14) 
4.7 (5)  
3.8 (4)  
3.9 (4)  
2.8 (3)  
2 . 6  (3)  
2.6 (3 )  
4.9 (5)  
4.0 (4)  
5.8 ( 5 )  
4.3 (4)  
2.8 (4)  
3.1 (4)  
3.23 (19) 
2.94 (19) 
2.82 (18) 
2.72 (18) 
3.43 (20) 
3.88 (21) 
4.04 (22) 
3.43 (20) 
2.45 (17) 
2.94 (19) 
4.22 (23) 
4.51 (24) 
4.61 (24) 
3.34 (20) 
3.54 (20) 
3.96 (21) 
4.49 (23) 
3.91 (21) 
2.71 (18) 
2.51 (17) 
3.69 (21) 
4.15 (22) 
3.66 ( 2 1 )  
3.53 (20) 
3.81 (21) 
3.85 (21) 
3.13 (19) 
3.01 (19) 
3.53 (20) 
4.42 (23) 
4.32 (23) 
3.42 (20) 
3.17 (19) 
2.90 ( I  8)  
3.20 (19) 
3.66 (21) 
3.97 (21) 
3.59 (20) 
3.88 (22) 
4.17 (22) 
4.10 (22) 
3.45 (20) 
2.55 (18) 
2.68 ( I  8) 
3.67 (21) 
4.34 (23) 
4.20 (22) 
3.61 (21) 

“Estimated standard deviations are in parentheses. bB,,o is the mean 
of thc principal axes of the thermal ellipsoid, A2. 

bond lengths and bond angles are given in Table V. Additional crystal 
structure data are available (see supplementary material). 
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2 

CL 7 

Figure 2 .  Plot or the two inequivalent configurations of [(bpy)Cu(2,3-CI2pcyd),] ( 2 )  with atom number scheme 

Figure 3.  Packing diagram of  the crystal unit cell of  [(bpy)Cu(2,3- 
Cl,PCYd),l. 

Table I \ ' ,  Sclcctcd Crystnl Structurc DataQ for 
[ (  bp4)2C~(2.3-Cl,pcyd)] [ PFbl 

Bond Lengths, A 
c u - V I  1.989 ( 5 )  C U - N ~  1.944 (6) 
CU-N? 2.020 ( 5 )  N6-C I 1.159 (9) 
CU-Y3 2.040 ( 5 )  CI-N5 1.262 (9) 
Cu-N4 -._- 7 774 (5)  N5-Cl6 1.382 (8) 

Bond Angles, deg 
XI-Cu-N?  X0.37 ( 2 2 )  N3-Cu-N4 77.39 ( 2 1 )  
Y I - C U - Y ~  173.92 ( 2 2 )  N3-Cu-N6 88.29 (24) 
N I - C U - Y ~  107.47 ( 2 1 )  N4-Cu-N6 98.57 (24) 

' Y I - C U - N ~  94.49 (23) C U - N ~ - C I  158.6 (6)  
' N2-Cu-N3 95.84 (22)  N6-CI-N5 174.0 (7) 

Y?-Cu-Y4 93.59 ( 2 1 )  CI-N5-C16 119.5 (6) 
N Z - C U - N ~  167.75 (25) 

Dihtanccs t u  thc Phcnyl Ring Planc of Cyanamide Atoms, A 
Yfl -0.161 (16) CI -0.112 (13) N 5  -0.048 ( 1 1 )  

(I Estimated standard deviations are in  parentheses. 

Results and Discussion 
Thcrc a r c  man)  cxamplcs of four-, five-, and six-coordinate 

copper( I I )  complexes and this is a reflection of the general lability 
of thc copper(l1) ion.lba This property complicated the synthesis 

Table V .  Selected Crystal Structure Data" for 
[ ( ~ P Y ) C U ( ~ . ~ - C ~ , P C Y ~ ) ~ ~  

Bond Lengths, A 
CUI-NI  1.928 (7) Cu2-N7 1.951 (7) 
Cul -N3 1.950 (6) Cu2-N9 1.933 (7) 
Cui -N5 2.032 (6) Cu2-N 1 I 2.020 (6) 
Cul -N6 2.004 (6) Cu2-NI2 2.01 1 (6) 

1.158 (12) NI-CI 1.150 ( 1 1 )  N7-C41 
N2-C I 1.274 ( I  I )  N8-C41 1.281 ( 1 1 )  

1.387 (12) N2-Cl l  1.393 ( 1 1 )  N8-CSI 
1.135 (12) N3-C2 1.158 ( I  I )  N9-C42 

N 4-C 2 1.255 ( 1 1 )  N10-C42 1.272 (12) 
N4-C21 1.391 ( 1 1 )  NIO-C61 1.392 ( 1 1 )  

