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Abstract: The new diimidazole ligand, bis 
(1 -methyl - 4,s - diphen y limidazol - 2 - yl) ke- 
tone (BIMDPK), has been synthesised, 
characterised and shown to form four-co- 
ordinate bis(diimidazo1e) Cu" and Cu' 
complexes in the salts [Cu(bimdpk),]- 
[BF,], and [Cu(bimdpk),][PF,], the struc- 
tures of which have been determined by 
X-ray crystallography. The cations of 
these salts have a very similar geometry 
with Cu"-N,, = 1.949 and Cu'-N,, = 

1,999 A; the N-Cu-N interbond angles are 
constrained by 1) the bite angle of the 
BIMDPK ligand to 94+ 2" and 2) the in- 
terligand steric interactions, which lead to 
the dihedral angle of the intraligand CuN, 

planes of 68.2" for CU" and 74.9" for 
Cu'-that is, a CuN, geometry intermedi- 
ate between tetrahedral and square pla- 
nar. The X-band EPR spectrum for the 
powdered Cu" compound is typical of an 
approximately D, CuN, centre possessing 
ad,, ground state (g,  = 2.080, gy = 2.075, 
g, = 2.291; A ,  =112.3 x 10-4cm-'). 
The UV/vis spectra are dominated by 
charge-transfer bands, and both the Cu" 

-- 

and Cu' systems are intensely coloured. 
The EPR and electronic spectra indicate 
that these cations have a very similar 
structure in the solid state and in solution; 
the potential of the [Cu(bimdpk),l2'/ 
[Cu(bimdpk),]+ couple is 0.59 V vs. SCE 
in MeCN and 0.80 V vs. SCE in CH,Cl,, 
and the electron self-exchange constant in 
MeCN is 1.9 x 1 0 4 ~ - ' s - ' .  Comparisons 
are made between the properties of the 
[Cu(bimdpk),l2+/+ centres and related 
Cu centres in chemical and biological sys- 
tems; the results of this study reinforce the 
view that a [Cu(His),] centre should not 
be precluded from consideration in bio- 
logical electron transport. 

Introduction 

Imidazole is a ubiquitous ligand for 3d metal ions bound to 
proteins.['] Copper-imidazole ligation has been demonstrated 
in many metalloproteins and enzymes including plastocyanin,[21 
a~urin,[~]  superoxide dismuta~e,[~] galactose oxidase,['] haemo- 
cyaninJ6I copper nitrite reductase['] and ascorbate oxidase.[*] In 
the blue, Type I copper proteins plastocyanin and azurin, the 
active-site structure comprises the trigonal array [CuN,S] of two 
histidine ligands and one cysteine ligand about the copper, to- 
gether with a weak axial methionine interaction. This coordina- 
tion geometry is largely retained in the oxidised and reduced 
forms of these proteins.[', lo] Furthermore, in both forms the 
active-site geometry is considerably removed from the normally 
preferred geometries of Cu" (tetragonal/square planar) and Cu' 
(tetrahedral) .["I The oxidised form of Cu/Zn bovine superoxide 
dismutase (CuI'ZnSOD) involves Cu" coordinated by three imi- 
dazoles (from His 44, 46 and 118) and an imidazolate (from 
His 61), which bridges to the Zn"; this CuN, centre has a ge- 
ometry intermediate between square planar and tetrahedral.141 
In addition, a fifth axial coordination position is occupied by 
H,O.[", '*I Protein ~rystallography~'~] has shown that this ge- 
ometry is retained upon reduction to Cu' (Cu'ZnSOD), al- 
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though solution NMR114] and EXAFS['51 studies indicate that 
the His 61 is cleaved from the copper by protonation to produce 
a three-coordinate Cu' site. 

Many low molecular weight copper tetrakis(imidazo1e) com- 
plexes have been characterised and used to examine the chem- 
istry that controls the peculiar geometry, spectroscopy and reac- 
tivity of these important copper proteins.[16 - 191 Although there 
is a precedent for the preparation of copper complexes with 
equivalent ligation in the oxidised and reduced forms," ' - "1 
only one diimidazole ligand, 2,2'-bis[2-imidazolyI]biphenyl 
[(imid),bp], has been shown previously to yield tetrakis- 
(imidazole), four-coordinate Cu" and Cu' complexes with 
similar structures, which are intermediate between square-pla- 
nar and tetrahedral geometries.["] We have initiated a pro- 
gramme concerned with the synthesis of di- and triimidazole 
ligands, designed to control the coordination chemistry at metal 
centres. Herein, we report a three-step synthesis of the diimida- 
zole ligand bis(l-methyl-4,5-diphenylimidazol-2-yl) ketone 
(BIMDPK) (Fig. 1) and its coordination to both Cu" and Cu'. 

Experimental Procedure 

Materials: All reagents and solvents were obtained from normal commercial 
sources and used without further purification unless otherwise stated. MeCN and 
CH,CI, were distilled from CaH,, MeOH was distilled from magnesium and THF 
was distilled from sodium. [Cu(MeCN),][PF,] was prepared immediately prior to 
use by a literature method [22] and stored under dinitrogen. ~nBu,][BF,] was 
prepared from Na[BF,] and [NnBu,][HSO,] and recrystallised from toluene [23]. 
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Analyses and Spectroscopic Methods: Chemical analyses were performed by the 
University of Manchester, Microanalytical Laboratory. IR spectra were recorded 
on a Perkin Elmer 1710 FT spectrometer. Electron impact mass spectra (EIMS) 
were obtained by use of a VG2000 Trio spectrometer. UV/vis spectra were recorded 
on  a Shimadzu UV-260 spectrophotometer, and X-band EPR spectra on a Varian 
112 instrument fitted with a finger dewar for frozen solution measurements. The 
X-band EPR spectra were simulated using an "in-house" simulation program [24]. 
'HNMR spectra were measured on a Varian Gemini 200 spectrometer, and 
NMR spectra were obtained on a Bruker AC300 spectrometer. 

Electrochemical Measurements: Electrochemical measurements were made with a 
PAR model 175 waveform generator, a model 173 potentiostat and a PAR electro- 
chemistry cell with a three-electrode configuration consisting of a glassy carbon 
working electrode, a standard saturated calomel reference electrode (SCE) and a 
platinum wire secondary electrode. All solutions were deoxygenated by bubbling 
dinitrogen through them for several minutes prior to use. All voltammograms were 
recorded with the solutions under a dinitrogen atmosphere. Controlled potential 
electrolysis (CPE) was carried out in a two-compartment cell separated by Vycor 
porous glass. The working and secondary electrodes were of platinum mesh. All 
electrochemical potentials were measured relative to SCE and were corrected for 
liquid-junction potentials via the use of the Fc+/Fc (Fc = ferrocene) couple as an 
internal redox standard on the basis that E(Fc+/Fc) is ca. +400 mV in all solvents 
vs. the normal hydrogen electrode (NHE(H,O)) 1251, and the potential difference 
of NHE(H,O) vs. SCE is -0.24 V. 

4,s-Diphenylimidazole (Fig. 1): Benzoin (80 g, 0.37 mol) and formamide (160 mL, 
4.03 mol) were placed in a 1 L round-bottomed flask and heated at reflux for 1.5 h. 
The reaction mixture was allowed to cool down to room temperature, and crude 

n 
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Fig. 1. Synthesis of bis(l-methyl-4,5-diphenylimidazol-2-yl) ketone (BIMDPK). 

product crystallised. This was collected by filtration, washed with Et,O 
and recrystallised from hot EtOH. Yield: 51.22g (63%); m.p. 233- 
235 "C (ref. [26]: 231 "C); 'H NMR (ZOO MHz, [D,]acetone, 25 "C): 
6 =7.10-7.65 (m, 12H); MS (EI) m/r (%): 220 (50) [M']; IR (KBr 
disc): C = 3058 (s), 1605 (s), 1498 (s), 1462 (s), 1442 (s) cm-'; C,,H,,N, 
(220.3): calcd C 81.8, H 5.9, N 12.7; found C 81.8, H 5.5, N 13.1. 

