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Abstract: The syntheses of the mononuclear [(TMDT)Cu(NO3)I(PF6), [(TMDT)Cu(l-MeIm)](C104)2, and binuclear 
[(TMDT)2Cu2(im)(C104)2](C104) complexes, where TMDT = 1,1,7,7-tetramethyldiethylenetriamine, 1-MeIm is 1-methyl-
imidazole, and im is the imidazolate ion, are described. Single-crystal X-ray diffraction studies of the binuclear complex re
vealed the geometry of the imidazolate bridged dicopper(II) center. Each copper is pentacoordinate, with a bridging imidazol
ate and three TMDT nitrogen atoms forming an approximate plane and a perchlorate oxygen atom in the apical position of 
a distorted tetragonal pyramid. The bridging ligand is nearly perpendicular to both copper coordination planes and steric inter
actions restrict rotation about the Cu-N 1 and Cu-N3 bonds, which have respective distances of 1.944 (12) and 1.966 (14) A. 
The two copper mean coordination planes intersect at an angle of 148.7°. Two weakly coordinated, axial perchlorate ligands, 
the two N-H protons of the TMDT ligands, and the C2-H proton of the bridging imidazolate ligand all occupy space on one 
side (inside the shallow "V") of the binuclear complex. The Cu-Cu distance is 5.935 (4) A. Variable temperature (4.2-295 
K) magnetic susceptibility data for the bridged complex show an antiferromagnetic exchange interaction with a coupling con
stant (ft' = -27Si-S2) J = -25.80 (16) cm-1. The exchange interaction is also apparent in the powder ESR spectrum which 
has a weak AM = 2 transition exhibiting well-resolved copper hyperfine coupling and a characteristic line shape for the AA/ 
= 1 transition. Temperature and pH dependent ESR and optical spectroscopic studies of frozen 50% aqueous Me2SO solutions 
of all three complexes have also been carried out and show that the bridged cation [(TMDT)2Cu2(im)(C104)2]

+ exists as a 
major species in solution over the fairly narrow range 8.5 5 pH 5 9.5. At low pH the bridge is broken and eventually free cu-
pric ion forms; hydroxide ion is capable of breaking the bridge in alkaline solutions. The magnetic and ESR spectral properties 
of the binuclear complex are in excellent agreement with those of bovine erythrocyte superoxide dismutase in which copper(II) 
is substituted for zinc(II). 

Discrete imidazolate (im) bridged metal complexes are 
of interest for several reasons. First, the synthesis and study 
of imidazolate bridged complexes will facilitate the identifi
cation and characterization of histidine bridged metal centers 
in metalloproteins. A histidine bridged copper(II)-zinc(II) 
active site (1) occurs in each of the two identical subunits of 

1 

the enzyme bovine erythrocyte superoxide dismutase 
(BESOD).3 A histidine bridge has also been postulated to link 
high-spin iron(III) heme and copper(II) centers in cytochrome 
c oxidase.4 Second, splitting of the histidine bridge has been 
postulated to occur during BESOD turnover.5 Studies of bi
metallic imidazolate bridged complexes would therefore afford 
a means of testing this feature of the enzyme mechanism in a 
model system. Third, it is desirable to obtain magnetic data 
on discrete, imidazolate bridged complexes in the solid state 
since magnetic interaction through bridging nitrogen hetero
cyclic ligands is a topic of much current activity.6 Finally, so
lution spectroscopic, magnetic, and chemical reactivity studies 
of soluble, binuclear imidazolate bridged species will enhance 
our general understanding of ligand bridged metal clusters. 

Although binuclear metal complexes bridged by nitrogen-
containing heterocycles such as pyrazine7 were known, anal
ogous imidazolate bridged species remained elusive,8 despite 
the fact that oligomeric and polymeric imidazolate bridged 
metal complexes are quite common in the solid state.9 Fol

lowing reports10-" from this laboratory of water-soluble, im
idazolate bridged dicopper(II) complexes, however, several 
such compounds have been obtained as crystalline solids 
and/or characterized as discrete species in solution. There now 
exist well-defined units 2 where M is copper,10-12 heme iron,13 

mercury,14 and ruthenium.15 

2 
Our initial efforts concentrated on copper(II) complexes, 

specifically 3,4, and 5 , 1 0 ' " since magnetic exchange interac
tions facilitate identification of bridged compounds both in the 
solid state and in solution. Moreover, an active derivative of 
BESOD has been prepared in which Cu(II) is substituted for 
Zn(II).16 The availability of ESR spectroscopic and magnetic 
data on this derivative permits evaluation of 3-5 as model 
compounds. Studies were also carried out using 1,1,7,7-
tetramethyldiethylenetriamine as a ligand. In this paper we 
describe (1) the synthesis of the imidazolate bridged complex 
6; (2) its characterization in the solid state by X-ray crystal
lography, magnetic susceptibility studies, and ESR spectro
scopic measurements; and (3) solution ESR experiments that 
define the pH range over which the imidazolate bridge is stable. 
Complex 6 is shown to have essentially the same tempera
ture-dependent magnetic susceptibility and solution ESR 
spectral properties as the 4-Cu(II) form of BESOD. 

Experimental Section 

Materials and Methods. All compounds were prepared from com
mercially available starting materials used without further purifica
tion. Microanalyses were performed by Galbraith Laboratories, 
Knoxville, Tenn. Melting points were obtained by packing standard 
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capillaries and are uncorrected. A Radiometer TTT IC pH meter was 
used to determine the pH of aqueous solutions. 

Variable-temperature (4.2 K < 7" < 295 K) magnetic susceptibility 
measurements were made by the Faraday method at seven different 
field strengths in the range 6-18 kOe. Magnetic susceptibilities at each 
temperature were determined from the slope of a.plot of moment vs. 
field. The near-zero intercepts of these plots showed the absence of 
ferromagnetic impurities. A description of the apparatus and further 
experimental details may be found in ref 17. Diamagnetic corrections 
were applied using tabulated constants and the temperature-inde
pendent paramagnetism was taken to be 60 X 1O-6 cm3 g-atom-
(Cu)-'.9P'18 

A Varian E-line X-band spectrometer operating in the 9.152-
9.232-GHz range was used to record the electron spin resonance 
spectra. The g values were calibrated with diphenylpicrylhydrazil 
(DPPH, g = 2.0036) sealed in a quartz capillary as an external 
standard and placed in the ESR cavity alongside the sample. Samples 
were dissolved in water to known concentrations and the pH of a 
1-2-mL aliquot was adjusted with a few drops of concentrated HNO3 
or NaOH. Unless otherwise noted, dimethyl sulfoxide (50% by vol
ume) was added to assure the formation of rigid glasses at low tem
peratures. The final solution concentrations ranged from 5 to 10 mM 
and have not been corrected for dilution effects during the pH ad
justment step. The temperature was controlled with an Air Products 
LTD-3-110 liquid helium cryostat. Temperatures were measured 
before and after each spectrum with a calibrated carbon resistor po
sitioned in the sample compartment. 

Solution electronic spectra were recorded with a Cary-118C 
spectrophotometer using 1-cm matched quartz cells. Except where 

noted otherwise, solution concentrations are approximate and were 
determined as described above for the ESR spectral studies. Infrared 
spectra of solids pressed into KBr pellets were measured using a 
Perkin-Elmer Model 283 instrument and were calibrated with poly
styrene film. 