Bond Angles, deg 
N I - C U I - N ~  94.1 (3) N7-Cu2-N9 93.9 (3) 
NI-Cul-NS 95.3 (3) N7-Cu2-Nll 92.6 (3) 
N I - C U I - N ~  170.2 (3) N7-Cu2-NI2 171.9 (3) 
N3-Cul-N5 167.7 (3) N9-Cu2-NI I 165.9 (3) 
N3-CulkN6 91.8 (3) N9-CuZ-Nl2 93.7 (3) 
N5-Cul-N6 80.1 (3) N I  I-Cu2-NI2 80.6 (3) 
CUI-NI-CI 155.5 (7) Cu2-N9-C42 165.3 (9) 
Cul-N2-CI 1 145.7 (7) C~2-N7-C41 141.4 (7) 
NI-CI-N2 170.3 (9) N7-C41-N8 172.6 ( 1 1 )  
N3-C2-C4 173.8 ( I O )  N9-C42-NIO 173.1 ( I O )  
CI-N2-CI 1 122.0 (7) C41-N8-C51 119.8 (8) 
C2-N4-C21 118.9 (7) C42-NIO-C61 120.6 (8) 

Distances to the Phenyl Ring Plane of Cyanamide Atoms, A 

N 3  0.05 (2) C2 0.04 ( 2 )  N4 0.01 ( I )  
N7 0.45 (2) C41 0.23 ( 2 )  N8 0.07 ( I )  

Estimated standard deviations are in parentheses. 

NI  0.74 (2) CI 0.37 ( 2 )  N 2  0.02 ( I  ) 

N 9  0.17 (2) C42 0.04 ( 2 )  N10 -0.07 ( I )  

of bis( bipyridine)(phenylcyanamido)copper( 11) complexes in 
aqueous solution. While the more basic phenylcyanamide ligands 
(( ?-Cl)pcyd-, (4-Cl)pcyd-. and 3 , 4 3 4  MeO),pcyd-) appeared to 
form, using the first method, bis(bipyridine) copper complexes, 
the same reaction with the more acidic phenylcyanamide ligands 
(2,3-C12pcyd-, 2,6-C12pcyd-, and 2,4,5-C13pcyd-) resulted in the 
elimination of a coordinated bipyridine ligand and the precipitation 
of the insoluble bis(phenylcyanamido)(bipyridine)copper(lI) 
complexes. To prepare the bis(bipyridine)copper complexes of 
the more acidic phenylcyanamide ligands, a metathesis reaction 
(second method) was developed in which substitution under mild 
conditions of the coordinated bromide by the phenylcyanamide 
anion was driven to completion by the precipitation of TIBr. All 
of the bis(bipyridine)(phenylcyanamido)copper(II) complexes gave 
good elemental analyses and were stable in  acetonitrile solution 
with the exception of [(bpy),Cu(3,4,5-(MeO),pcyd)] [CF3S03].  
This complex could not be prepared pure due in part to its in- 
stability in nonaqueous solutions. Acetonitrile solutions of this 

(16) Lever, A.  6. P. Inorganic Eleclronic Spectroscopy. 2nd ed.; Elsevier 
Publishing Co.: Amsterdam. 1985: (a) p 554, (b) p 556. (c) p 776, and 
(d)  p 175. 
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Table VI. Visible Electronic Absorption" and IR Datab for Bis(bipyridine)copper( I I )  Complexes of Anionic Phenylcyanamide Ligands (pcyd-) 
and the Complex [(bpy)Cu(2,3-Cl2pcyd),1 

no. complex LMCT(n - u * )  d-d transitions u(NCN) 
1 I(bp~)~Cu(3.4.5-(OMe),pcyd)l [PF,] 54Ic 730' 2182 sd 

3 [ ( b y  ) K ~ ( ( ~ - C ~ ) P C Y ~ ) I  [ pF61 505 ( 1  370)p 7 I O  (540y 2108 sd 
4 [ ( ~ P Y ) , C ~ ( ~ . ~ - C ~ Z P ~ Y ~ ) I  [PF,] 484 (1410)r 709 (460)p 2149 w. 2109 sd 
5 [ ( ~ P Y ) ~ C U ( ~ , ~ - C ~ , P C Y ~ ) I  [PFd 495 (1410)' 704 (490)p 2154 s. 2117 wd 
6 [(~PY)zC~(~,~.~-C~,PCY~)I [PFd 494 ( 1  720)e 702 (570)p 2155 s. 2125 sd 
7 [ (bp)),Cu( 2,3.5.6-Cl,p~yd)] [ PF,] 469 ( 1  280)p 702 (350)p 2151 sd 

I ( ~ P Y ) C U ( ~ , ~ - C ~ ~ P C Y ~ ) ~ I  508 (2270)' 642 ( 1  920)r 2134 sf 

2 [ ( ~ P Y ) ~ C U ( ( ~ - C ~ ) P C Y ~ ) I  [PFd 513 (1450Y 715 (640Y 2122 Sd 

480 ( 1  900)g 666 (410)r 21 12 sg 

2181 s, 2136 s, 21 I O  sd 

In  n m  ( c  in  k4-I cm-' in parentheses). In  cm-I. I n  acetonitrile solution this complex slowly decomposes. dNujol mull between NaCl plates. I n  
acctonitrilc. / I n  dichloromcthane. 8 I n  DMF. 