N-Methyl4,S-diphenylirnidazole: 4,5-Diphenylimidazole (1 6.96 g, 
0.08 mol) was suspended in dry, degassed THF (100 mL) under an Ar 
atmosphere. Sodium hydride (3.60 g, 0.15 mol) was added cautiously in 
portions (0.5 g) over a period of 10 min. The reaction mixture was left to 
stir for a further 10 min before Me1 (9 mL, 0.14 mol) was added. After 
having been stirred at room temperature for 1 h, the reaction was 
quenched by the cautious addition of an EtOHIiPrOH mixture (2: 1 vjv, 
20 mL) followed by H,O (500 mL). The precipitated product was col- 
lected by filtration, dissolved in CH,CI, and dried over anhydrous Mg- 
SO,. The solvent was removed under reduced pressure, and the product 
recrystallised from toluene. Yield: 13.38 g (71 %); m.p. 163-165°C; 
'HNMR (200MHz, CDCI,, 25°C): 6 = 3.45 (s. 3H), 7.65-7.05 (m. 
11H); MS (El) m/r (YO): 234 (100) [Mi];  IR (KBr disc): i = 3452 (s), 
1601 (s), 1483 (s), 1444 (s) cm-'; C,,H,,N, (234.3): calcd C 82.0, H 6.0, 
N 12.0; found C 81.7, H 6.1, N 12.4. 

Bis(l-methyl-4,S-diphenylimidazol-2-yl) Ketone (BIMDPK) : N-Methyl- 
4,5-diphenylimidazole (5.08 g, 22 mmol) was dissolved in dry, degassed 
THF (100 mLj, and the solution cooled to -78 "C in an acetonejdry-ice 
bath under an Ar atmosphere. nBuLi ( 1 . 6 ~  in hexane, 14 mL, 22 mmol) 
was added dropwise over a period of 10 min, and the reaction mixture 
left to stir at -78 "C for 1 h. Dry, degassed diethyl carbonate (1.3 mL, 
10.7 mmol) was added, and the reaction mixture left to attain room 
temperature over a period of 1 h. The solvent was removed by rotary 
evaporation, and H,O (100 mL) was added to the residue. The bright 
yellow product was collected by filtration, washed with EtOH 
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(3 x 20 mL) and recrystallised from a CH,CI,/Et,O (1: 1 v/v) mixture. Attempts to 
complex BIMDPK (0.19 g, 0.38 mmol) with NiC1,.6H20 (0.20 g, 0.84 mmol) in 
EtOH (20 mL) resulted in the isolation of yellow crystals of BIMDPK suitable for 
X-raycrystallography. Yield: 4.13 ~ ( 7 6 % ) ;  m.p. 269-272 "C; 'HNMR (200 MHz, 
CDCI,,25"C):6 = 3.85(~.6H),7.15-7.65(m,20H); ''CNMR(75 MHz,CDCI,, 
25°C): 6 = 33.8, 127.0, 127.7, 128.1, 129.2, 129.3, 129.7, 130.8, 133.9, 135.1, 140.2, 
143.6, 175.0; MS (EI) m/z (%): 494 (67) [M']; IR (KBr disc): C =1623 (C=O, s), 
1506 (s), 1493 (s), 1453 (s) cm-I; C,,H,,N,O (494.6): calcd C 80.1, H 5.3, N 11.3; 
found C 79.8, H 5.6, N 11.4. 

Cu(BF4),.4.SH,0: HBF, (48% in H,O) was added to excess CuCO, and allowed 
to react in a large crystallising dish overnight. The unreacted CuCO, was removed 
by filtration, and the filtrate evaporated to dryness on a rotary evaporator. The solid 
product was dried by heating on a vacuum line. CuB,F,H,O,, (318.2): calcd Cu 
19.9, B 6.8, H 2.9; found Cu 20.6, B 7.2, H 3.1. 

Bis[bis(l-methyl4,Sdiphenylimidazol-2-y1) ketonelcopper(i1) Bis(tetrafluorob0rate) 
([Cu(bimdpk),][BF,],): A solution of Cu(BF,),.4.5 H,O (0.069 g, 0.22 mmol) in 
EtOH was added dropwise to a solution of BIMDPK (0.200 g, 0.40 mmol) in EtOH/ 
CH,CI, (1:l vjv, 10 mL). After the mixture had been stirred for 30 min at room 
temperature, a green insoluble precipitate formed. This was collected by filtration, 
washed with EtOH and then Et,O. Slow liquid diffusion of Et,O into a solution of 
the product in CH,Cl, at room temperature gave emerald green, block-shaped 
crystals suitable for X-ray crystallography. C66H,2N80,B,F,Cu (1226.4): calcd C 
64.6, H 4.3, N 9.2, B 1.8, Cu 5.2; found C 64.4, H 3.9, N 9.0, B 2.0, Cu 4.8. 

Bis[bis(l-methyl4,S-diphenylimidazol-2-y1) ketonelcopper(1) Hexafluorophosphate 
([Cu(bimdpk),][PF,]): A solution of BIMDPK (0.120 g, 0.24 mmol) in dry MeOH 
was treated with [Cu(MeCN)JPF,] (0.138 g, 0.37 mmol) and stirred for 30 min. 
Slow evaporation of the deep blue solution at 4°C gave dark blue, block-shaped 
crystals suitable for X-ray crystallography. C6,H,,N,0,PF,Cu(l197.7): calcd C 
66.2, H 4.3, N 9.4, P 2.6, Cu 5.3; found C 66.1, H 4.2, N 9.6, P 2.4, Cu 5.0. 
For the complexation reactions the initial yields prior to (re)crystallisation were 
30-50%. 

X-ray Diffraction Studies [27]: Data collection for BIMDPK, [Cu(bimdpk),][BF,], 
and [Cu(bimdpk),][PF,] was performed on a Rigaku AFCSR four-circle diffrae- 
tometer with graphite-monochromated Cu,. radiation and a 12 kW rotating anode 
generator using the w120 scanning technique. Selected crystallographic data for 
BIMDPK, [Cu(bimdpk),][BF,], and [Cu(bimdpk),][PF,] are summarised in 
Table 1. For each crystal the intensities of three representative reflections were 
measured every 150 reflections and a linear curredon applied to account for the 
intensity decay. The data were corrected for absorption, Lorentz and polarisation 
effects by using the program DIFABS [28a]. The non-hydrogen atoms were refined 
anisotropically. Hydrogen atoms were included in the structure-factor calculation in 
idealised positions (C-H = 0.95 A), and were assigned isotropic thermal parame- 
ters that were 20% greater than the equivalent B value of the atom to which they 
were bonded. 