Preparation of Compounds. /i-Imidazolato-bis(perchlorato-
l,l,7,7-tetramethyldiethylenetriaminecopper(II)) Perchlorate, 
[(TMDT)2Cu2(ImXClO4)IXClO4) (6). A. A solution of 318 mg (2 mmol) 
of TMDT in 2 mL of methanol was added to 10 mL of a methanol 
solution containing 483 mg (2 mmol) of Cu(N03)2.3H20. To the 
resulting mixture were added 68 mg (1 mmol) of imidazole dissolved 
in 2 mL of 0.5 N NaOH followed by 843 mg (6 mmol) of NaClO4-
H2O in 10 mL of methanol. After standing overnight, the solution 
deposited a blue precipitate which was collected by filtration, washed 
with methanol, and dried in vacuo over anhydrous calcium sulfate. 
The yield was 260 mg (32%). Single crystals suitable for X-ray dif
fraction study were obtained by slow evaporation of an aqueous so
lution, mp 219 0C dec. 

Anal. Calcd for Ci9H45N8Cl3Oi2Cu2, C, 28.14; H, 5.59; N, 13.82; 
Cl, 13.11; Cu, 15.67; O, 23.67. Found: C, 28.31; H, 5.62; N, 14.04; 
Cl, 12.98; Cu, 15.74; O (by difference), 23.31. 

IR: 3246 (m), 2924 (m, br), 1482 (s, br), 1436 (vw), 1418 (w), 1400 
(vw), 1319 (w), 1298 (w), 1242 (m), 1222 (w), 1095 (vs, br), 990 (s), 
944 (s), 867 (m), 860 (m), 783 (s), 698 (m), 676 (m), 623 (s), 487 (m), 
420 (w), 364 (w), 320 (w) cm-'. 

B. Substitution of 741 mg (2 mmol) of Cu(C104)2.6H20 dissolved 
in 10 mL of methanol for the cupric nitrate and sodium perchlorate 
solutions in A gave the same product in 39% yield (316 mg). 

Anal. Found: C, 28.09; H, 5.42; N, 13.66; Cl, 12.95. 
1 -Methylimidazole-1,1,7.7-tetramethv ldiethylenetriaminecopperl Il 1 

Perchlorate, [(TMDT)Cu(I-MeIm)](C104)2. A solution of 318 mg (2 
mmol) of TMDT in 2 mL of methanol was added to 10 mLof 741 mg 
(2 mmol) of Cu(C104)2.6H20 dissolved in 10 mL of methanol. Ad
dition of a solution of 1 -MeIm (246 mg, 3 mmol, in 2 mL of methanol) 
to the mixture produced a blue precipitate that was filtered, washed 
with methanol, and dried in vacuo over anhydrous calcium sulfate. 
The yield was 544 mg (54%). The compound was recrystallized from 
hot methanol, mp 187 0C (dec 198 0C). 

Anal. Calcd FOrCi2H27N5Cl2O8Cu: C, 28.61; H, 5.40; N, 13.90; 
Cl, 14.07. Found: C, 28.67; H, 5.47; N, 13.68; Cl, 14.25. 

IR: 3244 (m), 3140 (m), 2924 (s, br), 1550 (m), 1478 (s, br), 1454 
(vw), 1431 (w), 1400 (vw), 1296 (m), 1246 (m), 1218 (vw), 1101 (vs, 
br), 988 (m), 941 (m), 932 (m), 863 (m), 846 (w), 778 (m), 664 (m), 
623 (s), 490 (m) cm-'. 

Nitrato-l,l,7,7-tetramethyIdiethylenetriaminecopper(H) Hex-
afluorophosphate, [(TMDT)Cu(NO3)I(PF6). To a mixture of 483 mg 
(2 mmol) of Cu(N03)2-3H20 and 318 mg (2 mmol) of TMDT in 15 
mL of methanol was added a solution of 334 mg (2 mmol) of sodium 
hexafluorophosphate in 5 mL of water. The resulting blue precipitate 
was washed with methanol and dried in vacuo over anhydrous calcium 
sulfate. The yield was 361 mg (42%). The compound was recrystal
lized from acetonitrile, mp 204 0C dec. 

Anal. Calcd for C8H2IN4PF6O3Cu: C, 22.36; H, 4.93; N, 13.04. 
Found: C, 22.55; H, 5.30; N, 13.06. 

IR: 3222 (s), 2936 (s, br), 1483 (vs, br), 1455 (w), 1440 (w), 1420 
(w), 1388 (w), 1283 (s), 1220 (w), 1190(vw), 1140(w), 1104(w), 
1060 (w), 1040 (vw), 1028 (w), 990 (m), 942 (m), 842 (vs, br), 807 
(m), 780 (m), 740 (w), 715 (vw), 556 (s), 506 (w), 426 (w), 363 (vw), 
295 (w),272(vw)cm"1. 

Collection and Reduction of X-ray Data. The dark blue crystal used 
for the diffraction study was a hexagonal plate bounded by (001) and 
(001), 0.034 mm apart; (100) and (100), 0.168 mm apart; and the 
(110} faces, 0.206 mm apart. Preliminary precession and Weissenberg 
photographs (Cu Ka radiation, A 1.5418 A) showed the lattice to have 
Laue symmetry 2/m with extinctions OkO when k 9^ 2n, consistent 
with space groups C\ — P2\ and C\h — P2\/m.]9 The quality of the 
data crystal was examined by taking open counter u scans of several 
strong, low-angle reflections. Although these peaks showed some 
structure, there was much less than for previous batches of crystals 
examined over a period of several months. Since this batch was su
perior, it was decided to proceed. The details of data collection and 
reduction are given in Table I. 

Determination and Refinement of the Structure. The structure was 
solved by conventional heavy atom methods from Patterson and 
Fourier maps. The solution to the Patterson map, computed using all 
data, was consistent only with the noncentrosymmetric space group 
P2\. Neutral atom scattering factors for the nonhydrogen atoms and 
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Table I. Experimental Details of the X-ray Diffraction Study of 
[(TMDT)2Cu2(im)(C104)2](C104) 

A. Crystal Parameters" at 23 0C 
a = 17.087(12) A molwt811.1 
b = 11.757 (7) A space group Pl, 
c = 8.423 (6) A Z = 2 
/3 = 97.06 (4) ° p (calcd) = 1.604 g/cm3 

V= 1679.3 A3 p(obsd)*= 1.598 (7) g/cm3 

B. Measurement of Intensity Data 
instrument: Picker FACS-I-DOS diffractometer 
radiation: Mo Ka (X„, 0.7093 A), graphite monochromatized 
takeoff angle: 2.0° 
detector aperture: 6.3 X 6.3 mm 
crystal-detector distance: 33 cm 
scan technique: coupled 9 (crystal)-29(counter) 
scan range: 2.0° (symmetric, plus Kal-Ka2 dispersion) 
scan rate: l°/min 
maximum 29: 45°, above which there were few observable reflec

tions 
background measurements: stationary crystal stationary counter; 20-s 

counts at each end of 29 scan range 
standards: three reflections (020), (201), and (2l0) measured after 

every 97 data reflections showed only random, statistical fluctua
tions 

no. of reflections collected: [29 < 20° (±h, +k, ±1), 20 < 29 < 45° 
{+h, +k, ±/)]; 2362 unique, non-space group extinguished 