Table VII.  Formal Reduction Potentials" of 
Bis(bipyridine)copper( I I )  Phenylcyanamide Complexes and 
Bromobis( bipyridine)copper( I I )  

anion ligand CU(l I l l Y  CU(II0)C L(0l-)d 
3.4.5-(OMc),pcyd -0.056 (190) 
( 4-C I ) pcyd -0.007 ( I  58) 
(2-Cl)pcyd 0.007 ( I  94) 
2.6-CI2pcyd -0.013 (203) 
2.3-CI2pcyd 0.020 ( 1  87) 
2.4.5-Cl,pcyd -0.023 ( 1  92) 
2,3,5,6-CI4pcqd 0.01 2 ( I  70) 
Br  0.016 (106) 

-0.789 
-0.853 
-0.776 
-0.8 I4 
-0.772 
-0.859 
-0.867 
-0.6 I9 

0.636 
0.783 
0.941 
1.039 
0.909 
1.021 
1.075 
1.033 

" In  volts vs N H E .  a t  25 OC. Cyclic voltammetry experiments were 
performed in 0.1 M TBAH acetonitrile solution, a t  a scan rate of 100 
m V / s  with a platinum disk (1.6 mm diameter) working electrode. 
bQuasi-reversible wi th  the separation between anodic and cathodic 
pcilks in parentheses in m V .  cIrrcvcrsible. the position of the  cathodic 
pcak is indicated. dlrrcvcrsiblc. the position of the anodic peak is in-  
dicated. 

complex showed a slow decrease of visible L M C T  band intensity 
with time, suggcsting either ligand substitution with loss of 
3,4,5-( McO),pcyd- or a chemical modification of the cyanamide 
anion group. The decomposition reaction was not investigated 
further. [(bpy)zCu(3.4.5-( MeO),pycd)]+ has a visible spectrum 
(Table VI) and cyclic voltammogram (Table VII) that are con- 
sistent with thc othcr bis( bipyridine)(phenylcyanamido)copper( 11) 
complexes and this gives confidence to its suggested formula. 

The cr js ta l  structure of the complex [(bpy),Cu(2,3- 
Cl,pcyd)] [PF,] (Figure 1 and Table IV) indicates that the co- 
ordination environment around Cu(l l )  is that of a distorted square 
pyramid of nitrogen donor atoms. This type of coordination 
geometry is unusual since crystal structures of bis(bipyridine)- 
copper( I I )  halogen coniplcxcs have generally shown a distorted 
trigonal bipyramid of donor atoms about copper(ll). '6b The 
distortion from trigonal bipyramidal geometry is largely due to 
the plasticity of the coordination sphere about Cu(ll), which makes 
i t  susceptible to crystal packing forces. I n  one study," simply 
changing the nature of the counteranion was enough to induce 
varying dcgrccs of distortion toward square-pyramidal geometry 
for a scrics of five [ ( b ~ y ) ~ C u C l ] +  salts. The crystal structure of 
[(bpy),CuCI] [CIO,] showed the greatest distortion of the five salts 
in which the chloride ligand together with three bipyridine ni- 
trogcns make up the basal plane about copper(l1). I t  is interesting 
to notc that the crystal structure of [(bpy),Cu(2,3-Cl2pcyd)]+ also 
show5 the pscudohalidc ligand, (2,3-dichlorophenyl)cyanamide 
anion, occupying a coordination site in the basal plane. The axial 
pyridine nitrogen N4-Cu bond of 2.224 (9) A is considerably 
larger than that of thc basal pyridine nitrogens and reflects 
preferred coordination in thc basal plane. 

The crystal structure of the complex [(bpy)Cu(2,3-C12pcyd),1 
(Figure 2 arid Table V) revealed two unique copper ions per unit 
cell (Figurc 3)  which differ significantly only in the manner the 

phenyl groups of the (2,3-dichlorophenyl)cyanamide ligands are 
oriented relative to the (bipyridine)copper( 11) moiety. The slight 
differences in bond lengths and angles (Table IV) between the 
two copper ions should be ascribed to crystal packing forces. The 
coordination environment around each Cu(l1) ion is that of a 
distorted square plane of nitrogen donor atoms. This is in contrast 
to the Cu( I I )  coordination environment found in the crystal 
structure of the complex [ ( b p y ) C ~ ( p c y d ) ~ ] . ' *  In this complex, 
one phenylcyanamide ligand is monodentate and the other is 
bidentate, bridging two copper ions via the cyano and amido 
nitrogens of the cyanamide group. In  the solid state, this complex 
is more accurately described as a copper dimer in which each 
Cu(1l) ion is surrounded by a distorted square pyramid of nitrogen 
donor atoms. In Figure 3, the packing diagram of the crystal unit 
cell of [(bpy)Cu(2,3-C12pcyd),1 clearly demonstrates that dimer 
formation does not occur for this complex. The reason why dimer 
formation does not occur i n  the crystal lattice of [(bpy)Cu(2,3- 
Cl,pcyd),] may be due to the greater steric crowding of the 
chlorine atoms. Another possible explanation is that the inductive 
effect of the chlorine atoms makes the cyanamide group less basic 
and therefore a less effective bridging ligand. 