Table 1 .  Crystallographic data for the compounds BIMDPK, [Cu(bimdpk),][BF,], and 
[Cu(bimdpk),l[PF61 la1 

BIMDPK [Cu(bimdpk),][BF,], . CH,CI, [Cu(bimdpk),l[PF,l 

formula C,,HZ~N,O C,,HwNaCuOzBzFaCL C ~ ~ H , , N ~ C ~ O Z P F ~  
fw 494.60 1311.28 1197.70 
cryst. size/mm3 
space group P2Jn (no. 14) C2 (no. 5) C2/c (no. 15) 
cryst. syst. monoclinic monoclinic monoclinic 
aiA 15.264 (3) 18.521 (3) 30.451 (7) 
blA 10.501 (4) 20.08 (1) 24.76(1) 
C I A  16.502 (4) 9.584(4) 21.68 (1) 
Pi" 96.14(2) 117.30(1) 129.25 (I) 
VIA' 2630(1) 3167(4) 12656.76(18.44) 
Z 4 2 8 
TIK 296f1 295 f 1 295 f 1 
W U K J A  1.54178 1.54178 1.54178 
Pc.,.dlg,""- ' 1.441 1.375 1.257 
Iclcm - 15.6 18.9 12.6 

0.20 x 0.20 x 0.20 0.22 x 0.22 x 0.22 0.30 x 0.20 x 0.20 

trans. coeff. 0.85 - 1 .OO 0.74-1.19 0.82-1.20 
2L. l"  123.3 120.1 120.2 
measured refl. 3958 2499 9942 
unique refl. 3785 241 5 9680 
obs. refl., I > 3.0041) 2661 2042 4658 
no. of parameters 421 41 1 760 

R(FJ 0.074 0.063 0.070 
RJFJ  0.097 0.075 0.076 

resid. e. densi ty/ek3 -0.2410.26 -0.29/0.46 -0.39/0.49 

686 ~ 0 VCH Verlagsgesellschaft mbH, 0-6945i Weinheim, 1996 0941-6S39/96/0206-0686 S 15.00-k .ZS/O Chem. Eur. J.  1996, 2. No. 6 



Bis(diimidazo1e)copper Complex 685 - 693 

A yellow crystal of BIMDPK (C,,H,,N,O) was mounted on a glass fibre. The 
structure was solved by direct methods with the program SHELXS-86 [28b]. The 
space group was determined to be P 2 J n  (no. 14). The final cycle of full-matrix 
least-squares refinement converged with R = 0.074 and R, = 0.097. The maximum 
and minimum peaks on the final difference Fourier map corresponded to 0.26 
and -0.24eA-3. 

A green crystal of [Cu(bimdpk),][BF.,], CH,CI, (C,,H,,N,CuO,B,F,CI,) was 
mounted on a glass fibre. The structure was solved by direct methods with the 
program SHELXS-86.[28 b] The space group was determined to be C 2  (no. 5). The 
asymmetric unit consisted of half the molecule with Cu 1 , 0  1 ,02 ,  C 1 and C 18 lying 
on a twofold axis. In addition to the copper-containing cation, the asymmetric unit 
contained two half [BFJ anions and half a molecule of CH,CI,. For one [BFJ 
counterion there is some disorder: three positions were found for the F atoms, one 
of which lay on a twofold symmetry axis, so that expansion through the twofold 
gave five positions for F. The CH,CI, molecule is disordered over two sites related 
by rotation. The non-hydrogen atoms were refined anisotropically, except for B 1, 
B2 and C36 which were refined isotropically. The hydrogen atoms of the CH,CI, 
molecule were not included in the structure-factor calculation. Tests were made to 
see if the absolute configuration could be determined by carrying out the refinement 
on both enantiomers, but only small differences were observed for the R factors. 
Refinement was completed on the enantiomer with the lower R factor. The final 
cycle of full-matrix least-squares refinement converged with R = 0.063 and 
R, = 0.075. The maximum and minimum peaks on the final difference Fourier map 
corresponded to 0.46 and - 0 , 2 9 e k 3 ,  

A blue crystal of [Cu(bimdpk),][PF,] (C,6H,,N,Cu0,PF6) was mounted on a 
glass fibre. The structure was solved by direct methods with the program SHELXS- 
86 [28 b]. The space group was determined to be C2/c  (no. 15). [PFJ occupies two 
sites; for the first P 1 is located on a centre of symmetry; for the second, P 2 is located 
on a twofold axis as are two of the fluorine atoms, F 6  and F7. The final cycle of 
full-matrix least-squares refinement converged with R = 0.070 and R, = 0.076. The 
maximum and minimum peaks on the final difference Fourier map corresponded to 
0.49 and -0.39 e k ' .  

Results 

Ligand Synthesis and Structure: BIMDPK was prepared from 
l-methyl-4,5-diphenylimidazolyllithium and diethyl carbonate 
in 76% yield (Fig. l), by using an adapted procedure for the 

Fig. 2. A PLUTO view of the ligand BIMDPK. 

preparation of bis(N-methylimidazol-2-yl)methanone.~29~ N- 
methyl-4,5-diphenylimidazole was prepared from the previously 
reported 4,5-diphenylimida~ole.~~~~ The molecular structure of 
the ligand is shown in Figure 2 and selected bond lengths, bond 
angles and dihedral angles are presented in Table 2. The struc- 
ture shows the ligand ideally poised to chelate to a metal 
through the N 3  and N 4  atoms of the imidazole rings (contact 
distance: 3.027 A). A dihedral angle of 54.9" between the planes 
of these rings indicates that the imidazole groups are not copla- 
nar in the solid-state structure. In addition the average dihedral 
angles between the imidazole ring and the 5-phenyl ring (57.0') 
and between the imidazole ring and the 4-phenyl ring (29.4') 
demonstrate that none of the aromatic rings in BIMDPK are 
coplanar. 

Preparation and Crystal Structures of [Cu(bimdpk),][BF,], and 
[Cu(bimdpk),][PF,]: The reaction of BIMDPK with Cu- 
(BF,), '4.5 H,O or [Cu(MeCN),][PF,] yields [Cu(bimdpk),]- 

Table 2. Bond lengths (A), bond angles (") and dihedral angles (") for BIMDPK 
(e.s.d.'s in parentheses). 

Bond lengths 
C33-01 1.224 (5) 
C1-N1 1.454(5) 
N1-C2 1.377 (5) 
Nl-CIO 1.382(5) 
N2-CI7 1.455(7) 

Bond angles 

C1-NI-CIO 126.3(4) 

C17-NZ-CI8 126.5(4) 
C18-NZ-Cl9 106.7(4) 
C2-N3-C3 105.1 (3) 
C 18-N4-C26 107.0(4) 

Average dihedral angles [a] 
meim/4-Ph 29.4 

C I-N I-C 2 127.5 (4) 

C2-Nl-ClO 106.0(3) 

N2-Cl8 
N2-CI9 
N3-C2 
N3-C3 
C3-CI0 

N l-CZ-N3 
Nl-C2-C33 

N 3-C 3-C 4 
N3-C3-C10 
N 1-C 10-C 3 
N2-C 18-N 4 

N3-C2-C33 

meim/5-Ph 

1.369(5) N4-Cl8 1.317(5) 
1.383(5) N4-C26 1.361 (5) 

1.366(5) C18-C33 1.458(6) 
1.376(5) C19-C26 1.384(6) 

1.325(5) C2-C33 1.476(6) 

112.1(4) N2-C18-C33 122.7(4) 

124.1 (4) N4-C26-C 19 109.4(4) 
119.9(4) 01-C33-C2 121.4(4) 
110.9(4) Ol-C33-C18 123.1(4) 

111.0(4) 

123.4(4) N4-C 18-C 33 126.0(4) 

105.8(4) C2-C 33-C 18 115.5 (4) 

57.0 meimimeim 54.9 
~ ~ 

[a] Meim: N-methylimidazole ring plane; Ph: phenyl ring plane. 