C. Treatment of Intensity Data'' 
reduction to preliminary F0

2 and a(F0
2): correction for background, 

attenuators, and Lorentz-polarization of monochromatized X-
radiation in the usual manner;'' te = 0.04 

absorption correction: n = 15.7 cm-1; transmission factors varied from 
0.80 to 0.95 

averaging: 301 equivalent pairs in the inner sphere (29 < 20°); 
agreement factor R.AVf = 0.021 

scaling: Wilson's method* 
observed data: 1710 unique reflections for which F0

2 > 2<r(Fa
2) 

a From a least-squares fit to the setting angles of 12 reflections. * By 
suspension in a mixture of bromoform and chloroform. c Programs 
for an IBM 360/91 computer used in this work: AVERAGE, which 
computes a weighted average of equivalent reflections and was written 
by .1. T. Gill; XDATA, the Brookhaven-Wilson plot and scaling pro
gram; ORABS, the local version of the Oak Ridge absorption correction 
program; FOURIER, a modification of the Zalkin FORDAP program 
by R. J. Dellaca and W. T. Robinson, further modified by D. J. 
Hodgson; CUGLS, the Columbia University version of the Busing-
Martin-Levy structure factor calculation and least-squares refinement 
program, ORFLS; ORFFE, the Busing-Martin-Levy molecular ge
ometry and error function program; ORTEP 11, the Johnson thermal 
ellipsoid plotting program; and various local data processing programs. 
d J. T. Gill and S. J. Lippard, lnorg. Chem., 14, 751 (1975). e P. W. 
R. Corfield, R._J. Doedens, and J. A. Ibers, ibid., 6,197 (1967).//?av 
= (Sf=, Z;_, \Fi2 - / y |)/S;V

=I F1
2, where N is the number of re

flections measured more than once and n is the number of observations 
of the Nth reflection. * A. J. C. Wilson, Nature (London), 150,151 
(1942). 

corrections for the anomalous dispersion effects for the copper and 
chlorine atoms were obtained from ref 20. Scattering factors for the 
hydrogen atoms were those of Stewart et al.21 

Toward the final stages of least-squares refinement, with anisotropic 
thermal parameters assigned to copper and chlorine, the discrepancy 
factors had values of R i = 0.074 and R2 = 0.081.22 Most of the per-
chlorate oxygen atoms had large (7-17 A2) isotropic temperature 
factors and it was decided to refine these anisotropically even though 
doing so would reduce the data to variable parameter ratio from 8.5 
to 6.5. Because of the paucity of data, the C and N atoms of the ligand 
were not refined anisotropically. After several cycles of such refine
ment, R\ and R2 were 0.066 and 0.065, respectively, Since P2\ is a 
polar space group, refinement of the alternative absolute configuration 
was carried out. Based on the slightly superior23 R factors of 0.065 
and 0.064, respectively, and the better agreement of chemically 
equivalent copper-nitrogen distances for the two crystallographically 
independent coordination geometries, the second configuration was 

Table II. Final Positional Parameters of the Atoms of [(TM DT)2-
Cu2(im)(CIQ4)2](C104)'' 

Atom x y z 

" Atoms are labeled as indicated in Figure 1. Standard deviations, 
in parentheses, occur in the last significant figure for each parame
ter. 

adopted. The hydrogen atoms on the central nitrogen atom of the 
TMDT ligands were located from a difference Fourier map and the 
remaining, nonmethyl hydrogen atoms were placed in calculated 
positions (C-H, 0.95 A). These atoms were included as invariants with 
isotropic thermal parameters fixed at 5 A2. No attempt was made to 
locate the methyl group hydrogen atoms. In the final cycle of refine
ment, no parameter varied by more than 0.04 of its estimated standard 
deviation. The discrepancy indices R\ and R2 converged at 0.061 and 
0.060, respectively. 

The |F0 | ~ \F<\ values for strong, low-order reflections were ran
domly positive and negative and therefore no corrections for secondary 
extinction were applied. In a test of the weighting scheme used, the 
function wA2 for data sectioned both with respect to |F0 | and to (sin 
9/X) showed reasonable consistency and the weighting scheme was 
therefore considered to be satisfactory. The standard deviation of an 
observation of unit weight was 1.48.23 A final difference Fourier map 
showed a peak of 0.75 e/A3 at a distance of 0.94 A from methyl carbon 
atom C21. The remaining electron density was all less than 0.56 e/A3, 
the typical value for a hydrogen atom. 

The final nonhydrogen atomic positional parameters are listed in 
Table II. The hydrogen atom positional parameters, the refined 
thermal parameters, the final observed and calculated structure factor 
amplitudes, and the root-mean-square thermal amplitudes for an-

CuI 
Cu2 
CIl 
C12 
C13 
Oil 
012 
013 
014 
021 
022 
023 
024 
031 
032 
033 
034 
Nl 
Nil 
N12 
N13 
N3 
N21 
N22 
N23 
C2 
C4 
C5 
CIl 
C12 
C13 
C14 
C15 
C16 
C17 
C18 
C21 
C22 
C23 
C24 
C25 
C26 
C27 
C28 

0.84142(11) 
0.67471 (11) 
0.9441 (3) 
0.7807 (4) 
0.4447 (3) 
0.8939(9) 
0.9613(8) 
0.9055(14) 
1.0061 (12) 
0.7665(9) 
0.7112(12) 
0.8326(12) 
0.797 (2) 
0.3937(7) 
0.5092(7) 
0.4066 (9) 
0.4704 (9) 
0.7775(7) 
0.9288 (8) 
0.9064 (7) 
0.7540(7) 
0.7201 (7) 
0.7427 (7) 
0.6213(8) 
0.5790(8) 
0.7693 (9) 
0.6921 (10) 
0.7258(10) 
0.9602(12) 
0.8934(10) 
0.9956(10) 
0.9627(10) 
0.8547 (9) 
0.7894(10) 
0.6962(10) 
0.7058(11) 
0.8304(11) 
0.7209(10) 
0.7197(11) 
0.6369(12) 
0.5401 (10) 
0.5388(10) 
0.5264(12) 
0.6090(11) 

0 
-0.3916(2) 
-0.1902(5) 
-0.5670(6) 

0.6277(5) 
-0.1712(13) 
-0.3024(15) 
-0.1510(18) 
-0.1249(20) 
-0.4595(12) 
-0.5997(18) 
-0.5663(19) 
-0.6419(18) 

0.6109(18) 
0.6942(12) 
0.6868(12) 
0.5245(13) 

-0.0910(11) 
0.0349(12) 
0.0951 (13) 
0.0336(12) 

-0.2392(11) 
-0.4332(11) 
-0.5386(13) 
-0.3633(13) 
-0.2039(16) 
-0.1445(16) 
-0.0506(15) 
-0.0737 (20) 

0.1214(19) 
0.0859(16) 
0.1642(15) 
0.1608(15) 
0.0844(16) 
0.1195(19) 

-0.0689(18) 
-0.4289(18) 
-0.3578(16) 
-0.5520(17) 
-0.5750(19) 
-0.5336(16) 
-0.4732(17) 
-0.275 (2) 
-0.3275(17) 

0.1063(2) 
-0.2271 (2) 

0.3771 (7) 
0.0592(7) 
0.3442(6) 
0.2365(16) 
0.4070(18) 
0.503(2) 
0.371 (3) 

-0.0130(17) 
0.115(3) 
0.194(2) 

-0.045 (2) 
0.4580(17) 
0.4171 (15) 
0.2081 (16) 
0.291 (2) 

-0.0531 (15) 
-0.0384(16) 

0.2667(15) 
0.2437(15) 

-0.1854(15) 
-0.4069(15) 
-0.2836(17) 
-0.0967(16) 
-0.062 (2) 
-0.259(2) 
-0.178(2) 
-0.119(2) 
-0.1641 (20) 

0.0677(19) 
0.187(2) 
0.361 (2) 
0.395 (2) 
0.1562(20) 
0.280(2) 

-0.357(2) 
-0.545 (2) 
-0.457(2) 
-0.440 (3) 
-0.249 (2) 
-0.100(2) 
-0.172(3) 

0.069 (2) 
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Figure 1. Stereoscopic view of the [(TMDT)2Cu2(im)(C104)2]+ cation 
showing the 40% probability thermal ellipsoids and the atom labeling 
scheme. 

Figure 2. Imidazolate bridge and copper coordination geometry of the 
[(TMDT)2Cu2(im)(C104)2]+ cation. The 50% probability thermal el
lipsoids are displayed. Note that the carbon and nitrogen atoms were re
fined isotropically. 