The bond angle between a cyanamide group and a metal ion 
is largely determined by the resonance 

Ph-N--CEN ++ Ph-N=C=N- 
A B 

If only F bonding interactions to the terminal cyanamide nitrogen 
are considered, resonance structure A will coordinate to a metal 
ion via the nitrile lone pair, resulting in an ideal bond angle of 
180'. Coordination of resonance structure B to a metal ion ought 
to result in an ideal bond angle of 120'. I n  reality, the bonding 
description of the cyanamide group will have contributions from 
both resonance structures A and B and an expected coordination 
bond angle between 120 and 180'. Furthermore, coordination 
of the anionic cyanamide group to a strongly polarizing metal ion 
should increase the contribution of resonance structure B to the 
molecular orbital description of the cyanamide anion group, and 
if the metal ion has significant K acceptor properties, the preferred 
bond angle will be close to 1 80' in order to maximize the metal's 
interaction with the two terminal lone electron pairs of resonance 
structure B. In this regard, Ru(ll l) ,  a strong K acceptor, has been 
showntt to coordinate to 2,3-C12pcyd- with a bond angle of 171.4 
(IO) ' .  Cu(l1) has far weaker K acceptor properties compared 
to Ru(1l l )  and. as shown in Tables IV and V, has Cu(ll)-cyan- 
amide bond angles between 141.4 (7) and 165.3 (9)'. 

For [(bpy)Cu(2,3-C12pcyd),], examination of the bond angles 
and lengths i n  Table V reveals that the two cyanamide ligands 
do not coordinate equivalently to C u ( l l ) .  Each copper ion has 
one cyanamide ligand that bonds i n  a more linear fashion 
(Cul-NI-CI = 155.5 (7) and Cu2-N9-C42 = 165.3 (9)') and 
another whose coordination mode is more bent (Cul-N2-CI 1 
= 145.7 (7) and Cu2-N7-C41 = 141.4 (7)'). The Nujol mull 
IR spectrum of this complex shows multiple u(NCN) bands (Table 

(17) Harriaon. W.  D.: Kennedy. D. M.: Power. M.: Sheahan, R.; Hathaway, 
B. J .  J Chem. Soc.. Dalton Trans. 1981. 1556. 

(18 )  Brader, M. L.; Ainscough. E. W.: Baker, E. N.: Brodie, A. M. Poly- 
hedron 1989, 8, 2219.  
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Figure 4. Visible spectrum of [(bpy)2Cu((4-Cl)pcyd)][PF,I. 4.45 X IO4 
M in acetonitrile. 

VI ) ,  further illustrating the inequivalence of the cyanamide groups. 
Howevcr. i n  dichloromethane solution, the IR spectrum of this 
con~plcx shous only a single v (NCN)  at  2134 cm-', suggesting 
that, i n  the  abscncc of crystal packing forces, both phenylcyan- 
aniidc ligands bind to copper( 11) equivalently. Since linear co- 
ordination d" Cu( l l )  to an anionic cyanamide group is not pre- 
dicted b a d  on thc above discussion, we suggest that crystal 
packing forces prevent their both adopting the bent coordination 
mode in the crystal lattice. 

Free anionic phenylcyanamide ligands are expected to be planar 
in the absence of steric effectsI9 due to the strong coupling of the 
cyanamide group with the phenyl ring n system. This interaction 
is apparcntly maintained upon coordination to Cu( I I ) ,  as shown 
by the out of phenyl ring plane distances of the cyanamide atoms 
in Tables IV and V and the short bond lengths between cyanamide 
group nitrogen and phenyl ring carbon, indicating some double 
bond character. The ligand, (2.3-dichlorophenyl)cyanamide anion, 
has also been shown to retain planarity when coordinated to 
Ru( l l l ) . "  

Crystal structures of a number of Cu(DCNQI),  molecular 
metals have been performed,& and it  is of interest to contrast the 
coordination environment of the copper ion in these salts with this 
study. I n  these systems, copper occupies a distorted tetrahedron 
of terminal cyanamide nitrogens. E v i d e n ~ e ~ ~ * ~ ~  suggests that the 
oxidation state of copper is I .3. requiring a partial negative charge 
to be assigned to each DCNQI. The copper-cyanamide bond 
angle a t  room temperature was shown to range from 167.0 (6) 
to 177.6 (5)'. This would indicate, based on the above discussion 
of thc cyanamide resonance. that the resonance favors A .  This 
is expected, since the two cyanamide groups of DCNQI share only 
a partial negative charge and its effect on the resonance will be 
less than that experienced by a fully anionic cyanamide group. 
The copper-cyanamide bond length at  room temperature was 
shown to range from 1.963 (7) to 1.988 (5) A. This bond range 
ii: only a little greater than that determined for Cu( l I )  bonded 
to anionic (2,3-dichlorophenyl)cyanamide, Tables IV and V. 
Future studies will provide information on Cu-cyanamide bond 
lengths as a function of copper oxidation state and cyanamide 
charge.20 The distorted tetrahedral coordination environment 
of copper i n  Cu(DCNQI),  molecular metals is consistent with 
its oxidation state of I .3. Cu(  I) is known to prefer tetrahedral 
geometry while Cu( I I )  complexes (i.e. [(bpy)Cu(2.3-C12pcyd)J) 
can unde rgo  considerable  t e t r agona l  distortion.2'  