[BF,], or [Cu(bimdpk),][PF,], respectively-Cu" and Cut com- 
plexes with equivalent ligation. The geometry about the metal 
centres is illustrated in Figures 3 and 4 and selected bond lengths 
and bond angles are given in Table 3. In both [Cu(bimdpk),]- 
[BF,], and [Cu(bimdpk),][PF,] the anions are well removed 

0- 
1A 

18 a- 

C22 4 
Fig. 3. PLUTO views of the [Cu(bimdpk),lzf cation in [Cu(bimdpk),][BF,],, in- 
cluding phenyl groups (top) and with the phenyl groups removed and showing the 
axis system to which Ox, tly and 8, are related (bottom). The orthonormal unit 
vectors x, ,y ,  and z, are chosen so that N 1, Cu and N 1A lie in the X,L, plane with 
z, along the bisector of angle N 1-Cu-N 1A. The unit vector zz lies along the bisector 
of N 3-Cu-N 3A. The unit vector yz is defined as being perpendicular to the N 3/Cu/ 
N3A plane. 8, is the angle between z2 and y, ,  Oy between zz and x, and 0, between 
yz and y,.  The latter defines the dihedral angle between intraligand CuN, planes. 
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f l C 1 5 .  
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0- 
C16D 
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d D  

Fig. 4. PLUTO views of the [Cu(bimdpk),]+ cation in [Cu(bimdpk),]- 
[PF,], including phenyl groups (top) and with the phenyl groups removed 
and showing the axis system to which Ox, By and 8, are related (bottom). The 
orthonormal unit vectors x,. y ,  and z, are chosen so that NlA,  Cu and 
NIBEeinthex,zl  planewithz, along thebisectorofangleNIA-Cu-N1B. 
The unit vector z, lies along the bisector of N 1C-Cu-N 1D. The unit vector 
y, is defined as being perpendicular to the N lC/Cu/N 1D plane. 0, is the 
angle between z, andy,, 0, between z, and x, and 8, betweeny, andy,. The 
latter defines the dihedral angle between intraligand CuN, planes. 

from the [Cu(bimdpk),lz''+ cations (the shortest contact 
distance from an F atom of the counterion to the periph- 
ery of the complex is 2.579 A in [Cu(bimdpk),][BF,], and 
2.474 8, in [Cu(bimdpk),l[PF,l) and do not coordinate to 

Table 3. Selected bond lengths (A), bond angles r), distortion angles (")and average dihedral 
angles (") for [Cu(bimdpk),][BF,], , [Cu(bimdpk),][PF,] and Cu"-Zn" superoxide dismutase 
(e.s.d.'s in parentheses). 

[Cu(bimdpk),][BF,], [Cu(bimdpk),][PF,] Cu"2nSOD 141 Cu'ZnSOD [I31 
Subunit A 

Bond lengths in coordination sphere 
C u l - N I  1.968 (6) 
Cu l -NIA 1.968(6) 
Cu l -N3  1.934(6) 
CulGN3A 1.934(6) 
Cu 1-NIA 
Cu 1-N 1B 
Cu 1 -N 1C 
Cu 1 -N 1D 
Cu-His44 
Cu-His46 
Cu-His 118 
Cu - His61 

Bond angles in coordination sphere 
N 1 -Cu 1 -N 1 A 95.6 (4) 
N I-Cul-N 3 131.5(3) 
N I-Cu 1-N3A 105.4(3) 
N 1 A-Cu 1-N3 105.4(3) 
N 1A-CU 1-N 3A 131.5(3) 
N3-CuI-N3A 92.7(3) 
NIA-Cul-NIB 

N 1A-Cu I-N I D  
N 1 B-Cu 1 -N 1 C 
N 1B-Cu I-N I D  
N 1 C-Cu 1 -N 1 D 
His44-Cu-His46 
His44-Cu-His 118 
His44-Cu-His 61 
His46-Cu-His 118 
His46-Cu-His 61 
His 118-Cu-His61 

NIA-Cul-NIC 

2.009 (6) 
1.993 (6) 
1.989 (6) 
2.004 (6) 

2.01 2.16 
2.11 2.21 
2.10 2.19 
2.21 2.32 

93.7(3) 
129.3 (2) 
107.5(2) 
109.9(2) 
124.8(3) 
95.0(2) 

130.2 
93.8 
14.1 

106.4 
89.1 

164.5 

Distortion angles 
ex 90.0 86.8 
4 90.0 89.3 
8, 68.2 14.9 

Average dihedral angles [a] 
meim/4-Ph 53.9 56.9 

meimlmeim 12.7 13.6 
meim to CuN, 9.1 13.1 

meim/5-Ph 54.0 44.7 

13.7 
89.3 
41.7 

142.5 
97.4 
85.4 

104.0 
92.8 

153.3 

82.6 
84.8 
48.6 

- .  - , - - - 
the copper ion. Both structures contain cations with a [CuN,] 
geometry that may be described as intermediate between tetra- 
hedral and square planar, possessing approximately D ,  point 
symmetry and representing a compromise between the normally 
preferred four-coordinate geometries of Cu" and Cu' complex- 
es. The angles @,, QY and 0,, and the intraligand bite angles 
(Table 3, Figs. 3 and 4) define how these structures deviate from 
the square-planar and tetrahedral geometrical extremes.[301 The 
angle 0, is the interligand dihedral angle, while 0, and 8, repre- 
sent rocking displacements of one ligand with respect to the 
other. 