Table III. Interatomic Distances (A) in [(TMDT)2Cu2(Im)-
(ClO4I2](ClO4)' 

Coordination Sphere 
CuI Cu2 

CuI-Nl 
Cul-Nll 
Cul-N12 
Cul-N13 
Cul-011 

1.944(12) 
2.081 (14) 
1.985(14) 
2.038(13) 
2.412(14) 

Cu2-N3 
Cu2-N21 
Cu2-N22 
Cu2-N23 
Cu2-021 

1.966(14) 
2.078(13) 
1.986(15) 
2.105(13) 
2.379(13) 

CuI 
Internal Ligand Geometry 

Cu2 

N l l - C l l 
N11-C12 
N11-C13 
C13-C14 
C14-N12 
N12-C15 
C15-C16 
N13-C16 
N13-C17 
N13-C18 

1.57(2) 
1.54(2) 
1.49(2) 
1.52(2) 
1.48(2) 
1.48(2) 
1.49(2) 
1.47(2) 
1.54(2) 
1.51(2) 

N21-C21 
N21-C22 
N21-C23 
C23-C24 
C24-N22 
N22-C25 
C25-C26 
N23-C26 
N23-C27 
N23-C28 

1.51(2) 
1.48(2) 
1.50(2) 
1.47(2) 
1.44(2) 
1.45(2) 
1.45(2) 
1.46(2) 
1.47(2) 
1.49(2) 

Imidazolate Ring Geometry 

N1-C2 
C2-N3 
N3-C4 

1.34(2) 
1.32(2) 
1.33(2) 

C4-C5 
C5-N1 

1.39(2) 
1.37(2) 

Anion Geometry 

CIl -Ol 1 
C l l - 0 1 2 
C l l - 0 1 3 
C l l - 0 1 4 
C13-031 
C13-032 

1.39(1) 
1.37(2) 
1.39(2) 
1.31(2) 
1.39(1) 
1.43(1) 

C12-021 
C12-022 
C12-023 
C12-024 
C13-033 
C13-034' 

1.41(1) 
1.39(2) 
1.35(2) 
1.29(2) 
1.43(1) 
1.38(2) 

Nonbonded Distances 

C11-C18 
C12-C17 

Cul-Cu2 
5.81 (3) 
4.57 (2) 

5.935(4) 
C21-C28 
C22-C27 

5.65(3) 
4.94(3) 

a Atoms are labeled as shown in Figure 1. Standard deviations, in 
parentheses, occur in the last significant figure for each parameter. 
Distances are not corrected for thermal motion. 

isotropically refined atoms are available as Tables S1-S4, respec
tively.24 The structure of the [(TMDT)2Cu2(im)(C104)2]

+ cation 
is shown in Figure 1 along with the atom labeling scheme. The ge
ometry of the core atoms and the imidazolate bridge in this cation 
appears in Figure 2. Figure Sl24 displays the unit cell packing in a 
stereoview. Tables III and IV report interatomic distances and angles, 
respectively. Least-squares best planes through the bridging imida
zolate ring and the copper coordination planes are available as Table 
S5.24 

Results 

Description of the [(TMDT)2Cu2(imXC104)2KC104) Structure. 
The crystal lattice consists of discrete [(TMDT)2Cu2(im)-
(0104)2]+ cations and perchlorate anions. There are no un-

Table IV. Bond Angles (deg) for [(TMDT)2Cu2(im)(C104)2] 
(ClO4)" 

Coordination Sphere 
CuI Cu2 

N l - C u I -
N l - C u I -
N l - C u I -
N l l - C u l 
N l l - C u l 
N12-Cul 
O l l - C u l 
O l l - C u l 
O l l - C u l 
O l l - C u l 

N i l 
N12 
N13 
-N12 
-N13 
-N13 
- N l 
- N i l 
-N12 
-N13 

95.0(6) 
179(1) 
96.3 (5) 
84.6 (6) 

157.4(6) 
83.8(5) 
90.1 (5) 

100.2(6) 
90.8(5) 
99.3 (6) 

N3-Cu2-N21 
N3-Cu2-N22 
N3-Cu2-N23 
N21-Cu2-N22 
N21-Cu2-N23 
N22-Cu2-N23 
021 -Cu2-N3 
021-Cu2-N21 
021-Cu2-N22 
021-Cu2-N23 

95.8(5) 
174.7(5) 
94.5 (6) 
84.4(5) 

163.2(5) 
84.2(6) 
87.8(5) 
95.6(5) 
97.5(5) 
98.0(5) 

CuI 
Internal Ligand Geometry 

Cu2 

CuI-N 
CuI-N 
CuI-N 
CIl-N 
CIl-N 
C12-N 
NIl -C 
C13-C 
C14-N 
CuI-N 
CuI-N 
N12-C 
C15-C 
CuI-N 
CuI-N 
CuI-N 
C16-N 
C16-N 
C17-N 

11 -Cl 1 
U-C12 
11-C13 
11-C12 
11-C13 
11-C13 
13-C14 
14-N12 
12-C15 
12-C14 
12-C15 
15-C16 
16-Nl 3 
13-C16 
13-C17 
13-C18 
13-C17 
13-C18 
13-C18 

114(1) 
106.5(9) 
106(1) 
112(1) 
108(1) 
111(1) 
109(1) 
106(1) 
115(1) 
110(1) 
109.8(9) 
108(1) 
108(1) 
109 (1) 
109.1 (9) 
115(1) 
109(1) 
109(1) 
107(1) 

Cu2-N21-C21 
Cu2-N21^C22 
Cu2-N21-C23 
C21-N21-C22 
C21-N21-C23 
C22-N21-C23 
N21-C23-C24 
C23-C24-N22 
C24-N22-C25 
Cu2-N22-C24 
Cu2^N22-C25 
N22-C25-C26 
C25-C26-N23 
Cu2-N23~C26 
Cu2-N23-C27 
Cu2^N23-C28 
C26-N23-C27 
C26-N23-C28 
C27-N23-C28 

115(1 
109(1 
106(1 
110(1 
109(1 
108(1 
112(2 
109(2 
119(1 
110(1 
110(1 
108(1 
113(2 
104(1 
111 (1 
110(1 
111 (1 
112(1 
109(2 

Imidazolate Ring Geometry 

C u l - N l - C 2 
C u l - N l - C 5 
C2-N1-C5 
N1-C5-C4 

CuI -Ol 1-C11 
O l l - C l l - 0 1 2 
011-C11-013 
O l l - C l l - 0 1 4 
012-C11-013 
012-C11-014 
013-C11-OH 
031-C13-032 
031-C13-033 
031-C13-034 

129(1) 
126(1) 
104(1) 
107(1) 

N1-C2-

Anion G 

132.6(9) 
114(1) 
107(1) 
107(1) 
107(1) 
114(1) 
107(2) 
107.3(9) 
111(1) 
110(1) 

Cu2-N3-C2 
Cu2-N3-C4 
C2-N3-C4 
N3-C4-C5 

N3 114(2) 

eometry 

Cu2-021-C12 
021-C12-022 
021-C12-023 
021-C12-024 
022-C12-023 
022-C12-024 
023-CI2-024 
032-C13-033 
032-C13-034 
033-C13-034 

129(1) 
124(1) 
105(1) 
109(1) 

133.6(9) 
107(1) 
115(1) 
111(1) 
102(1) 
108(2) 
113(2) 
109.4(9) 
111.2(9) 
107(1) 

" See footnote a, Table III. 

usually short interionic contacts and the lattice is primarily 
stabilized by ionic and van der Waals interactions. The closest 
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Table V. Temperature Dependence of the Magnetic Susceptibility 
per Cu Atom (cm3 g-atom~') and of Meff (MB) = 2.8273(xrA(cor)-
Ty/2 for Solid [(TMDT)2Cu2(im)(C104)2](C104) 