~ ~~~~ 

( 19) We have determined the crystal structures of the tetraphenylarsonium 
halt> or dianiun I .4-dicyanamidobenzene (Dicyd'.). 1,4-dicyanamido- 
2.3.5.6-tetrachlorobenzene (C1,Dicyd2-). and 1.4-dicyanamido-2,3,5,6- 
tctr;imcthylben~ene (Me,Dicyd2-): Aquino. M .  A. S.; Lee. F. L.: Gabe, 
E .  J . :  Grecdan. J .  E.: Crutchley. R .  J .  To be submitted for publication. 
DicJdI- a n d  CI,Dicyd*- are both planar molecules. However, for 
Me,Dicyd*-. the cyanamide groups are out of the phenyl ring plane and 
in a n  dnti configuration rclative to each other. I t  ih probable that the 
storic rcpulsion of thc methyl groups is enough to overcome the a 
intcraciion bctuccn thc phenyl ring and the cyanamide wouDs. 

- I  

(20) Work i n  progrcsh. 
( 2 1 )  Rorabacher. D. B.: Martin. M. J . :  Koenigbauer, M. J. ;  Malik, M.: 

Schrocdcr. R .  R . :  Endicott, J .  F.; Ochrvmowvcz. L. A. I n  Comer , '  
Co(m/in(ilfon Chr,iiiisiry: 
3Adeninc Prc \ r :  Kcu Yurk. 1983: p 167 
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Figure 5 .  Correlation of lowest energy L M C T  transitions for the com- 
plexes [(NH3)5Ru(L)][C10,]2 (from ref 1 I )  and [(bpy),Cu(L)][PF,] in 
acetonitrile solutions. The phenylcyanamide ligand L is given by the 
number index in Table V I .  

Researchers investigating the properties of Cu(DCNQI),  
molecular metals have suggested that the mixed-valence state of 
copper is obtained through the mixing of copper d orbitals and 
DCNQI p n  o r b i t a l ~ . ~ - ~ % ~ . '  The extent of this interaction will be 
reflected by the oscillator strength of the lowest energy L M C T  
band originating from the Cu( 1I)xyanamide chromophore.22 For 
this reason the visible electronic spectra of the copper complexes 
were i n ~ e s t i g a t e d . ~ ~  It has been shown that the u and n donor 
properties of the cyanamide anion group can be "tuned" by varying 
the nature of the substitutents on the phenyl ring." Seven bis- 
(bipyridine)copper( 1 I )  phenylcyanamide complexes were prepared 
to give a reasonable range of phenylcyanamide basicity. 

The visible absorption spectral data of the (phenylcyan- 
amido)bis(bipyridine)copper( I I )  complexes, in acetonitrile, are 
found i n  Table VI.  A representative visible absorption spectrum 
of these complexes is illustrated by the spectrum of [(bpy),Cu- 
((4-Cl)pcyd)] [PF,] (Figure 4). The spectrum shows two major 
bands and is in contrast  to the visible spectrum of 
[(bpy),CuBr] [PF,], which has only one broad absorption band 
a t  744 nm in acetonitrile. The low energy band a t  wavelengths 
>700 nm is suggested to originate from ligand field transitions, 
by analogy with [(bpy),CuBr] [PF6].24 This ligand field band 
(Table VI) shifts to slightly lower energies as the cyanamide ligand 
becomes a better IT and n donor. The high-energy band a t  
wavelengths <550 nm shifts to higher energy as the number of 
electron-withdrawing substituents increases on the phenyl ring 
or as the donor number25 of the solvent is increased. This behavior 
is consistent with a L M C T  transition, which we have assigned 
to cyanamide anion pn  - d,z-,,z Cu(1l).  

In a n  analysis  of the LMCT transitions of pentaammine- 
ruthenium( I 1  I )  complexes of phenylcyanamide anion ligands, two 
LMCT transitions a t  approximately 380 and 650 nm arose from 

( 2 2 )  The relationship between oscillator strength f and the extent of elec- 
tronic coupling between donor and acceptor wavefunctions is given by 
the expression J = (1.085 X 10~s)GuS2R2, where G refers to the de- 
generacy of the states concerned, u is the energy, in cm-' of the tran- 
sition, R is the transition dipole length in A and S is the overlap between 
donor and acceptor wavefunctions: Saleh, A. A,; Crutchley, R. J .  Inorg. 
C'heni. 1990, 29. 21 32. 