The rigidity of the BIMDPK ligand confines the N-Cu-N bite 
angle to an average of 94.2k1.4" in [C~(bimdpk),]~+ and 
94.4k0.6" in [Cu(bimdpk),]+. The steric bulk of the ligand, 
through interligand interactions between the phenyl groups sub- 
stituted at the 4-positions of the imidazole rings, prevents the 
adoption of a square-planar geometry. These interactions arise 
primarily from the steric repulsions between the H atoms at the 
2-positions of the 4-phenyl rings (contact distances: 
H13.. .H34A = 2.50A, H13A. . .H34 = 2.508, in [Cu- 
(bimdpk)J'+ and H 9 A . - . H 5 C  = 3.08 A, H9B- . .HSD = 
2.44 A in [Cu(bimdpk),]+ ; H atom numbering is defined by the 

~~~~ ~ - 

[a] Meim' N-methyhmidazole ring plane, Ph. phenyl ring plane 

C atom number to which it is bonded). Thus, two different 
facets of the BIMDPK ligand-the bite angle and the steric 
bulk-lead to bis(diimidazo1e) copper complexes possessing es- 
sentially the same coordination geometry for Cu" and Cu'. 

On complexation to Cu" and Cu' the dihedral angle between 
the two imidazole rings of BIMDPK decreases from 54.9" in the 
free ligand to an average of 12.7" in [Cu(bimdpk),][BF,], and 
13.6" in [Cu(bimdpk),][PF,]. Thus, in these complexes the imi- 
dazole rings of each BIMDPK ligand are almost coplanar. The 
average dihedral angle between the imidazole plane and the 
plane containing the 5-phenyl group does not change signifi- 
cantly on complexation; this would be expected since these 
groups are directed away from the coordination sphere of the 
[Cu(bimdpk),JzC'+ complexes (see Figs. 3 and 4). In contrast, 
the average dihedral angle between the imidazole plane and the 
plane containing the 4-phenyl group increases on complexation, 
as the 4-phenyl groups rotate to accommodate the bulk of the 
other ligand. The average dihedral angle between the imidazole 
rings of the ligand and their respective CuN, planes is 9.1" for 
[Cu(bimdpk),][BF,], and is 13.1" for [Cu(bimdpk),][PF,]; that 
is, in both structures the imidazole groups are approximately 
coplanar with their CuN, planes. 
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There are no appreciable changes in the ligand intramolecular 
bond lengths and angles on complexation to Cu" or Cu', except 
for the angle C2-C 33-C 18, which describes the geometry about 
the ligand carbonyl bridge. In [Cu(bimdpk),12+ (C2-C 1- 
C 2  =121(1)" and C19-CI8-Cl9 =118(1)") and in [Cu- 
(bimdpk),]+ (C 1A-C 1-C 1B = 120.3 (7)" and C 1C-C2-C I D  = 
121.2 (7)") this angle is greater than in the free ligand (C 2-C 33- 

The Cu"-N and CuI-N distances in the [C~(bimdpk) , ]~+~+ 
cations are typical of those observed in other Cu"-bis(diimida- 
zole) complexes[' 7 ,  19] and Cu' tetrakisimidazole complex- 
es,[I9. 311 respectively. The average difference in the Cu-N bond 
lengths (A) between the two oxidation states of [Cu- 
(bimdpk),]2+i+ is 0.050 A, slightly less than that observed for 
[Cu"~'((imid),bp),][BF4],, (A = 0.083 A)r191 and significantly 
less than the differences observed for the five-coordinate com- 
plexes [Cu".'(imidH),DAP][BF,],, (A = 0.220 A) and [Cu",'- 
(py),DAP][BF,],, (A = 0.140 [(imidH),DAP: bis-2,6-[1- 
((2-imidazol-4-ylethyl)imino)ethyl]pyridine; @y),DAP: bis-2,6- 
[1-((2-pyridin-2-ylethyl)imino)ethyl]pyridine]; (imid),bp: 2,2'- 
bis[2-imidazolyl]biphenyl). The average difference in the 
intraligand bond angles for [Cu(bimdpk),12+'+ is around 1" and 
is considerably smaller than for the related [Cu((imid),- 
bp),lzt'+ system (21.3°).['91 The pattern of Cu-N bond 
lengths, intraligand angles, dihedral angles, together with the 
values of the angles Ox, 0, and 0, for [Cu(birndpk),]'+ and [Cu- 
(bimdpk),]' (Table 3) indicate that there are only small differ- 
ences in the geometry about these Cu" and Cu' centres. In the 
comparable pair of copper centres [Cu((imid),bp),][BF,], and 
[Cu((imid),bp),][BF,], 0, (0, = 86.3 and 88.0", respectively) are 
close to the ideal tetrahedral value,['91 whereas in [Cu- 
(bimdpk),],' and [Cu(bimdpk),]+ (0, = 68.2 and 74.9", respec- 
tively) 0, indicates geometries that are displaced from a regular 
tetrahedron towards a square-planar geometry. However, the 
average intraligand dihedral angle for [C~((imid),bp),]~ + 

(141.9') indicates a greater distortion towards a square-planar 
geometry than in [Cu(bimdpk),12+ (94.2+ 1.4'). 

C18 =115.5(4)"). 

Electronic Properties: The X-band EPR spectra (77 K) of [Cu- 
(bimdpk),][BF,], recorded on the powder, a MeCN/toluene 
solution and a CH,Cl,/toluene solution are typical of a rhombic 
D, Cu"N4 centre possessing a d, ground state.[331 All the spec- 
tra show a resolved metal hyperfine interaction (Table 4) that is 

Table 4. EPR parameters for [Cu(bimdpk),][BF,], recorded at 77 K and X-band 
frequency. 

g* A,/10-4cm-' g, g, 

MeCN/lO% toluene 2.080 2.080 2.301 121.0 
CH,CI,/lO% toluene 2.077 2.077 2.292 113.8 
powder 2.080 2.075 2.291 112.3 

considerably smaller than from those of other tetrakisimidazole 
complexes (A, = 130-180 x lo-, cm-1),[16-181 including [Cu- 
((imid),bp),][BF,], for which A ,  =130 x lo-, ~ r n - ' . [ ' ~ I  A cor- 
relation of 0, with A, indicates that as 0, increases A, decreas- 
e ~ . [ ~ ~ ]  On this basis it seems surprising that [Cu((imid),- 
bp)J[BFJ2 (0, = 86.3') has a greater A, than [Cu(bimdpk),]- 
[BF4], (0, = 68.2"). However, the @,/A, correlation takes no 
account of the intraligand angles, which are substantially differ- 
ent in [Cu(birndpk),]'+ (94.2 f 1.4") and [Cu((imid),bp),12+ 
(141.9'); clearly, this will affect the electronic structure of the 
Cu" centre. Also, it should be noted that the x-acceptor proper- 

ties of BIMDPK in [Cu(bimdpk),][BF,], and overlap with the 
d,, orbital may be sufficient to delocalise some of the electron 
density off the metal and onto the ligands thereby lowering A, .  
Concordant with the low A ,  for [Cu(birndpk),][BF,],, g ,  
(Table 4) is elevated over those for other bis(diimidazo1e)- 
copper(@ systems (g, = 2.26-2.27).[16* 17] 

The EPR spectra of the powder and of the MeCN/toluene 
and CH,Cl,/toluene frozen solutions closely resemble one an- 
other (Table 4); this indicates that the solid-state structure of 
[Cu(bimdpk),]'+ is essentially conserved in solution. The fact 
that A, value in MeCN differs from that in CH,Cl, and in the 
solid state implies some solvation of the cation, perhaps leading 
to a minor perturbation of the CuN, coordination sphere. 

The UV/vis data recorded for the ligand BIMDPK and its 
Cu" and Cu' complexes are presented in Table 5. BIMDPK 
exhibits strong absorptions at energies of around 38 200 and 

Table 5. Summary of electronic absorption spectra with band assignments for 
[Cu(bimdpk),][BF,], and [Cu(bimdpk),][PF,] (LF = ligand field; CT = charge 
transfer). 

BIMDPK 
in MeCN 

BIMDPK 
in CH,Cl, 

[Cu(bimd~k)~l[BF~l, 
in MeCN 

369 
262 

375 
262 

739 
387 
236 

750 
394 
246 

687 
429 

640 
381 
270 

640 
389 

639 
423 

27 100 
38 200 

27 000 
38 200 

13 500 
25 800 
42400 

13300 
25400 
40 700 

14600 
23 300 

15 600 
26200 
37000 

15600 
25 700 

1 5 700 
23 600 

20 000 
22 000 

40000 
40000 

497 
37 000 
38 000 

570 
46000 
