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fit (r = 0.999) similar to the plot in Figure 1 is also observed. 
Brown and his co-workers in a recent paper20 questioned the 

previous 13C NMR spectroscopic conclusions1213 on the onset of 
nonclassical a derealization in 2-phenyl-2-norbornyl cations 3-R 
with electron-withdrawing substituents. They argued that they 
have observed high exo/endo rate ratios in most tertiary derivatives 
including systems such as 10 and l l 2 1 with a wide variety of 

10 11 

substituents on the aryl ring. We reiterate our view that the "tool 
of increasing electron demand" as applied to solvolytic studies is 
too coarse to fully detect changes in the electron demand of a 
system unless the magnitude of such a demand is indeed large. 
Even negatively substituted phenyl rings are 6 T systems capable 
of significant charge derealization; thus, the residual <r-bond 
derealization effect should be small in 2-phenyl-2-norbornyl 
cations. Moreover, the observation of high exo/endo rate ratios 
in tertiary norbornyl systems does not provide any diagnostic test 
for the presence or absence of nonclassical a derealization. As 
pointed out by Brown in many of his works,llb'21 such an effect 
may be of steric origin. Our present 13C NMR spectroscopic study 
demonstrates the regular phenylcarbenium ion nature of 2,5-di-

(20) Brown, H. C; Rao, C. G. J. Org. Chem. 1979, 44, 133-136. 
(21) Brown, H. C; Rao, C. G. J. Org. Chem. 1979, 44, 3536-2540. 

Introduction 

Glutathione-Cu(II) complexes are of biological and chemical 
interest. Marzullo and Friedhoff2" identified an inhibitor of opiate 

(1) (a) Niihama Technical College, (b) Kyoto University, (c) Ehime 
University, (d) University of Tokyo. 

phenyl-2,5-norbornyl dications 1-R, even with strong electron-
withdrawing substituents, in contrast to 2-phenyl-2-norbornyl 
cations 3-R, where the onset of a derealization is observed with 
electron-withdrawing substituents. This study is in accord with 
the structure and stability of the parent 2-norbornyl cation based 
on a variety of spectroscopic11'22 and calorimetric studies23 in the 
condensed phase. 

Experimental Section 
The exo,exo diols 4-R were prepared by the addition of organo-

magnesium or organolithium reagents to the diketone 2.14 exo,exo-2,5-
Norbornanediol (4-H) was prepared by the reported "hydroboration-
oxidation" of norbornadiene.'4 The diols S-R (mixture of cis and trans) 
were prepared from the commercially available cyclohexane-l,4-dione.1! 

All the new diols showed satisfactory spectroscopic and analytical data. 
Preparation of Dications. Freshly distilled SbF5 and FSO3H were 

used. To the appropriate superacid dissolved in about a twofold amount 
of SO2ClF at dry ice-acetone (ca. -78 0C) or petroleum ether-liquid 
nitrogen slush temperature (-140 0C) was slowly added, with vigorous 
stirring, a cooled slurry or solution of the corresponding diol precursor 
in SO2ClF, resulting in an approximately 10-15% solution of the ion. 

13C NMR Spectra were obtained by using a Varian Associates Model 
FT-80 spectrometer, equipped with a multinuclei broad band variable 
temperature probe. The chemical shifts were referenced from external 
capillary tetramethylsilane. 
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receptor binding as a glutathione-Cu(II) complex from human 
red blood cells and from rabbit brain. It has been reported that 
the Cu(II) complex is involved in rheumatoid arthritis and that 
the inhibitory activity is due to a complex of oxidized glutathione 