(23) The UV region was composed of overlapping phenyl and bipyridine a 
.- a* transition as well as high-energy CT transitions. 

(24) Elliott. H.; Hathaway, B. J.: Slade, R. C. J .  Chem. Soc. A 1966, 1443. 
( 2 5 )  Gutmann, V .  The Donor-Acceptor Approach ro Molecular Interacrionr; 

Plenum Press: New York. 1978. 
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two nondegenerate x nonbonding electron pairs on the cyanamide 
anion group.*," For the bis(bipyridine)copper complexes, the 
high-energy LMCT px - d+2 transition is probably buried under 
the ligand-centered transitions in the U V  region. I t  should be 
possible to correlate the energies of the lowest energy LMCT bands 
of [ (NH3),Ru(L)l2+ and [ ( b ~ y ) ~ C u ( L ) ] + ,  (where L is a phe- 
nylcyanamide anion ligand), provided the LMCT bands have the 
same origin. Figure 5 shows the correlation that is excellent ( R  
= 0.999). The slope of the line (1.22) is a measure of the greater 
sensitivity of the ( N H 3 ) S R ~ 1 1 '  moiety to the nature of the cyan- 
aniidc ligand. This may not be due exclusively to the x acceptor 
properties of ruthenium( I l l ) ,  since the nature of the ligands and 
the coordination geometry have also changed i n  the correlation. 

A number of linear correlations between charge transfer band 
encrgics and the difference between metal-ligand redox couples 
havc appcarcd in the The working hypothesis has 
been to suggest that the energy of a photoinduced charge transfer 
event, in which ;I donor is oxidized and an acceptor is reduced, 
can be approximated by the difference between appropriate 
elcctrochcmical c o u p l c ~ . ~ ~ ~  The electrochemical data in Table 
VI1 would appear to suggest that variation in L M C T  energy is 
due largely to changes in the L(-/0) couple. A plot of 
[(bpy)2Cu(L)]+ LMCT energies vs L(-/0) couples can be fitted 
to thc linear relationship, L M C T  energy = 0.62[L(-/O)] + 1.92 
in units of volts with R = 0.87. This fit is not as good as others 
in thc literature and may be due to the irreversibility of the L(-/0) 

The intensity of the visible L M C T  band of [ ( b ~ y ) ~ C u ( L ) ] +  
complexes (Table V I )  is significantly less than that found for 
[(NH3)5Ru(L)]2'  complexes ( c  ranges from 5000 to 8000 M-l 
cni-I)." This is not surprising since the copper(1l) d,2,2 orbital 
has mostly m* character and the visible LMCT band of the copper 
complcxcs may be formally described as a forbidden 2px - da*  
transition. The low symmetry of the [ ( b ~ y ) ~ C u ( L ) ] +  complexes 
probably mixes some K character into the d,2-y2 orbital, reducing 
the forbiddcncss of the L M C T  transition. 

The visible spectrum of [ (bpy)C~(2,3-Cl ,pcyd)~]  i n  dichloro- 
mcthanc consists of two bands a t  508 ( c  = 2270 M-l cm-I) and 
642 nm ( I920 M-' cm-I), which we have assigned to p~ - do* 
LMCT and ligand field transitions, respectively (Table VI) .  The 
apparcnt intensity of the ligand field band is somewhat misleading 
as i t  doc5 overlap with thc L M C T  band. Nevertheless, taking 
this into account, the intensity of this band is still significantly 
greater than that of the [(bpy),Cu(L)]+ complexes. Ligand field 
bands arc known to gain intensity by an intensity stealing 
mechanism involving charge transfer bands.'6d I t  would appear 
for these systems that this mechanism is more important for 
copper( I I )  i n  a distorted square-planar geometry than a square- 
pyramidal geometry. For example, the coordination geometry 
of [ (bpy)C~(2.3-Cl ,pcyd)~]  is expected to be retained in di- 
chloronicthnne but not in D M F  (a strong donor solvent), where 
thc coordination sphere of copper(l1) is likely to expand to ac- 
coniniodatc a D M F  molecule. This perturbation in D M F  solution 
results i n  ;I significant reduction in ligand field band intensity 
(Tnble V I ) .  

The [ (bpy)?Cu( L)]' complexes were found to have very similar 
cyclic voltammograms with the greatest variation associated with 
thc oxidntion of the phenylcyanamide ligand (Table V I I ) .  The 
cathodic voltammogram (Figure 6) of [(bpy)2Cu(4-C12pcyd)] [PF,] 
illustrates this general behavior. The Cu( 11/1) reduction couple 
(Figure 6a) occurs at -0.007 V vs N H E  and has some reversible 
behavior ;is indicatcd by the equivalent current intensity of 
cathodic :ind :inodic peaks. The irreversible character of this 
couplc is shown by the large separation between anodic and 
cathodic peaks of 158 m V  at 100 mV/s and the greater loss in 
current intensity of the anodic wave relative to the cathodic wave 
a t  slower scan rates. Since C u ( l )  prefers to be four coordinate. 
thc irreversibility of the C u ( l l / l )  couple may be due to the loss 

couplc. 