50000 

~ 

~ 

252 
45000 
37000 

260 
48 000 

- 
~ 

LF 
x + x*/x -+ Cu" CT 
K + n*/n + Cu" CT 

LF 
x + x*/x + Cu" CT 
x + x * / n  + Cu" CT 

LF 
x + x* /n  + Cu" CT 

Cu' + E* CT 
Cu' + x* CT 
x + x* 

Cp' + x* CT 
Cu'+ x* CT 

Cu' + K* CT 
Cu' + n* CT 

[a] Poly(dimethy1siloxane) mull. 

27 100 cm- ', which may be attributed to x + x* transitions. 
[Cu(birndpk),][BF,], exhibits absorptions between approxi- 
mately 43 000 and 13 000 cm- ' of comparable energy and inten- 
sity to other copper(I1)-imidazole systems.[16- The absorp- 
tions at around 42400 and 25800cm-' are attributed to 
ligand-based x + x* transitions with an underlying ligand-to- 
metal charge transfer (LMCT) transition in the 25 800 cm- ' 
absorption. The 25 800 cm- ' x + CU" LMCT band is red-shift- 
ed by 1000-5000 cm-' from the lowest energy x + CU" LMCT 
band for tetrakis (alkylated monoimidazole) Cu" complexes.[181 
Interactions between the x orbitals on the imidazole rings 
through the carbonyl bridge in BIMDPK would be expected to 
raise the energies of the imidazole frontier orbitals thus lowering 
the energy of x + Cu" LMCT. Red shifts of a comparable mag- 
nitude for the corresponding absorptions in [Cu((imid),bp),]- 
[BF,], [I9] and bis(4,4',5,5'-tetramethyl-2,2'-biimidazole)copper- 
(11) dinitrate" 71 have been attributed to similar electronic inter- 
actions. In the absorption spectrum of [Cu(bimdpk),][BF,], 
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a band of considerably lower intensity at approximately 
13 500 cm- ' lies outside the range of other Cu"-imidazole LM- 
CT transitions and, on the basis of comparisons with other 
distorted tetrahedral [Cu"N,] chrornophore~~ '~*  35* 361 has been 
assigned to ligand-field d-d transitions to the d,, orbital. This 
absorption gives rise to the emerald green colour of this com- 
pound. The deep blue colour of [Cu(bimdpk),]~F,] arises from 
the absorption at 15 600 cm-', which is assigned to MLCT; this 
occurs at a similar wavenumber and extinction coefficient to 
other four-coordinate Cu' complexes with N x-acceptor lig- 
ands.I3'] The bands at around 26000,37000 (MeCN) and 44000 
(CH,Cl,) cm-' are assigned to ligand-based x + x* transitions 
by comparison with the UV/vis spectrum of the free ligand. The 
solid-state UV/vis spectrum of [Cu(bimdpk),][PF,] shows simi- 
lar features to the solution spectra. Thus, the UV/vis and EPR 
spectra indicate that the solid-state structures of [Cu- 
(bimdpk),12 + and [Cu(bimdpk),] + are essentially conserved in 
solutions in donor (MeCN) and nondonor (CH,Cl,) solvents. 

Electron Transfer: Cyclic voltammetry was carried out on 1 mM 
solutions of [Cu(birndpk),][BF,], and [Cu(bimdpk),][PF,] in a 
0 . 2 ~  solution of [NnBu,][BF,] in MeCN (Fig. 5), a medium 

-2 0 -1 0 00 10 20 
EN 

Fig. 5 .  Cyclic voltammogram of a 1 mM solution of [Cu(bimdpk),][BF,], recorded 
at 298 and 253 K in a 0.2 M solution of [NnBu,][BF,] in MeCN using a glassy carbon 
electrode, a scan rate of 100 mVs-' and an SCE reference electrode. 

which gave UV/vis and EPR spectra identical to those recorded 
in MeCN alone. Both complexes possess identical cyclic voltam- 
rnograms over the potential range -2.0 to +2.0 V, clearly 
showing evidence for three processes, which were subsequently 
investigated separately and found to be independent of one an- 
other. The lowest potential wave at - 1.59 V (vs. SCE) is as- 
signed to ligand-based redox on the basis of comparisons with 
the redox chemistry of the ligand alone. The wave at - 1.37 V 
(vs. SCE) has been tentatively assigned to a ligand-based redox 
process that occurs in the presence of copper. Stirred voltamme- 
try and controlled potential electrolysis and subsequent UV/vis 
and EPR spectroscopic studies showed that the process 
at +0.59 V (vs. SCE) can be unambiguously assigned to the 
Cu"/Cu' redox process. In the less polar solvent, CH,Cl,, the 
redox reaction occurs at El,, = + 0.80 V (vs. SCE). In both 
solvents, MeCN and CH,Cl,, the linear relationship between i; 
and v'l', the independence with scan rate of the difference be- 
tween the oxidative and reductive peak potentials, and the ratio 
i",/z; = 1 (Table 6) indicate that the Cu"/Cu' couple is electro- 
chemically reversible over the potential scan rate range of 50- 
300 mVs-l. This reversibility is not unexpected given the simi- 
larity of copper coordination geometries in [Cu(bimdpk),]- 
[BF4], and [Cu(bimdpk),][PF,]. A solution of [Cu(bimdpk),]- 

Table 6 .  Electrochemical data for the Cu"/Cu' couple recorded in 0 . 2 ~  
[NnBu,][BF.,] solutions in CH,Cl, and MeCN at 293 K and at a scan rate of 
100 mVs-'. 

4 - E",/mV Solvent EIV vs. SCE i;/i; 

[Cu(bimdpk),][BF,], 0.59 1.00 70 MeCN 
[Cu(bimdpk),l[PF61 0.59 1 .oo 70 MeCN 
ferrocene 0.43 1 .oo 70 MeCN 

[Cu(birndpk),][BF,], 0.80 1 .oo 80 CH,CI, 
[Cu(bimd~k),l[PF,I 0.80 1.01 80 CH,Cl, 
ferrocene 0.52 1 .oo 70 CH,Cl, 

[BF,], in MeCN can be chemically reduced by treatment with a 
stoichiometric amount of Fc. This solution loses its Cu" EPR 
signal and turns dark blue. 

Examples of reversible or quasi-reversible Cu"/Cu' redox cou- 
ples with equivalent ligation in the oxidised and reduced forms 
are rare. They include [Cu"~'((imidH),DAP)][BF,],, and 
[CU"~'((~~),DAP)][BF,],, ( E l / ,  = - 0.27 V in MeCN vs. SCE 
and -0.14 V in MeCN vs. SCE, respectively)["] and 
[Cu"~'((irnid),bp),][BF,],, ( E l l ,  = + 0.11 V in MeCN vs. 
SCE) The E,,, value for the [C~(bimdpk) , ]~+~+ couple 
at +0.59 V in MeCN (vs. SCE) is considerably more positive 
than those of other C u N ,  complexes. One factor that may be 
important in this respect is the x-acceptor characteristics of 
BIMDPK, which may stabilise the Cu' state; the intense MLCT 
absorption at 15 600 cm-' of [Cu(bimdpk),][PF,] suggests that 
there are suitable low-energy unoccupied ligand-based acceptor 
orbitals. 

The electron self-exchange constant, k,  for the [Cu- 
(bimdpk),l2+/+ couple has been examined by 'HNMR spec- 
troscopy at 300 MHz at 298 and 253 K, using Tl spin-lattice 
relaxation times of the ligand N-Me protons in solutions of 
[Cu(bimdpk),][PF,] in MeCN containing different concentra- 
tions of [Cu(bimdpk),][BF,], . The value of T, for the protons in 
[Cu(bimdpk),][PF,] varies as P = [T;' - T;:] = k[Cu"], 
where Tlo is the spin-lattice relaxation time of a proton in the 
[Cu(bimdpk),]+ c ~ m p l e x . [ ~ * ~  391 A plot of P versus [Cu"] 
(Fig. 6), gives k s 1 . 9 f 0 . 2 ~  1 0 4 ~ - ' s - '  in CD,CN at 298 K. 
This analysis is only valid in the slow exchange limit where 
k[T] 6 TI - ', where [TI is the total copper concentration in solu- 

how the gradient of a P versus [Cu"] plot varies with temper- 
tion.[38-401 A d' iagnostic test for this condition is to examine 

P - 
0 0.5 1.0 1.5 2.0 

[[CU(BIMDPK),][BF,]~] xld 
Fig. 6. Plot of P = [TI - T,,-'] for the imidazole N-Me proton NMR signal of 
[Cu(bimdpk),][PF,] at 298 and 253 K in CD,CN vs. concentration of [Cu- 
(bimdpk),][BF.,], added, where TI, is the spin-lattice relaxation time for the N-Me 
protons in [Cu(bimdpk),][PF,] in the absence of [Cu(bimdpk),][BF,], and TI is 
the spin-lattice relaxation time for the N-Me protons in [Cu(bimdpk),][PF,] as 