(2) (a) Marzullo, G.; Friedhoff, A. J. LifeSci. 1977, 21, 1559-1567. (b) 
Micheloni, M.; May, P. M.; Williams, D. R. /. Inorg. Nucl. Chem. 1978, 40, 
1209-1219. 
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Abstract: The violet glutathione-Cu(II) complex, [CuIIGSSGCull]Na4-6H20, was firstly isolated as a single crystal. The 
X-ray crystallographic analysis of the binuclear complex showed that each Cu(II) atom is in a distorted square-pyramidal 
configuration and the Cu(II)-Cu(II) distance is 5.21 A. The coordination of Cu(I) involved the two deprotonated peptide 
nitrogens, N(I) and N(2), the glutamic amine nitrogen, N(3), and the glycinyl terminal carboxylate oxygen, 0(1), in an 
approximate planar coordination while the cysteinyl sulfur, S(I), is bonded apically to form a square pyramid. The Cu(51) 
ion is similarly coordinated to N(51), N(52), N(53), 0(51), and S(51). The apical Cu(II)-S mean distance is 3.22 A and 
a direction of this bond is bent by 22° from the perpendicular C4„ axis of the square-planar basal plane. Of special interest 
is the Cu(II) coordination by the sulfur atoms of the disulfide bridge. The Cu(II) complex was also characterized by magnetic 
susceptibility and electron spin resonance (ESR), electronic, circular dichroism, and X-ray photoelectron spectra (X-ray PES). 
The magnetic susceptibility and ESR spectra showed that the internuclear Cu(II)-Cu(II) interaction is negligibly small. The 
ESR parameters and X-ray PES binding energies determined were as follows: g2Z = 2.251, gxx = 2.047, gyy = 2.038, AIZ = 
177.2, Axx = 43.8, and An = 36.0 G (ESR); Cu 2p3/2 = 933.1 and 943.9, S 2p = 163.4 and 167.5, N Is = 399.4, O Is = 
531.2, and Na Is = 1071.1 eV (X-ray PES). The present results provide valuable information for biologically significant 
glutathione-Cu(II) complexes. 
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with Cu(II).2b On the other hand, the interaction of glutathione 
with Cu(II) and other transition metals has been investigated using 
different physicochemical methods. Earlier potentiometric and 
polarographic studies suggested that glutathione combines with 
metal ions by chelation either through the amino and carboxyl 
groups of the glutamyl residue or through the thiol group of the 
cysteinyl residue.3 Perrin and Watt4 proposed that a copper 
analogous Zn(II) complex of reduced glutathione has two five-
membered chelate rings. Using the 13C nuclear magnetic reso
nance (NMR) method, on the contrary, Rabenstein and his 
collaborator5 reached the conclusion that not only five-membered 
chelate rings but also seven-membered rings may be involved in 
the Zn(II) complex at pD >10.5. It was assumed from the ESR 
results that for 1:2 reduced glutathione-Cu(II) complex one copper 
ion Cu(A) is coordinated by the cysteinyl residue and the other 
Cu(B) by the terminal functional groups of the glutamyl residue.6 

Recently, Kroneck7 stated that a binuclear Cu(II) complex with 
oxidized glutathione consists of the six-coordinated Cu(II) in 
different body compartments and that this complex is a model 
for ESR-nondetectable copper in blue oxidases. The discrepancies 
in these experimental data and conclusions result from (1) the 
multiplicity of metal-binding sites by glutathione ligand, (2) pH 
dependence of ionization of the various coordination groups, (3) 
redox reaction between thiol group and Cu(II) ion, and (4) for
mation of precipitate in the complex formation. Despite the 
biological and chemical significance of the glutathione-Cu(II) 
complexes, the complex as a single crystal has apparently not been 
isolated. 

We succeeded in isolating the binuclear oxidized glutathione-
Cu(II) complex as a needle-like single crystal from a 1:1 reduced 
glutathione-Cu(II) reaction mixture. X-ray crystallographic 
analysis of the violet Cu(II) complex clarified the presence of two 
Cu(II) sites via a disulfide bridge (copper-copper distance = 5.21 
A) and of apical S-Cu(II) bonding (3.22 A). In addition, this 
complex was also characterized by magnetic susceptibility and 
electron spin resonance (ESR), electronic, circular dichroism (CD), 
and X-ray photoelectron spectra (X-ray PES). One of the most 
important features of the isolated Cu(II) complex is the unique 
sulfur apical coordination largely deviating from the C41. axis in 
the distorted square-pyramidal geometry. In this paper, the donor 
atoms of oxidized glutathione are numbered in the same manner 
as used in reporting the crystal structure as follows: 

o o o p 

Il I l Il Il 
OCCHCH?CH2CN(2)CHCN(l (CH2CO(I) I l 
H2NO) CH2 

S(I) 