Inorganic Chemistry, Vol. 29, No. 24 ,  I990 4921 

( 2 6 )  For example see Curtis. J .  C.; Sullivan, B. P.: Meyer. T. J .  Inorg. Chem. 
1983. 22, 224, and Dodsworth, E. S.: Lever, A. B. P. Chem. Ph>)s. Lerr. 
1984, / I ? .  561. Erratum. Ihid. 1985. 116. 254. 

0.5 0.0 -0.5 -1.0 
VOLTS V S  NHE 

Figure 6 .  Cyclic voltammogram of the complex [(bpy),Cu((4-CI)- 
pcyd)][PF,], 20 m M  i n  acetonitrile at 100 mV/s  scan rate using a 
platinum disk working electrode: (a) scan range 0.62 to -0.38 V: (b) scan 
range 0.62 to -1.07 V: (c) scan range 0.62 to - I  .38 V .  

of the phenylcyanamide ligand. The Cu( 11/1) reduction couples 
i n  Table VI1 are largely insensitive to the nature of the phenyl- 
cyanamide ligand even though the and K donor properties of 
this ligand vary significantly. In contrast, the Ru(l l l / l l )  reduction 
couple of [(NH3)SRu(L)]2'  complexes undergoes a modest 
cathodic shift as the basicity of the phenylcyanamide anion ligand 
increases.a,'' This can be interpreted by the stabilization of Ru(l1l) 
oxidation state by strong x donors. Cu( l l )  has little x acid 
properties and so its oxidation state is largely indifferent to the 
K donor properties of its ligands. 

I f  more cathodic sweeps are investigated (Figure 6b), an ir- 
reversible reduction wave appears a t  -0.853 V vs N H E ,  which 
is assigned to the Cu(l/O) couple. The return anodic sweep results 
in the appearance of a large oxidation wave at approximately -0.05 
V. The current intensity of this anodic wave increases dramatically 
the longer the working electrode is a t  a more negative potential 
than the Cu(l/O) couple (compa,re Figure 6b and Figure 6c) and 
is clearly inconsistent with the diffusion controlled current intensity 
of the Cu( l l / l )  redox couple. The data strongly support electrode 
deposition of the Cu( I / O )  reduction product followed by surface 
oxidation. This reaction fouls the electrode, which had to be 
cleaned for each sweep. 

The anodic sweep showed only an irreversible wave a t  0.783 
vs "HE which is assigned to the cyanamide ligand (L(O/-) couple. 
In  comparison, the L(-/0) couples of [ (NH3)SRu(L)]2+ com- 
plexes" are anodically shifted by approximately 250 i 100 mV 
relative to those of the corresponding [ (bpy)2Cu(L)]f complexes. 
This may be due to the difference in metal ion oxidation states 
or the K acceptor properties of R u ( l l l ) .  The range of L(O/-) 
couples (Table V11) of [ ( b ~ y ) ~ C u ( L ) ] +  complexes is a consequence 
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of the  coupling of the  cyanamide group with the  phenyl ring and 
t h e  per turba t ion  in t roduced  by t h e  na tu re  of t h e  phenyl ring 
subs t i tuents .  It is t o  be expec ted  t h a t  e lec t ron-wi thdrawing  
subs t i tuents  will s t n b i l i x  t h e  anion ligand whereas electron-do- 
nat ing subs t i tucnts  will havc  t h e  opposite effect. 

In  conclusion, the  interaction of C u (  11) with phenylcyanamide 
anion ligands has been investigated. Crystal structure da ta ,  LMCT 
band intensity. and electrochemical potentials are consistent with 
a mostly n bonding interaction between C u ( l l )  and the  cyanamide 
anion group. Nevertheless. some T interaction must occur for the  
px - d,?-,2 t rans i t ion  t o  be par t ia l ly  allowed. This is relevant 
t o  the  mechanism by which the  mixed-valence s t a t e  of copper in 
C u ( D C N Q I ) ,  molccular riictals i 5  achieved. I n  fu ture  s tud ies ,  

29, 4928-4938 

we hope to  more accura te ly  model t h e  coordination envi ronment  
of copper in C u (  D C N Q I ) ,  molecular meta ls  by preparing te t ra -  
hedra l  copper (  I )  and -( 11) complexes of radical anion DCNQI 
molecules. 
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A Homoleptic Uranium Thiolate: Synthesis, Structure, and Fluxional Behavior of 
[ Li( dme)],[ U( SCH2CH2S),] and Reaction with CS2 
Kazuyuki Tatsumi,*-' lchiro Matsubara,' Yoshihisa Inoue,' Akira Nakamura,*,' Roger E. Cramer,*,* 
Ginger J .  Tagoshi,t James A.  Golen,t and John W. Gilje*J 
R e w i r e d  Apr i l  3 .  I990 