[Cu(bimdpk),][BF,], is added at  298 and 253 K. 
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ature. Figure 6 reveals a temperature-dependent gradient for 
[C~(b imdpk) , ]~+~+  indicative of a slow exchange limit. The 
value for the self-exchange rate constant of [Cu(bimdpk),12 + I +  
is comparable to that for [CU"~'((~-~~~~H),DAP)][BF~],, 
( k<  1.31 x 1 0 4 ~ - ' s - ' ,  MeCN)["] [Cu"~'(imidH),DAP] and 
[Cu"~'((py),DAP)][BF,],,, (ks1.76 x 1 0 4 ~ - ' s - ' ,  MeCN),["] 
but greater by a factor of about 10' than the value for the related 
system [Cu1'~L((1-meimid)2bp)Z][BF4]Z, ( k <  1 x 102~M-1s -1 ,  
MeCN) ((1-meimid,),bp = 2,2'-bis[2-(1-methylimidazoyl]bi- 
phenyl) .["I It has been suggested that in [Cu"*'((imid),- 
bp)2]2+,[191 the orbital containing the unpaired electron lies 
between the ligands and does not overlap effectively with the 
ligand orbitals thereby attenuating the rate of electron transfer. 
In [Cu(bimdpk,)12+, the EPR spectrum indicates a d,, ground 
state, and the significant distortion away from a [CuN,] tetrahe- 
dron (0, = 68.2") may result in a greater ligand-d, orbital 
overlap with a resultant increase in k.  

Discussion 

The establishment of a [Cu"(imidazole),] core for the two com- 
plexes discussed above prompts comparison with the Cu" and 
Cu' centres of CuZnSOD. Comparison of the parameters 
in Table 3 shows that, while the bond lengths in [Cu- 
(bimdpk),][BF,], and Cu"ZnS0D are similar, Ox, 0, and 0, for 
[Cu(bimdpk),]* + and Cu"ZnS0D describe different distortions 
from a square-planar geometry. The geometry of [Cu- 
(bimdpk),]' + has been described earlier, and for the Cu" centre 
of Cu"ZnS0D the His 44 ligand lies out of the CuN, plane of 
the other ligands. Cu'ZnSOD possesses an approximately tetra- 
hedral Cur site in subunit A and a distorted trigonal bipyramidal 
structure in subunit B.[l3] In both subunits the imidazolate 
bridge is maintained. In addition to the four histidinyl residues 
in subunit B, a water molecule completes the coordination to 
Cu'. Comparison between Ox, fly and 0, for Cu'ZnSOD and 
[Cu(bimdpk),]+ reveals that the coordination sphere of [Cu- 
(bimdpk),] + involves a smaller distortion from a tetrahedral 
geometry than that of the subunit A Cu' site in Cu'ZnSOD. 

The EPR spectrum of the distorted CuN,O chromophore in 
Cul'ZnSOD is anisotropic with g, = 2.03, gy  = 2.09, g ,  = 2.26 
and A ,  = 142 x cm-1,[41] parameters clearly distinct from 
those of [Cu(bimdpk),][BF,], (Table 4); this reflects the differ- 
ent geometries of the Cu" coordination sphere and the coordina- 
tion of a water molecule to the Cu" ion. The EPR parameters of 
[Cu(birndpk),][BF,], approach those of Cu" substituted into the 
"Zn"" site in AgCu"S0D (g,  = 2.01, gy = 2.1 18, g ,  = 2.316 and 
A ,  = 116 x cm-I), for which a tetrahedrally distorted N,O 
site has been 

The absorption at 25800 cm-' in the UV/vis spectrum of 
[Cu(bimdpk),][BF,], is comparable in energy to the lowest ener- 
gy K(ImH) +Cu" LMCT transition, which occurs at 
26 500 cm- ', for Cu" doped into the pseudotetrahedral "Zn"" 
site of the system A ~ C U " S O D . [ ~ ~ ]  The corresponding absorp- 
tion for Cu" in the native protein occurs at a higher energy 
(29 500 cm- '). The maximum of the ligand-field absorption 
band for [Cu(bimdpk),][BF,], lies within the range of such ab- 
sorptions of Cu"ZnS0D (1 8 000- 13 000 cm-'),[421 but blue- 
shifted from those of Cu" doped into the pseudotetrahedral 
"Zn"" site in AgCu"S0D (12000-8000 cm-1).[421 

For low concentrations of 0; (slow turnover rate) the mech- 
anism of catalysis by CuZnSOD has been proposed to occur 
through a two-step mechanism [Eqs. (a) and (b)].[43-461 The 

Cu"-Im-Zn" + H +  +O; --f Cu' HIm-Zn" +O, (4 

Cu' HIm-Zn"+H+ +O; --f Cu"-Im-Zn"+H,O, (b) 

results of EXAFS;"I UV[431 and NMR'',. spectroscopic 
investigations support the protonation and breaking of the imi- 
dazolate bridge in the first step to form a three-coordinate Cu' 
site. During the second step the imidazolate bridge is reformed 
when 0; oxidises Cu'ZnSOD to Cu"ZnS0D. The protons nec- 
essary for this step are provided by the imidazole of His 61 and 
deprotonation allows the imidazolate bridge to reform. How- 
ever, under saturating conditions the turnover rate of 
106~uI- 's-1 is not consistent with this mechanism, since it in- 
volves several bond-breaking and bond-making s t e p ~ . [ ~ ~ ]  An 
alternative mechanism has been proposed where the imidazolate 
bridge remains intact, and there is little change in coordination 
geometry at the Cu centre from Cu"ZnS0D to Cu'ZnSOD and 
vice versa during turnover.[491 This mechanism is supported by 
the crystal structure of CU'Z~SOD,['~I which shows that the 
imidazolate bridge is conserved at the Cu' site and that the 
centre in subunit A is almost isostructural with the Cu" site in 
CU"Z~SOD.[~I 

A requirement for CuZnSOD to be a successful catalyst 
in steps (a) and (b) is for the redox potential of the Cul'/Cul 
couple to lie in between the values of E(O,/ 
0;) = - 0.16 V (at pH =7,  vs. NHE(H,O)) and E ( 0 ; ;  2H'/ 
H,O,) = 0.89 V (at pH =7 ,  vs. NHE(H,O)). A reduction po- 
tential for the Cu" centre of CuZnSOD of 0.403 V (at pH =7, 
vs. NHE (H,O)) has been obtained by spectroelectrochem- 
istryr5'] and a value of 0.32 V (at pH =7.4, vs. NHE(H,O)) by 
cyclic voltammetry, and the potential was found to be pH 
dependant over the range pH = 5-9;15'] titrations with 
K,[Fe(CN),] and K,[IrCI,] place E at 0.40V and 0.20V vs. 
NHE (H,O), respectively.[53, 541 

Cofre and Sawyer considered the redox chemistry of H,O, in 
anhydrous MeCN and in the presence of picolinate anion,[501 
which was assumed to provide a proton sink, and they reported 
the following redox potentials vs. SCE: E(O,, H + /  
HO,) = - 0.2 V and E(HO,, H+/H,O,) = + 0.8 V. The reduc- 
tion potential of [C~(bimdpk),]~+'+ in MeCN vs. SCE 
( E  = 0.59 V) lies between these two values. Thus, thermody- 
namically, [C~(bimdpk),]~ + should be reduced by superoxide 
and [Cu(bimdpk),]+ should be oxidised by superoxide. Treat- 
ment of a solution of [Cu(bimdpk),][BF,], in MeCN with a 
stoichiometric amount of KO, solubilised in MeCN by 
[18]crown-6 resulted in reduction to [Cu(bimdpk),]+ ; the solu- 
tion lost its EPR signal and possessed a UV/vis absorption 
spectrum identical to that of [Cu(bimdpk),][PF,] . However, no 
evidence for the oxidation of [Cu(bimdpk),][PF,] in MeCN oc- 
curred when the solution was treated with KO, solubilised in 
MeCN by [18]crown-6 and then acidified by trifluoroacetic acid. 
A possible explanation for the failure of the latter process is 
that, although thermodynamically favourable, oxidation of 
[Cu(bimdpk),]+ by superoxide does not occur at a rate compet- 
itive with superoxide disproportionation under these condi- 
t i o n ~ . ' ~  51 Thus, for reduction, superoxide must initially be coor- 
dinated to copper and the steric bulk of the ligands may restrict 
access. In contrast to this inner-sphere mechanism, the redox 
between [Cu(bimdpk),12+ and superoxide could be an outer- 
sphere process. An alternative mechanism for superoxide dis- 