S(51) 

I 
H2N(53) CH2 

OCCHCH2CH2CN(52)CHCN(51)CH2CO(51) 

Il Il Il Il 
O 0 0 0 

Experimental Section 
Preparation of Crystal. An aqueous solution (1 mL) of 1 mM Cu-

C12-2H20 was added to an aqueous solution (5 mL) of 1 mM reduced 
glutathione keeping the pH value at neutral range with addition of car
bonate-free sodium hydroxide under a nitrogen atmosphere. The pH 
value of the resulting solution was finally adjusted to 11.3 at room tem-

(3) (a) Li, N. C; Gawron, O.; Bascuas, G. J. Am. Chem. Soc. 1954, 76, 
225-229. (b) Li, N. C.; Manning, R. A. Ibid. 1955, 77, 5225-5228. (c) 
White, J. M.; Manning, R. A.; Li, N. C. Ibid. 1956, 78, 2367-2370. (d) 
Martin, R. B.; Edsall, J. T. Ibid. 1959, 81, 4044-4047. 

(4) Perrin, D. D.; Watt, A. E. Biochim. Biophys. Acta 1971, 230, 96-104. 
(5) (a) Rabenstein, D. L. J. Am. Chem. Soc. 1973, 95, 2797-2803. (b) 

Fuhr, B. J.; Rabenstein, D. L. Ibid. 1973, 95, 6944-6950. 
(6) Jezowska-Trzebiatowska, B.; Formicka-Kozlowska, G.; Kozlowski, H. 

J. Inorg. Nucl. Chem. 1977, 39, 1265-1268. 
(7) Kroneck, P. J. Am. Chem. Soc. 1975, 97, 3839-3841. 

Table I. Crystal Data for Glutathione-Copper(II) Sodium Salt 
Hexahydrate, [Cu2(C20H„N6O12S2)]-Na4-6H2O 

crystal system monoclinic a = 27.876 (19) A 
space group C2 b = 12.338 (9) A 
Z-A c = 13.414 (9) A 
dx = 1.460 gem"3 (3=107.28(7)° 

V = 4405.2 A3 

Figure 1. Molecular structure of the complex. The atoms in the second 
half of the molecule have 50 added to the number of the corresponding 
atoms in the first half. 

perature. Purified ethanol (10 mL) was added to the reaction mixture 
and the precipitate filtered off. Additional ethanol (50 mL) was added 
to the filtrate to give a red-violet precipitate, which was crystallized as 
a needle-like crystal from water-ethanol (1:3) solution. The yield was 
approximately 60%. The microanalysis satisfied the molecular formula 
[Cu2(C20H24N6O12S2)]Na4-6H2O. Anal. Calcd: C, 25.78; H, 3.89; N, 
9.02; Cu, 13.64. Found: C, 25.51; H, 3.90; N, 8.77; Cu, 13.71. Mp 240 
0 C dec. The presence of four Na atoms per molecule of this complex 
was also detected by both atomic absorption and flame emission spec
trophotometries, using a Nippon Jarrell Ash AA-782. The infrared 
spectrum of the isolated Cu(II) complex showed a disappearance of 
v(SH), K(NH3

+), and HCOOH) bands at 2500, 3100, and 1700 cm-1, 
respectively, as observed in the glutathione ligand. 