We have synthesized and fully characterized a tetrakis(ethane-l,2-dithiolato)uranate(lV), [Li(dme)14[U(edt),] ( I ) ,  the first 
homoleptic dithiolate complex of an f clemcnt. Thc complex crystallizes with an additional DME solvent molecule, and its structure 
was determined by an X-ray study. The coordination geometry about the uranium center is dodecahedral, and four lithium cations 
{urround thc [ U ( ~ d t ) , ] ~ -  anion. Each lithium bridges two sulfur atoms and is further coordinated by a dme molecule. We have 
JnalkLcd thc nature of thc U-S bonds, using the enxtended Hiickel method, to find that U 6d. 7s, and 7p orbitals are responsib'le 
fu r  interactions wi th  sulfur orbitals, thus. no significant U 5 f  participation in bonding is discernible, and that U-S T interactions 
iirc \*cak. Thc low-tcmpcrature 'H  N M R  spectra in  THF-d8 exhibit four resonances associated with the edt protons. The relative 
4 i ~ c  of their piiramagnctic isotropic shifts can be interpreted on the basis of the pseudocontact (dipolar) term, the analysis of which 
auygcatb the solid-slaw dodccahcdral structure to be retained in solution. According to the temperature dependence of the edt 

proton resonanccb. thcrc arc two fluxional processes. ( I )  a conformational change of the USCCS chelate rings and ( 2 )  an exchange 
01' llic A and B aitcs in thc dodecahedral USs frame. The free energies of activation, AG*, are 9.3-9.6 kcal/mol and 12.9 kcal/mol, 
rc~pcctivclq. which arc rather high probably due to coordination of lithium ions to sulfurs. The complex 1 reacts with CS2 to give 
[Li(diiic),],(S,CSCH,CH,SCS,) (2 )  as an isolable product. The crystal structure analysis of 2 reveals a zigzag form of the 
cthanc-I ,2-diyl bis(trithi0carbonate) skeleton and v 2  coordination of each trithiocarbonate to a lithium. Crystal data:  1, solvated 
b) D M E .  iiionoclinic spacc group PZ,/n wi th  a = 11.330 (3) A. h = 38.454 (8 )  A. c = 11.047 ( 2 )  A, /3 = 95.31 ( 2 ) O ,  Z = 4, 
K = 0.053X for 3047 independent reflections; 2. monoclinic space group P 2 , / n  with a = 8.827 (3) A, b = 15.191 (8) A, c = 13.304 
( 8 )  A. 

. 

= 107.13 (4)'. Z = 2, R = 0.0503 for 1.581 independent reflections. 

Introduction 
In  cont ras t  t o  t h e  extensive coordination chemis t ry  of ac t in ide  

mcta l  iona u i t h  oxygen donors.' deve lopment  of the i r  chemis t ry  
wi th  S-donor ligands is l imi tcd .  Some ( th ioca rbamat0 ) -  and 
(d i th iocarbamato)uranyl  complexes,2 (d i th iaace ta t0)uranyl  com- 
plcxes.2h a dmso adduct  of uranyl,2i tetrakis(dithiocarbamat0) and 
tctrakis(dithiophosphinato) complexes of thor ium and/or neptu- 
n i u 111, ;I pen t  nsu I fido corn pl ex of b is (  pen t a me t h ylcyclo- 
p e r ~ t a d i e n y l ) t h o r i u m . ~ ~  a series of b inary  and t e rna ry  uran ium 
sulfides%4k and an intriguing a2-disulfide complex of uranylZC have 
bccn s t ruc turn l ly  cha rac t c r i zcd .  Rcccnt ly  t h e  reac t ions  of tris-  
(cyclopcnt~idicnql)uraniuni(  I l l )  with  CS, and SPPh, (or  C O S )  
were reported to  form the  tetravalent binuclear uranium complexes 
consisting of C S 2  a n d  S a t o m  bridges,  r e ~ p e c t i v e l y . ~  Al though  
synthcsis of the pyrophoric U(SEt ) ,  and U ( S ' B U ) ~  was  reported 
as early ;IS 19.5~5.~~ actinide thiolate complexes have been virtually 
ignored.6b,c i n  sp i te  of t h e  fac t  t h a t  th io la tes  may be useful for 
the  separation of actinide ions from dilute aqueous solution." This 
is somewhat surprising in light of the  richness of d-transition-metal 
th io la tc  chemis t ry  tha t  has  been developed par t ly  d u e  t o  i ts  bio- 
logical and ca ta ly t ic  impl ica t ion .  

As a n  ou tg rowth  of our recent  s tud ies  on a lkanedi th io la te  
complexes of group 5  metal^.'^-^ we a r e  interested in the  behavior 
of d i th io la tc  l igands  with o the r  electron-deficient meta ls .  H e r e  

Oankn Lnivcrsit). 
:Lnivcr.;ity of Hawaii. 
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we report the  synthesis, X-ray structure,  and variable-temperature 
'H N M R  s tudy of a tetrakis(ethane-l,2-dithiolato) (ed t )  complex 
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