T, K 

4.20 
7.87 
9.55 

11.77 
14.34 
18.05 
22.16 
27.35 
31.32 
35.52 
38.90 
44.13 
49.81 
54.37 
58.69 
62.55 
66.48 
77.61 

133.47 
156.33 
190.17 
207.96 
231.43 
272.97 
294.74 
294.83 

1 0 V A " 

36.7 
25.3 
23.3 
37.7 
79.8 

138.1 
244.2 
343.5 
393.2 
422.5 
445.3 
456.6 
428.4 
444.5 
432.7 
424.6 
414.3 
386.4 
268.9 
229.9 
192.2 
179.8 
165.4 
142.1 
134.2 
135.3 

1 0 V A (cor)* 

12.7 
12.5 
12.8 
29.2 
72.8 

132.5 
239.6 
339.8 
390.0 
419.7 
442.8 
454.3 
426.4 
442.6 
431.0 
423.0 
412.8 
385.1 
268.2 
229.3 
191.7 
179.4 
164.9 
141.7 
133.9 
134.9 

Meff 

0.07 
0.09 
0.10 
0.17 
0.29 
0.44 
0.65 
0.86 
0.99 
1.09 
1.17 
1.27 
1.30 
1.39 
1.42 
1.45 
1.48 
1.55 
1.69 
1.69 
1.71 
1.73 
1.75 
1.76 
1.78 
1.78 

" Field-independent susceptibility corrected for diamagnetism. 
6 Corrected for paramagnetic impurity as described in the text. 

approach between two copper atoms in different imidazolate 
bridged cations is 8.05 A, which may be compared with the 
intracation distance of 5.935 (4) A. 

The packing of atoms within the binuclear cation (approx
imate point group symmetry C2v) is quite compact, as may be 
seen from Figure 1 and by examination of a space-filling 
model. The eight methyl groups of the two TMDT ligands 
form a tight pocket about the copper atoms and prohibit 
rotation of the bridging imidazolate ion about the Cu-Nl and 
Cu-N3 bonds. The C5-C12, C5-C17, C4-C22, and C4-C27 
distances range from 3.38 (3) to 3.56 (2) A. The two per
chlorate ions are attached on the same side of the copper 
coordination planes. These planes are canted at an angle of 
148.7° with respect to each other. As a consequence, the two 
perchlorate ligands are rotated to avoid nonbonded repulsive 
interactions across the top of the bridging imidazolate ion 
(Figure 1). The two TMDT N - H protons and the C2-H proton 
of the imidazolate ligand are also situated on the perchlorate 
ion binding side of the cation. There are no strong intracation 
hydrogen bonding interactions, however. The fact that all the 
hydrophilic, polar groups occupy the same region of space 
within the cation may explain why another isomer, generated 
by a 180° rotation about the Cu2-N3 bond axis, does not exist 
in the crystal lattice. The presence of rotational isomers in 
solution could account for the difficulty in getting ordered 
crystals of imidazolate bridged dicopper(II) complexes.25 

The coordination geometry including the bridging imida
zolate ligand is depicted in Figure 2. Each copper atom is 
pentacoordinate, surrounded by an approximate plane of four 
nitrogen atoms from the TMDT and imidazolate ligands and 
by the oxygen atom of a perchlorate ion situated on the axis 
of a distorted tetragonal pyramid. While the constituent atoms 
of the imidazolate anion all lie within ±0.01 A of the best mean 
plane through the ring, CuI and Cu2 are 0.02 and 0.35 A, re
spectively, out of the plane. Such deviations are quite common 
in copper(II)-imidazole complexes.26 Best plane calculations 

5.0Oi 

4 .00-

? 3.00 -
KJ 

I 
V-OO-

1.00 -

0 50 IOO ISO ZOO 290 300 
TEMPERATURE (0K) 

Figure 3. Susceptibility vs. temperature plot for solid [(TMDTh-
Cu2(im)(C104)2](C104). Experimental data corrected for the presence 
of paramagnetic impurity are shown as open circles; filled circles indicate 
the uncorrected values where the correction is significant. The solid line 
shows the best least-squares fit to the data using the parameters described 
in the text. 

through the four nitrogen donor atoms at each copper center 
reveal departures from planarity of the kind generally observed 
for diethylenetriaminecopper(Il) complexes.27 In particular, 
N i l and N l 3 are both ~0.16 A below the best mean plane 
th roughNl l ,N12 ,N13 ,andNl while N12, N l , and CuI are 
0.18,0.15, and 0.18 A, respectively, above that plane. Similar, 
but smaller, deviations from planarity [N21 (—0.07 A), N23 
(-0.07 A), N22 (0.08 A), N3 (0.06 A), Cu2 (0.16 A)] occur 
for the other copper coordination sphere. These values reflect 
a tetrahedral distortion of the four nitrogen atoms and move
ment of the copper atom out of the basal plane of the tetragonal 
pyramid toward the oxygen atom of the apical perchlorate li
gand. The latter movement is not as great as often found in 
tetragonal pyramidal structures,2715 however, owing to the fairly 
weak28 Cu-O bonds (bond lengths = 2.412 (14) and 2.379 (13) 
A). Bonding between the TMDT ligands and the copper atoms 
is normal, judging from the geometric parameters of Tables 
III and IV. The short copper to central nitrogen atom distances 
are typical.27e The average bond distance to the nitrogen atom 
of the bridging imidazolate ion, 1.955 (13) A, may be com
pared with similar bonds having values of 1.964 (10) Ain4 , 1 0 

1.976 (7) A in Cu3(imH)8(im)2(C104)4,9m and 1.975 (11) A 
in Cu(imH)2(im)Cl.9n The angles («i and a2)

u between the 
plane of the bridging imidazolate ring and the coordination 
planes are 91.8 and 90.0° for CuI and Cu2, respectively. 

The internal geometry (Tables III and IV) of the TMDT 
ligand and the bridging imidazolate ion is normal and agrees 
with numerous studies performed previously.9'10'26,27 The 
precision of the present determination is not high, owing to the 
poor quality of even the best crystal available. The N-CH3 
bonds are slightly larger than expected since hydrogen atoms 
were not included for the terminal methyl groups. The per
chlorate ion dimensions are also within a few standard devia
tions of the expected values.28 No significance is attached to 
the short C11-014 and C12-024 distances (Table III) which 
have not been corrected for thermal motion (Figure 1). 

Magnetic Susceptibility of Solid [(TMDT)2Cu2(Im)-
(ClO4I2](ClO4). The field independent magnetic susceptibility 
per gram atom of copper, XA', at various temperatures is given 
in Table V for the solid perchlorate salt of 6. A plot of XA' VS. 
T may be seen in Figure 3. The susceptibility of [(TMDT)2-
Cu2(im)(C104)2](C104) passes through a maximum ~48 K 
and then falls to a minimum ~ 9 K. This behavior is typical of 
an antiferromagnetically coupled compound with a small 
amount of paramagnetic impurity.29 The slope of a plot of XA' 
vs. X/T at temperatures below the minimum gave the Curie 
susceptibility of the impurity, Ximpurity = 1-008 X XO'^/Tcm^ 
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Table VI. ESR Spectral Parameters and Selected Optical Spectral Datac 

PH 

2.1 
3.1 

4.0 

4.8 
6.2 
7.3 
8.2 
9.1 

11.2 

f (TMDT)Cu(NO1)I(PF6) 

SlI 

2.410 
2.403* 
2.240 
2.406 
2.233* 
2.235 
2.230 
2.235 
2.233 
2.227 
2.230 

Ab 
G(X 104cm-') 