Spectroscopic Measurements. The pH of all solutions was measured 
using a glass electrode, Radiometer Type PHM 62. Electronic and CD 
spectra of the Cu(II) complex were recorded on a Hitachi recording 
spectrometer (Model 200-20) and a JASCO J-20 spectropolarimeter, 
respectively. X-ray photoelectron spectra of the crystalline gluta-
thione-Cu(II) complex were recorded at -100 0C on a Varian V-IEE 15 
spectrometer. The spectra were standardized on the C Is line at 284 eV 
which results from the aliphatic hydrocarbons. The standard deviation 
of the energy values was 0.1 eV. Magnetic susceptibility was measured 
in the continuous temperature range from 55 to 293 K using a Shimadzu 
Type MB-2 magnetic torsion balance, equipped with a low-temperature 
cryostat. Manganese Tutton salt was used for the calibrations of the 
thermometers and field gradient. The temperature-independent para
magnetism per g-ion of Cu(II) was taken to be 60 X 10"6 cgs emu.8 The 
ESR measurements were carried out at 77 K under a true glass of 25% 
ethylene glycol aqueous solution using a JES-ME-3X spectrometer op
erating with 100-kHz magnetic field modulation. The ESR operating 
frequency (X-band) was measured with a Takeda-Riken microwave 
frequency counter and g values were determined taking Li-TCNQ (g = 
2.0026) as a standard. The magnetic field was calibrated by the splitting 
of Mn(II) in MgO (A#3_4 = 86.9 G). 

Crystallographic Data. The crystal grown in water-ethanol solution 
was used for the X-ray diffraction measurement. The specimen of ap
proximate dimensions 0.70 X 0.24 X 0.12 mm was sealed in a thin-walled 
glass capillary to prevent loss of the solvent of crystallization. The 
diffraction angles and the intensities were measured on a Philips PW 
1100 four-circle diffractometer using Cu Ka radiation monochromated 
by a graphite plate. Crystal data are listed in Table I. Of the total of 
4574 reflections within the 2d range from 6 to 156°, 3533 were measured 
as above the 2a(I) level and these reflections were used for the structure 
determination. 

Structure Determination by X-ray Diffraction. The crystal structure 
was determined by the heavy-atom method initially phased by the con
tributions of the two copper atoms. Repeated cycles of Fourier and 

(8) Figgis, B. N.; Martin, R. L. J. Chem. Soc. 1956, 3837-3846. 
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N1-CU1-N3 175 

01-Cul-N2 165 

Table III. Bond Angles0 (Deg) 

N51-CU51-N53 171 

051-CU51-N52 166 

Figure 2. Coordination geometry around (a) Cu(I) and (b) Cu(51). 

Table II. Bond Lengths" (A) 

CuI 

CuI-Sl 
CuI-Nl 
Cul-N2 
Cul-N3 
CuI-Ol 

S1-S51 
S1-C5 
C1-C2 
Cl -Ol 
C l - 0 2 
C2-N1 
C3-C4 
C3-N1 
C3-03 
C4-C5 
C4-N2 
C6-C7 
C6-N2 
C6-04 
C7-C8 
C8-C9 
C9-C10 
C9-N3 
C10-O5 
C10-06 

Metal-Lig; 
3.16(1) 
1.89(3) 
1.93 (2) 
1.96 (2) 
1.95 (2) 

Cu51 

and Bonds 
Cu51-S51 
Cu51-N51 
Cu51-N52 
Cu51-N53 
Cu51-051 

Ligand Molecules 
2.06(1) 
1.84(3) 
1.23(7) 
1.55 (4) 
1.46 (5) 
1.52(3) 
1.40(4) 
1.38 (4) 
1.33(5) 
1.48 (4) 
1.45 (3) 
1.42 (4) 
1.32(3) 
1.37(3) 
1.61 (4) 
1.52(4) 
1.48 (5) 
1.43(3) 
1.24 (5) 
1.10(6) 

S51-C55 
C51-C52 
C51-051 
C51-052 
C52-N51 
C53-C54 
C53-N51 
C53-053 
C54-C55 
C54-N52 
C56-C57 
C56-N52 
C5 6-054 
C57-C58 
C58-C59 
C59-C60 
C59-N53 
C60-O55 
C60-O56 

3.28(1) 
1.94(2) 
2.00 (3) 
1.97(2) 
1.95(2) 

1.85 (4) 
1.59 (4) 
1.32(3) 
1.11(4) 
1.52(4) 
1.45 (4) 
1.38(4) 
1.21(3) 
1.62(5) 
1.49(3) 
1.65 (6) 
1.25 (5) 
1.05 (7) 
1.53(6) 
1.50(5) 
1.58(3) 
1.44(4) 
1.18(5) 
1.25 (4) 

a Standard deviations are given in parentheses. 