mutation by CuZnSOD has been proposed involving a c~ '+ -  
0; intermediate stabilised through a hydrogen bond from the 
distal 0 of the coordinated 0; and the amino acid 
Arg 141.[56-581 This intermediate is then reduced by a second 
0; ion before being protonated by solvent protons. It has been 
suggested that this mechanism should be reconsidered, in the 
light of recent X-ray crystallographic to be operating 
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when CuZnSOD is under saturating conditions. It appears that, 
in the reaction of [Cu(bimdpk),][BF,], with superoxide, this 
mechanistic pathway is not available due to the steric hindrance 
of the ligands preventing access to the metal and, therefore, a 
means of stabilising 0; as a Cu"-0; intermediate. 

Type I copper proteins exhibit a wide range of reduction po- 
tentials from 180 mV vs. NHE for s t e l l a ~ y a n i n [ ~ ~ ~  to 680 mV at 
pH = 2 vs. NHE(H,O) for rusticyanin[60*611 with most, includ- 

erating around 280-380 mV.[6s1 In order to relate the potential 
of the [Cu(bimdpk),lZ+/' couple in MeCN ( E  = 0.56 V vs. 
NHE(H,O)) to TypeI copper proteins, effects due to the 
protein/water environment must be considered. While numer- 
ous effects contribute to the reduction potentials of proteins,[661 
including entropy terms,[671 the effects due to the dielectric con- 
stant of the medium can be evaluated by using the Born equa- 
tion [Eq. (l)],c68-701 where AGYol, (kJmol-l) is the Gibbs 

ing the plastocyanins (Ez 380 mV vs. NHE(H,0)),[62-64] OP- 

AGf,, = - zZe'N, -( 1 - t) 
8n EOri 

free energy associated with transferring an ion of charge zi and 
radius ri from a vacuum into a solvent of relative permittivity E, .  

The difference in Gibbs free energy for the Cu" and Cu' ions is 
given by Equation (2). 

The difference in AG:edox on moving from a solvent of relative 
permittivity E, to one of relative permittivity E,, may be repre- 
sented by Equation (3) Thus, the change in redox potential 

(3) 

AE' (V) for the Cu"/Cu' couple on moving from solvent A to 
solvent B may be approximated by Equation (4). 

(4) 

Estimates of r(Cu") = 91 1.5 pm and r(Cu') = 920.6 pm may be 
obtained by measuring the radius of the smallest sphere that 
encloses the structures of [Cu(birndpk),lz+ and [Cu- 
(bimdpk),]', respectively, as determined by X-ray crystsllogra- 
phy. Thus, on transferring the [C~(birndpk),]~+~+ couple ( E  = 
0.56 V vs. NHE(H,O)) from MeCN (E ,  = 37.5) to a protein/wa- 
ter environment ( E ~ ~ I O ~ ~ ' ] ) ,  E for this couple is raised to ap- 
proximately 0.73 V vs. NHE(H,O). This estimated potential is 
350 mV higher than that for most Type I centres, suggesting that 
there are some aspects of the copper coordination sphere of 
TypeI ceQtres that stabilise Cu" to a greater extent than in 
[Cu(birndpk),]'+. This stabilisation may arise from charge do- 
nation by the Cys-S thiolate ligand, which is at an unusually 
short distance and contains high covalency.[711 This covalency is 
also believed to be responsible for the unusually small hyperfine 
splitting (A ,, <90 x cm- ') that is observed in the X-band 
EPR spectra for these proteins.[721 In addition to this charge 
donation, increased stabilisation of the Cu" site may arise from 
the differences in geometry at the active site of Type I centres 
and [Cu(bimdpk),]'+. While the unusually long MetS-Cu 
bond results in a only a small interaction with the metal, it has 
been suggested that this forces an axial Jahn-Teller distortion, 
lowering the symmetry of the copper centre to C, and trapping 
the oxidised form of the protein in a Jahn-Teller minimum.L711 

The tetragona1 distortion is more common amongst copper@) 
compounds, but in the case of [Cu(bimdpk),]' + intraligand ster- 
ic interactions limit its degree, destabilising [Cu(birndpk),]'+ 
and raising the potential of the [Cu(bimdpk),12 +I+ couple. 

The values of electron self-exchange rate for several Type I 
copper proteins have been determined. These include stella- 
cyanin (Rhus vernicfera, 1.2 x 1 0 5 ~ - '  azurin (Pseu- 
domonas aeruginosa, 9.6 x lo5 M -  ' s - ' ) , [ ~ ~ ]  azurin (Alcaligenes 
denitrificans, 4.0 x lo5 M-' s-'),[~'] amicyanin (Thiobacihs 
versutus, 1.3 x lo5 M - ' s -  plastocyanin (Anabaena vari- 
abilis, 3.2 x 1 0 5 ~ - '  s - ' ) [ ~ ~ ]  and plastocyanin (parsley, 3.3 x 

IO4~- ' s - ' )  is comparable to that for plastocyanin (parsley), it 
is two orders of magnitude below that of the other TypeI 
proteins. In [C~(bimdpk),]~+/+, azurin["] and plast~cyanin[~] 
the oxidised and reduced forms are nearly isostructural. Thus, 
these sites would be subject to a small inner-sphere reorganisa- 
tional Franck-Condon barrier for the Cu"/Cu' redox couple, 
which would promote facile electron transfer. An Eyring 
plot[401 of k over the temperature range 253-298 K yields ap- 
proximate values for the enthalpy of activation A H * =  
- 4 k 3  kJmol-' and the entropy of activation A S *  = 
-177+9 JK-'mol-'. The small value of A H *  is not unex- 
pected given the similarity of the geometries of the [Cu- 
(bimdpk)Jz+ and [Cu(bimdpk),]+ cations. The value of A S *  
for [Cu(bimdpk),]'+/+ is similar in magnitude to other Cu"/Cu' 
complexes ( A S *  = -103 JK-1mol-'[32,78,791). The electron 
self-exchange for azurin, AS* = + 96 Jmol-' K-',[801 which 
favours rapid electron transfer, is significantly greater than that 
for [Cu(bimdpk),]' and other Cu"/Cu' coordination com- 
p l e x e ~ . [ ~ ~ ]  The positive entropy of activation is believed to be 
associated with the release of ordered water molecules, which 
are discharged when two azurin molecules associate through 
their hydrophobic patches prior to electron self-exchange.["] 
A similar mechanism is also believed to be active in amicyanin 
( A S *  = + 26 Jmol-'K-')[77] and pla~tocyanin.[~'] In the case 
of plastocyanin (parsley), the electron self-exchange rate is at- 
tenuated by the negative charge associated with the protein; the 
reduced protein has an estimated charge of -9 1 (pH = 7) 
compared to + 1 @H = 7) for A. variabilis p l a s to~yan in . [~~~  
Such effects promoting electron self-exchange are absent in 
[Cu(bimdpk),]'+/+ and other complexes.[32' 

103111-1 s-1),[771 Wh' ile k for [Cu(bimdpk),]'+/+ ( 1 . 9 ~  

Conclusions 

The new, sterically hindered, diimidazole ligand BIMDPK has 
been synthesised, characterised and shown to form the complex- 
es [Cu(bimdpk),lz+ and [Cu(bimdpk),]+ with essentially the 
same CuN, coordination geometry. This stereochemistry at the 
metal centre is controlled by the nature of the intraligand ge- 
ometry and the interligand interactions. The properties of these 
centres demonstrate that it is possible to achieve a Cu" centre 
with an EPR spectrum possessing a low A, value and a re- 
versible Cu"/Cu' redox couple with a high potential and fast 
self-exchange rate through the maintenance of a tetrahedral 
geometry for a [Cu(imidazole),] coordination sphere. There- 
fore, the possibility of [Cu(histidine),] centres involved in bio- 
logical electron transfer should not be precluded. 
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