119(134) 
118(132) 
180(188) 
118(133) 
179(187) 
180(188) 
180(187) 
180(188) 
180(188) 
171 (178) 
170(177) 

[(TMDT)Cu(I 

PH *|| 

2.3 

2.6 

3.2 

7.5 
8.8 
9.8 

11.2 

2.409* 
2.230 
2.409 
2.230 
2.409 
2.230* 
2.233 
2.212 
2.228 
2.229 

MeIm)](ClO4): 
A\, 

G (X 104cm-') 

119(134) 
180(187) 
120(135) 
180(187) 
120(135) 
181 (188) 
180(188) 
180(186) 
175(182) 
170(177) 

pH 

2.3 

3.7 

5.3 
8.1 
9.0 

10.0 
10.5 
11.4 

[(TMDT); 

SII 

2.412* 
2.232 
2.412 
2.232* 
2.232 
2.218 

C 

2.225 
2.226 
2.226 

Cu2(Im)(ClO4J2](ClO4) 
A\, 

G(XlO4Cm-') X 

119(134) 
180(188) 
120(135) 
180(188) 
180(188) 
180(186) 

C 

169(176) 
169(176) 
170(177) 

max, nm 

648 

642 

633 
615 
612 
614 
615 
627 

" In 50% aqueous dimethyl sulfoxide solutions frozen at 77 K for ESR or at ambient temperature for optical spectral measurements. The 
solution concentrations were all ~5 mM. A\\ values are reported both in gauss and in cm-1 (XlO4). * Major spectral component. c Mostly 
6; too little mononuclear species to observe. 

2.2 2.6 3.0 3.4 3.8 
MASNETIC FIELD (KG) 

Figure 4. The ESR spectra of ~5 mM frozen (77 K) 50% aqueous Me2SO 
solutions of [(TMDT)Cu(NO3)] (PF6) at (a) pH 11.2, (b) pH 7.3, (c) pH 
4.0, and (d) pH 3.1. Instrumental settings were 15 mW of microwave 
power, 5 G modulation amplitude, time constant of 0.3 s, and a sweep rate 
of lOOOG/min. 

g-atom-1. The impurity susceptibility would be accounted for 
by <0.25% of Cu(II) with jieff = 1.8 MB- The corrected 
susceptibilities, XA'(cor) = XA' — Ximpurity. are given in Table 
V and Figure 3. 

The corrected susceptibilities were fit to the expres
sion29-30 

XA'(cor) = {g2N02/kT)[3 + exp(-2J/kT)}^ 
+ 6.0XlO"5 (1) 

by a nonlinear least-squares method in which g2 and J were 
refined as variable parameters. Here J is the scalar coupling 
constant in the Heisenberg-Dirac-van Vleck Hamiltonian Ji' 
= -2/Si-S2 , g is the average g value of the electron, and the 
other symbols have their usual meaning. The refinement 
converged at values of g = 2.085 ± 0.006 and J = -25.80 ± 
0.16 cm -1 with a correlation coefficient of 0.9993. The cal

culated susceptibility vs. temperature curve is shown in Figure 
3. 

Electron Spin Resonance Spectra. [(TMDT)Cu(NO3)KPFe). 
The 77 K ESR spectra of this complex in frozen 50% aqueous 
Me2SO solutions as a function of pH are displayed in Figure 
4. Spectral parameters are summarized in Table VI. The ESR 
spectra reflect the presence of at least three different axially 
or nearly axially symmetric species in solution, possibilities for 
which are 7-9.31 At low pH, it is likely that the TMDT Ii-
gand 

[(TMDT)Cu(H2O)]2+ [(TMDT)Cu(OH)] + 
7 8 

[Cu(H2O)6]
2+ 

9 
is dissociated according to31 

3H+ 
^ 9 + H3(TMDT)3+ (2) 

pH ~2.6 

The presence of 9 was verified by observing g\\ and gx s'g" 
nals at 2.412 and 2.099, respectively, with ^ j , = 119 G, for a 
frozen solution of cupric perchlorate dissolved in the same 
solvent. At intermediate pH values the g\\ and A \\ parameters 
reveal the presence of both 9 and 7, the latter having A \\ ~180 
G. As the pH increases above 9, the A \\ value diminishes to 170 
G, suggesting displacement of water by hydroxide ion, and at 
higher pH values a brown precipitate forms, eq 3. 

O H -
7 , ' 8 -

O H -

pH ~9.1 pH > 11.2 
-*• insoluble precipitates (3) 

The presence of monodentate or bidentate TMDT complexes 
at low pH is not excluded by the ESR spectra. 

[(TMDT)Cu(I-MeIm)](C104)2. Frozen solutions of this 
complex also display nearly axial ESR spectra at 77 K indic
ative of mixtures. The g\\ and A \\ values are collected in Table 
VI. Although 10 is a major component of the mixture around 

(TMDT)Cu-NVN 

CH3 

10 
neutral pH, 9 forms at low pH and 8 is clearly present at pH 
—11.2. Although the A \\ values of 7 and 10 are both ~180 G, 
the g\\ of 10 is 2.212 compared with 2.230 for 7. The presence 
of a fourth nitrogen donor in the copper coordination plane also 
reduces the g\\ value of the imidazolate bridged complex (vide 
infra). The ESR spectra are consistent with eq 4 and 5 for low 
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Figure 5. The ESR spectrum of a powdered sample of [(TMDT)2-
Cu2(im)(C104)2](ClC>4) at 21.6 K. Instrumental settings were as reported 
for Figure 4 except that 5 mW of microwave power was used and the sweep 
rate was 2500 G/min. The inset shows the AA/ = 2 transition at increased 
gain. 

H+ 3H+ 

10, "1 + 1-MeImH+ = F = ± 9 + H3(TMDT)3+ (4) 
pH ~7.0 

1 0 ^ 
OH-

pH -10.5 

pH ~2.6 

Oi , »T T OH~ insoluble .. . 
= 8+1-MeIm • . . (5) pH > u.2 precipitates 

and high pH solutions, respectively. It may be noted (Table 
VI) that the hydroxo complex 8 has become a major compo
nent in solutions of 7 at pH 9.1 whereas higher pH is required 
to form 8 from 10. This result implies that 1-MeIm is a better 
ligand than water for (TMDT)Cu2+. 

[(TMDT)2Cu2(imXC104)2](C104). The ESR spectrum of a 
powdered sample of this complex at 21.6 K is shown in Figure 
5. Since the cation 6 contains two spin-coupled, axially sym
metric copper(II) centers, both AM = 1 and AM = 2 transi
tions are expected.32 For AM = 1 transitions, calculations 
predict two groups of peaks spaced on either side of g ~ 2, with 
the overall width of the resonance determined by r, the distance 
between the copper(II) centers.33 As r increases, the spectra 
narrow. The large r value of 5.935 A in 6 produces a fairly 
narrow AM = 1 resonance on an X-band spectrometer (Figure 
5). The weak lines at ~2550 G result from a small amount of 
mononuclear cupric ion. A spectrum at 9 K confirmed this 
assignment since, at low temperatures, the imidazolate bridged 
complex is in the singlet ground state and does not exhibit ESR 
lines. Because of the presence of mononuclear copper(II) and 
the lack of a complete theory32 for analyzing the spectra of 
bridged copper(II) dimers having | / | > 15 cm -1, no attempt 
was made to simulate the 21.6 K spectrum and obtain spectral 
parameters. The pronounced feature ~3570 G is characteristic 
of the imidazolate bridged dicopper(II) moiety, however, and 
this result is useful in interpreting the solution ESR spectra of 
6, as will be demonstrated. 