difference Fourier syntheses coupled with structure-factor calculations 
revealed the disposition of 52 nonhydrogen atoms. The refinement of the 
coordinates and anisotropic thermal parameters of the 52 atoms by the 
block diagonal matrix least-squares method yielded an R factor of 0.17 
for 3533 reflections. The intensities were scaled to the initial state by 
using those of the three reference reflections monitored every 2 h. Only 
a slight decrease (3% during the whole process of measurement) was 
noted. Some superlattice reflections of hkl with / = half-integer were 
measured as being slightly above the 2<r(/) level, but the number of 

CuI 

Sl -CuI-Nl 
Sl-Cul-N2 
Sl-Cul-N3 
Sl -CuI-Ol 
Nl-Cul-N2 
Nl-Cul-N3 
Nl-CuI-Ol 
N2-Cul-N3 
N2-Cul-01 
N3-Cul-01 

S51-Sl-Cul 
S51-S1-C5 
Cul-Sl-C5 
C2-C1-01 
C2-C1-02 
01-C1-02 
N1-C2-C1 
C4-C3-N1 
C4-C3-03 
N1-C3-03 
C5-C4-C3 
C5-C4-N2 
C3-C4-N2 
C7-C6-N2 
C7-C6-04 
N2-C6-04 
C8-C7-C6 
C9-C8-C7 
C10-C9-C8 
C10-C9-N3 
C8-C9-N3 
O5-C10-C9 
O5-C10-O6 
C9-C10-06 
Cul-Nl-C2 
Cul-Nl-C3 
C2-N1-C3 
Cul-N2-C4 
Cul-N2-C6 
C4-N2-C6 
Cul-N3-C9 
CuI -Ol -Cl 
S1-C5-C4 

Cu51 

Metal-Ligand Bonds 
79(1) 
70(1) 
98(1) 

109(1) 
81(1) 

175(1) 
84(1) 

101(1) 
165(1) 
94(1) 

S51-Cu51-N51 
S51-Cu51-N52 
S51-Cu51-N53 
S51-Cu51-051 
N51-Cu51-N52 
N51-Cu51-N53 
N51-Cu51-051 
N52-Cu51-N53 
N52-Cu51-051 
N53-Cu51-051 

Ligand Molecules 
105 (0) 
104(1) 
85(1) 

136 (4) 
125 (4) 

99(3) 
97(3) 

115(3) 
129 (3) 
115(3) 
113 (2) 
113(2) 
107 (2) 
121 (2) 
120(3) 
119(2) 
118(2) 
113(2) 
107 (2) 
114(2) 
112(2) 
117(3) 
120(4) 
122 (4) 
122(2) 
115(2) 
123(3) 
111 (D 
128(2) 
121 (2) 
120 (2) 
100(2) 
112(2) 

Sl-S51-Cu51 
S1-S51-C55 
Cu51-S51-C55 
C52-C51-051 
C52-C51-052 
051-C51-052 
N51-C52-C51 
C54-C53-N51 
C54-C53-053 
N51-C53-053 
C55-C54-C53 
C55-C54-N52 
C53-C54-N52 
C57-C56-N52 
C57-C56-054 
N52-C56-054 
C58-C57-C56 
C59-C58-C57 
C60-C59-C58 
C60-C59-N53 
C58-C59-N53 
O55-C60-C59 
O55-C60-O56 
C59-C60-O56 
Cu51-N51-C52 
Cu51-N51-C53 
C52-N51-C53 
Cu51-N52-C54 
Cu51-N52-C56 
C54-N52-C56 
Cu51-N53-C59 
Cu51-051-C51 
S51-C55-C54 

75(1) 
68(1) 
97(1) 

110(1) 
81(1) 

171(1) 
85(1) 

101(1) 
166(1) 

93(1) 

104 (0) 
103(1) 
87(1) 

108 (2) 
123 (3) 
129(3) 
114(2) 
113(2) 
129(3) 
118 (2) 
105 (3) 
108(3) 
113(3) 
118(4) 
118(5) 
123(5) 
109 (4) 
116(3) 
107 (2) 
115 (2) 
111(2) 
114(3) 
129 (3) 
117(2) 
111(2) 
118(2) 
129 (2) 
110(2) 
126(3) 
123(3) 
119(2) 
122(2) 
110(2) 

a Standard deviations are given in parentheses. 

reflections was so small that the present unit cell was chosen for the 
structure determination. 

Results and Discussion 
Description of the Structure. As shown in Figure 1, the glu

tathione molecule coordinates with the two copper ions with the 
symmetrical two peptide groups forming a binuclear complex 
anion. The coordination of each Cu(II) ion is illustrated in Figure 
2a,b. The two five-coordinated groups are connected through 
a disulfide bridge formed between the two cysteinyl side chains. 
The coordination of Cu(I) involved the two deprotonated peptide 
nitrogens, N(I) and N(2), the glutamic amine nitrogen, N(3), 
and the glycinyl terminal carboxylate oxygen, O(l), in an ap
proximate planar coordination while the cysteinyl sulfur, S(I), 
is bonded apically to form a square pyramid. The Cu(51) ion 
is similarly coordinated to N(51), N(52), N(53), 0(51), and 
S(51). The a-carboxyl group of glutamic acid does not participate 
in the Cu(II) coordination. Except that he assumed the coor
dination of the glutamic acid carboxylate 0(5) and reversed the 
assignment of the Cu-S bonding (i.e., Cu(l)-S(51) and Cu-
(5I)-S(I)), Kroneck's proposed structure is similar.7 As clearly 
shown by the difference in the torsional angles about the S-S bond, 
Cu(l)-S(l)-S(51)-Cu(51) = -73.1° and C(5)-S(l)-S(51)-C-
(55) = 108.5°, the operation which relates the two nuclei is not 
a rotational translation along the disulfide bond but rather is a 
simple rotation about the pseudodiad axis running perpendicular 
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Table IV. Deviations of Atoms from the Least-Squares Plane (Kf 

Deviations from the Basal Plane of the Coordination Pyramid 
Nl 
N2 
N3 
Ol 
CuI* 
Sl* 
Cl* 
02* 
C2* 
C3* 
03* 
C4* 
C6* 
C9* 

CuI 
Ol 
Cl 
C2 
Nl 
02* 

CuI 
Nl 
C3 
C4 
N2 
03* 

Cl 
C2 
Ol 
02 

Nl 
C3 
03 
C4 

N2 
C6 
04 
C7 

ClO 
C9 
05 
06 

a Atoms marked with an asterisk are not included in the least-
squares claculations. 

to the disulfide bond. The equatorial planes of the two coordinated 
groups form an angle of 122.5° with each other. The distance 
between the Cu(II) ions is rather short (5.21 A) but the metal 
ions are separated by the disulfide bridge adopting the confor
mations described above. This situation presumably accounts for 
the lack of magnetic interaction between the two Cu(II) ions (see 
the subsequent sections). The bond lengths and valency angles 
calculated for each coordinated group are shown in Figure 2a,b 
and Tables II and III. The values are normal and in good overall 
agreement if large standard deviations are permitted (0.04 A for 
C-C and 3° for C-C-C). However, some comments should be 
made on the distortions of the coordination geometry. The present 
complex showed no significant deviation of Cu(II) from the basal 
plane formed by the four equatorial ligand atoms. As seen in Table 
IV, which lists the deviations of atoms from the basal plane (root 
mean square deviations are 0.051 and 0.077 A for Cu(I) and 
Cu(51) coordination planes, respectively), the planarity of the 
chelate atoms is poor and the deviation of Cu(II) is in the same 
order of magnitude as that of the other ligand atoms (0.026 and 
0.072 A for Cu(I) and Cu(51), respectively). On the other hand, 
the axial Cu-S bond markedly deviates from the normal of the 