The spin states for the AM = 2 transitions are degenerate 
in the absence of a magnetic field and the ESR spectrum in the 
AM = 2 region is, to first order, independent of the zero-field 
splitting. The AM = 2 transitions occur at ~1500 G and have 
a low transition probability, being spin forbidden. In a system 
such as 6 with a fairly large exchange parameter \J\, the 
16-line [(2/, + l)(2/2 + 1), where I1=I2= % for the copper 
nucleus] hyperfine interaction will simplify to a seven-line [2(/i 
+ I2) + 1] pattern with relative intensities in the ratio of 1: 
2:3:4:3:2:1 and a hyperfine spacing one-half that of the spec
trum due to the individual copper(II) components.32 As may 
be seen in Figure 5, the AM = 2 resonance occurs at —1530 
G as a symmetric seven-line pattern with a hyperfine splitting 
of~80G. 

2.0 3.0 4.0 
MASNETIC FIELD (KS) 

Figure 6. ESR spectrum of an ~10 mM frozen (77 K) 50% aqueous 
Me2SO solution of [(TMDT)2Cu2(Im)(CIO,,):](ClO4) at pH 8.5. In
strumental settings were as reported in the caption to Figure 4 except that 
a sweep rate of 2500 G/min was used. The inset displays the SM = 2 re
gion of the spectrum (XlOO) recorded at 50 K with 20 mW of microwave 
power, a 1-s time constant, and a sweep rate of 250 G/min. 

The 77 K ESR spectrum of a frozen 50% aqueous Me2SO 
solution of [(TMDT)2Cu2(im)(C104)2] (ClO4), pH -8 .5 , is 
given in Figure 6 with an expanded version of the AM = 2 re
gion taken at 50 K shown as an inset. Although a small amount 
of 6 has dissociated into mononuclear components 7 and 11, 

(TMDT)Cu-Ns^N, 
\ 

H 
11 

judging from the sharp line at 3365 G, the major constituent 
in solution is the bridged complex.31 The pronounced feature 
at ~3570 G is identical with that observed in the powder 
spectrum (Figure 5). Moreover, seven copper hyperfine lines 
with an average spacing of 77 G appear on the AM = 2 tran
sition ~ 1520 G (Figure 6). The temperature dependence of 
this ESR spectrum is shown in Figure 7. At the lowest tem
perature, ~9 K, peaks of mononuclear complexes such as 7 and 
11 with gj ~ 2.218 and A |, ~ 180 G dominate the spectrum. 
The peaks due to the bridged complex 6 grow in as the tem
perature increases. This behavior is expected since at low 
temperatures the ground state of 6 is a singlet and will not 
contribute to the ESR spectrum. In principle, the exchange 
coupling parameter J can be determined from the temperature 
dependence of the ESR absorption intensity. This exercise was 
not attempted, however, since nonbridged species also exist in 
the frozen solution and, more importantly, the J value is ac
curately known from the susceptibility study. 

Figure 8 shows the pH-dependent ESR spectra of frozen 
solutions of 6 at 77 K. Spectral parameters in the g\\ region are 
included in Table VI. Decreasing the pH will sequentially 
break the imidazolate bridge,8,10-" release the imidazolium 
ion, and ultimately produce free cupric ion and H3-
(TMDT)3+: 

6;= 
pH ~8.0 ̂

7 + H ^ 
pH ~7.0 

:2 7-HmHt=F 
6H-* 

pH ~2.6 

2 9 + 2H3(TMDT)3+ (6) 
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2.0 2.5 3.0 
MAONETlC FIELD (KG) 

Figure 7. Temperature dependence of the ESR spectrum of ~10 mM 
[(TMDT)2Cu2(im)(C104)2] (ClO4) in 50% Me2SO/water, pH 9.1, at (a) 
9.2 K, (b) 13.3 K, (c) 21.2 K, (d) 42.8 K, (e) 45.2 K, (f) 50.7 K, (g) 
125.2 K. Instrumental conditions are the same as for Figure 4 except that 
4 m W of microwave power was used. 

As may be seen from Table VI and Figure 8, the intensities of 
the transitions due to the imidazolate bridged complex are 
diminished at low pH. Although the A \\ value of 180 G cannot 
distinguish the mononuclear complexes in these frozen solu
tions, the g\\ of 2.232 suggests that 11 dissociates readily to 
form 7 in the pH region (below 7.0) where the imidazolate 
bridge is broken. This resonance sharpens with decreasing pH 
as the 11 —• 7 transition is completed. At very low pH, ~2.3, 
free copper(II) ion is easily identified by its small 4̂ y — 119 G 
and distinctive g\\ and g± values of 2.412 and 2.099, respec
tively. 

The ESR spectra of 6 in the high pH region (Figure 8) may 
be interpreted according to 

O H -

6 , ^ 8 + 12?= 
H2O 

==2 8-HmH 
pH ~10.5 pH-

OH insoluble 
pH > n.4 precipitates 

The binuclear bridged complex is a major component of the 
solution mainly in the narrow range 8.5 5 pH 5 9.5. At higher 
pH values, the hydroxide ion will break the bridge to form 
species 8 and 12. Loss of 6 with increasing pH is readily fol
lowed by observing the intensity diminution of the ~3570 G 
spectral feature and the concomitant appearance of the g\\ 
resonances of 8 and 12. Although these cannot be resolved, the 

(TMDT)Cu-N^N 

12 
presence of 12 may be inferred by comparing the spectral de
tails of 6 with those of 7 in the high pH range (Table VI and 
Figures 4 and 8). At higher pH, >11.4, a brown precipitate 
deposits. 

Electronic Spectra. The optical absorption spectrum of 
[(TMDT)2Cu2(im)(C104)2] (ClO4), dissolved to a concen
tration of 1.825 mM in water with a measured pH of 8.8 and 
diluted 1:1 with Me2SO, has absorbance maxima at 278 and 
624 nm with molar extinction coefficients of 1.02 X 104 and 
390, respectively. The visible band of the ~10 mM concen
tration solutions used in the ESR spectral study shifts with pH, 
as listed in Table VI. Because of the occurrence of the equi
libria shown in eq 6 and 7, the optical spectral band positions 

3.0 3.4 
MAGNETIC FIELD (KG) 

Figure 8. The ESR spectra of ~10 mM [(TMDT)2Cu2(im)(C104)2]-
(ClO4) in frozen (77 K) 50% aqueous Me2SO solutions at (a) pH 11.2, 
(b) pH 10.5, (c) pH 10.0, (d) pH 8.1, (e) pH 5.3, (f) pH 3.7, (g) pH 2.3. 
The instrumental conditions are described in the caption to Figure 4. 

vary with concentration. The visible spectral band of 6 dis
solved in pure water varies with pH in a manner analogous to 
that shown in Table VI for 50% aqueous Me2SO solutions but 
with a 3-5-nm shift to longer wavelengths. 

Discussion 
Discrete imidazolate bridged dicopper(II) complexes are 

relatively easy to prepare using tridentate ligands such as 
TMDT, bpim (3), or pip (5)10-11 to block oligomerization re
actions. The imidazolate ion is generated in situ from imH by 
addition of 1 equiv of base. Chloride has been specifically 
avoided as a counterion because of its propensity to form 
bridged complexes. Antiferromagnetic spin exchange inter
actions34 in di-/i-chloro-dicopper(II) ions would interfere with 
the use of magnetic criteria to identify /u-imidazolato-dicop-
per(II) centers. 

For ligands such as bpim, the imidazolate ligand is con
strained to lie in or nearly parallel to the copper coordination 
plane (3, 4). The imidazolate rings in the bridged complexes 
5 and 6, however, are nearly perpendicular to the copper 
coordination plane, and nonbonded steric interactions prohibit 
rotation about the Cu-N bonds. The magnetic properties of 
these two structurally different classes of imidazolate bridged 
dicopper(II) moieties have already been shown to differ sub
stantially." Free rotation about the Cu-N bonds to the 
bridging imidazolate ligand is also restricted by steric inter
actions in [(TMDT)2Cu2(im)(C104)2](C104). 