-0.059 
0.051 

-0.043 
0.051 
0.026 

-2.917 
-0.099 
-0.197 
-0.029 
-0.359 
-0.510 
-0.649 

0.486 
-0.660 

N51 
N52 
N53 
051 
Cu51* 
S51* 
C51* 
052* 
C52* 
C53* 
053* 
C54* 
C56* 
C59* 

Deviations from Chelate Ring 
Glycyl Residue 

-0.004 Cu51 
0.032 

-0.059 
0.047 

-0.016 
-0.151 

051 
C51 
C52 
N51 
052* 

Cysteinyl Residue 
-0.140 Cu51 

0.073 
0.056 

-0.215 
0.225 
0.117 

N51 
C53 
C54 
N52 
053* 

Carboxyl and Amide Group 
-0.037 C51 

0.016 
0.011 
0.010 

-0.015 
0.050 

-0.018 
-0.017 

-0.014 
0.040 

-0.013 
-0.013 

-0.047 
0.013 
0.015 
0.019 

C52 
051 
052 

N51 
C53 
053 
C54 

N52 
C56 
054 
C57 

C60 
C59 
055 
056 

-0.087 
0.075 

-0.067 
0.079 
0.072 

-2.934 
-0.069 
-0.220 
-0.135 
-0.519 
-0.740 
-0.534 

0.628 
-0.612 

-0.011 
0.021 

-0.020 
0.008 
0.002 

-0.148 

-0.133 
0.125 

-0.035 
-0.116 

0.158 
0.002 

0.026 
-0.006 
-0.008 
-0.011 

0.008 
-0.027 

0.011 
0.008 

-0.019 
0.055 

-0.023 
-0.013 

-0.022 
0.006 
0.008 
0.008 
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Table V. Endocyclic Torsion Angles (Deg) Calculated for 
Various Chelate Rings 

CuI-01-C1-C2 ^12 Cu51-051-C51-C52 ~A 
01-C1-C2-N1 13 051-C51-C52-N51 3 
Cl-C2-Nl-Cul -7 C51-C52-N51-Cu51 -1 
C2-Nl-Cul-01 2 C52-N51-Cu51-051 -1 
Nl-CuI-Ol-Cl 3 N51-Cu51-051-C51 3 
Cul-Nl-C3-C4 5 Qi51-N51-C53-C54 -12 
N1-C3-C4-N2 -27 N51-C53-C54-N52 -7 
C3-C4-N2-Cul 38 C53-C54-N52-Cu51 21 
C4-N2-Cul-Nl -29 C54-N52-Cu51-N51 -21 
N2-Cul-Nl-C3 14 N52-Cu51-N51-N53 19 
Cul-N2-C6-C7 -9 Cu51-N52-C56-C57 0 
N2-C6-C7-C8 81 N52-C56-C57-C58 83 
C6-C7-C8-C9 -53 C56-C57-C58-C59 -63 
C7-C8-C9-N3 -46 C57-C58-C59-N53 -38 
C8-C9-N3-Cul 87 C58-C59-N53-Cu51 83 
C9-N3-Cul-N2 -29 C59-N53-Cu51-N52 -23 
N3-Cul-N2-C6 -26 N53-Cu51-N52-N56 -37 
Cul-N2-C4-C5 -88 Cu51-N52-N54-C55 -94 
N2-C4-C5-S1 53 N52-C54-C55-S51 57 
C4-C5-Sl-Cul -10 C54-C55-S51-Cu51 -12 
C5-Sl-Cul-N2 -22 C55-S51-Cu51-N52 -22 
Sl-Cul-N2-C4 52 S51-Cu51-N52-C54 57 

Figure 3. Projection of the crystal structure along the b axis showing the 
arrangement of the sodium ion hydration polyhedra. Hydrogen bonds 
are shown by broken lines. Because of the disorder of the water mole
cules, W(9) and W(IO) were assigned the occupancy factor of l/2. Some 
hydrogen bond distances involving W(9) and W(IO) have abnormal 
values. 

basal plane. The inclination angles are found to be as much as 
21° for Cu(I) and 23° for the Cu(51) coordination pyramid. 
These distortions can probably be accounted for by the formation 

i i 

of the unique five-membered chelate ring, Cu-N-C-C-S, uti
lizing the axial coordination site. The average Cu-S distance (3.22 
A, range 3.16-3.28 A) is seen as the sum of the square dsp2 radius 
for Cu(II) of ca. 1.30 A and the van der Waals radius of 1.85 
A.9 A somewhat longer value is consistent with a weak bonding 
interaction.10 The distortion of the equatorial rings should also 
be noted. If one looks at the angles subtended by the ligand atoms 
at the central Cu(II) ion, it is evident that small angles of about 
83° are found for the five-membered chelate rings while for the 
seven-membered rings large angles of about 100° are observed. 
The conformation of each chelate ring is illustrated by denoting 
the endocyclic torsion angles (see Table V). The terminal 