The7 value of—25.80 (16) cm -1 found from the suscepti
bility vs. temperature plot of solid 6 agrees nicely with the value 
of —26.74 (6) cm-1 reported previously for 5.1' This result does 
not help to clarify the extent to which IT interactions contribute 
to the spin exchange mechanism, however, since the bridging 
ligand geometries of 5 and 6 are quite similar (see discussion 
in ref 11). Antiferromagnetic coupling constants of ~ —26 
cm -1 appear to be characteristic of the [Cu2(im)]3+ moiety 
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in which the copper atoms are coordinated to four approxi
mately planar donor atoms (including the nitrogen atom of the 
bridging imidazolate ligand) with one or two additional weak 
axial bonds. Ligands such as bpim (3), which produce a very 
different geometry for the [Cu2(im)]3+ center, lead to stronger 
antiferromagnetic coupling.11 The g value of 2.085 ± 0.006 
obtained from fitting the magnetic data to eq 1 is in reasonable 
agreement with the average g values of 2.074 and 2.107 esti
mated respectively from the powder (Figure 5) and frozen 
solution (Figure 6) ESR spectra of 6 in the AM = 1 transition 
region. 

The imidazolate bridged dicopper(II) center in 
[(TMDT)2Cu2(im)(C104)2](ClO4) has a distinctive ESR 
spectrum (Figures 5 and 6). Seven copper hyperfine lines are 
clearly resolved on the weak AM = 2 transition. The AM — 
1 region of this spectrum has a characteristic feature at —3570 
G on an X-band spectrometer. As the temperature is lowered, 
the intensities of these ESR transitions diminish as more of the 
singlet ground state becomes populated (Figure 7). Mononu
clear complexes such as 7 or 9 have axial or nearly axial ESR 
spectra (Figure 4) and are easily distinguished from 6. 

Optical spectroscopic and low-temperature ESR studies of 
50% aqueous Me2SO solutions show the imidazolate bridged 
complex to exist mainly over the narrow range 8.5 S pH S 9.5 
(Figures 6 and 8; Table VI). At low pH the ImH2

+ ion and 
mononuclear copper complexes form. Above pH 9.5 hydroxide 
ion splits the imidazolate bridge. The presence of mononuclear 
complexes is readily detected in the ESR spectra of frozen 
solutions (Figure 8) and by the shift to longer wavelengths of 
the copper d —- d transition (Table VI). The latter occurs be
cause imidazolate ion produces a stronger ligand field than 
water or hydroxide ion. At very low pH (~2.3) the TMDT li
gand is released and the ESR spectrum is that of free cupric 
ion, 9 (Figure 8g). 

These equilibria have been summarized in eq 6 and 7 and 
are supported by the pH-dependent studies of [(TMDT)-
Cu(N03)](PF6) and [(TMDT)Cu(l-MeIm)](C104)2 using 
frozen solution ESR spectroscopy (cf. eq 2-5). The reactions 
shown in eq 6 and 7 will be dependent upon the total copper 
concentration. Thermodynamic constants might be accessible 
through potentiometric titrations even though a large number 
of copper(II) species are possible. Such studies of the 
methylmercury(II)-imidazole system have recently been 
published.15 It is interesting that, like 6, [CH3Hg]2(Im)+ is 
most stable at alkaline pH. Its greatest fractional concentra
tion, referred either to all imidazole or to all methylmercury 
containing species in 10 mM solutions, occurs at pH ~9.2. 

The magnetic and ESR spectral properties of 6 are re
markably similar to those of the derivative of BESOD in which 
zinc(II) has been replaced by copper(II) in both subunits of 
the protein.16 The exchange coupling constant of —26 cm -1 

in Cu4BESOD agrees with the value of —25.80 (16) cm"1 in 
6 and the ESR spectrum of the protein is nearly superimpos-
able on that shown in Figure 6 (cf. Figure 3 of ref 16). These 
magnetic and ESR spectral properties can therefore be used 
(with appropriate caution) to identify imidazolate bridged 
dicopper(II) centers in proteins of unknown structure. More
over, if the correlation" between the magnitude of the ex
change coupling constant and the angles a\ and a2 made by 
the plane of the imidazolate ligand with the two copper coor
dination planes holds true, it follows that the angles for Cu4-
BESOD should be ~90°. It is noteworthy in this regard that 
the electron density maps of native Cu2Zn2BESOD show the 
imidazolate rings of the histidine bridge to have a ~0° with 
respect to the copper coordination plane.30 Thus either the 3-A 
maps have insufficient resolution to reveal the correct orien
tation of the bridging imidazolate ring or the conformation of 
Cu4BESOD differs from that of the native protein. 

It is not an easy matter to assay complexes such as 6 for 

superoxide dismutase activity since even small amounts of 
cupric ion impurities will interfere.35 As discussed above, 
samples that are completely free of mononuclear copper(II) 
are virtually impossible to prepare. In the enzyme assays, 
EDTA is used to complex free copper and inhibit its SOD ac
tivity.35'36 Addition of EDTA to solutions of 6 rapidly destroys 
the complex. Studies of 6 and related complexes with super
oxide ion are currently in progress. 

An interesting finding in the present investigation of possible 
relevance to previous studies of BESOD is the fact that the 
imidazolate bridge can be broken by hydroxide ion at pH £ 
9.5 as well as at low pH. The E0' value of BESOD is pH de
pendent in the range 5.5-8.7, suggesting that a proton is taken 
up as copper is reduced, viz., ECu" + e~ + H+ — HECu'.37 

It is likely that the bridging imidazolate ligand is the proton 
receptor and that the pH independence of E0' below pH 5.5 
is due to the fact that the histidine bridge is broken under these 
more acidic conditions.5,38 Although no E0' data were reported 
for pH >9, the present results suggest that the redox potential 
should become independent of pH under basic conditions as 
hydroxide ion splits the imidazolate bridge. 

The mononuclear complexes [(TMDT)Cu(I-MeIm)]-
(C104)2 and [(TMDT)Cu(NO3)](PF6) were prepared to fa
cilitate the identification of mononuclear species such as 7 and 
11 generated through imidazolate bridge splitting reactions 
in aqueous solutions of 6. Numerous monokiscopper(II) 
complexes of diethylenetriamine and its N-alkylated deriva
tives have been characterized.27 All three TMDT complexes 
exhibit a strong, sharp absorption at ~3200 cm-1 in their solid 
state infrared spectra which is assigned to the N-H stretching 
frequency. Two N-H stretching bands (3244 and 3140 cm-1) 
are present in the spectrum of [(TMDT)Cu(I-MeIm)]-
(C104)2. These may result from two different conformational 
isomers having the TV-methyl substituent on the same or on 
opposite sides of the copper coordination plane as the N-H 
bond of the TMDT ligand; a perchlorate ion would probably 
coordinate on the same side as the /V-methyl group (cf. dis
cussion of the structure of 6), further contributing to the shift 
in the N-H stretching frequency. The crystal structure de
termination of [(TMDT)2Cu2(im)(C104)2] (ClO4) reveals 
both ionic and monodentate coordinated perchlorate, a feature 
that complicates the infrared spectrum in the Cl-O stretching 
frequency region (900-1200 cm -1).39 Infrared spectral simi
larities between this compound and [(TMDT)Cu(I-Me-
Im)](C104)2 suggest that perchlorate ion also coordinates to 
copper in the 1-methylimidazole complex. Infrared absorptions 
at 1483, 1283, and 807 cm"1 in [(TMDT)Cu(NO3)](PF6) are 
consistent with the presence of coordinated, probably biden-
tate, nitrate.40 
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