• i 

five-membered ring (C-O-Cu-N-C) adopts a nearly planar 

conformation while the second ring (C-N-Cu-N-C) takes an 
envelope form with a flap atom N(2) or Cu(51) (the conformation 
is slightly different for the two coordinated groups). Both sev
en-membered rings adopt a boat conformation with flagpoles at 
C(9), N(2)-C(6) and C(59), N(52)-C(56), respectively. 

The elemental analysis indicated that the present crystal con
tains four sodium atoms and six water molecules per molecule 

(9) Brown, B. W.; Lingafelter, E. C. Acta Crystalhgr. 1964,17, 254-259. 
(10) Thich, J. A.; Mastropaolo, D.; Potenza, J.; Schugar, H. J. /. Am. 

Chem. Soc. 1974, 96, 726-731. 
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Table VI. Coordination Distances around the Sodium Ions" 

atom coordinate to distance, A 

NaI 

Na2 

Na 3 

Ol 
02 
051 
052 
0W2 
0W3 
0W5 
05 
052 
0W2 
0W3 
0W7 
0W8 
055 X 2C 

0W9b X 2 
OWlO6 X 2 

2.25 (2) 
2.46 (4) 
2.51(3) 
2.57(3) 
2.33 (2) 
2.21 (4) 
2.67 (5) 
2.73(3) 
2.09 (3) 
2.32(3) 
2.45 (5) 
2.65 (3) 
2.34 (4) 
2.29(3) 
2.67 (4) 
2.53 (6) 

0 Standard deviations are given in parentheses. b A reduced 
occupancy factor of 'J2 was assumed. c Since Na3 lies on the 
diad axis, equivalent bond lengths appear twice. 

T ( 0 K ) 200 300 

Figure 4. Inverse molar susceptibilities of [CuIIGSSGCuII]Na4-6H20 
complex vs. temperature. 

of the complex. However, the result of the X-ray structure de
termination showed that there are 2.5 sodium ions and 7.5 water 
molecules contained in an asymmetric unit (0.5 comes from the 
atoms lying on the diad axis) together with one molecule of the 
complex and that no further sodium ions and water molecules can 
be located on the difference electron density map. The ar
rangement of the hydrated sodium ions is shown in Figure 3 and 
coordination geometries around the sodium ions are summarized 
in Table VI. As seen in Figure 3 and Table VI, Na(I) , Na(2), 
and Na(3) coordinate to four, two, and two carboxyl oxygens and 
three, four, and four water oxygen atoms, respectively forming 
seven-, six-, and six-coordinated groups. The coordination poly
hedra of Na(I) and Na(2) are connected by sharing their edges 
and the combined polyhedra are further connected with sym
metry-related polyhedra by sharing corners to form a ring of 
polyhedra. The rings are separated in the b and c directions by 
another polyhedra formed by Na(3) and in the a direction of the 
complex anions. Between the polyhedra and complex anions, there 
are several hydrogen bonds stabilizing the crystal structure. 

Magnetic Susceptibility. Magnetic susceptibility of the isolated 
Cu(II) complex showed an excellent accordance with the Cu
rie-Weiss law, with a Curie constant of 0.77 (K-emu)/mol and 
a Weiss constant of 0.5 ± 2 K. The correction for the diamagnetic 
contribution (xaia = -0-276 X 10"3 emu/mol) was calculated both 
by Pascal's method on the basis of determined structure and by 
measuring the diamagnetic contribution of the reduced glutathione. 
No particular deviation from the straight lines was detected on 
the l / x -^p lo t throughout the present temperature (see Figure 
4). The effective magnetic moment ne!! =1.75 ^8/copper justifies 
the conclusion that the respective binding copper atoms exist in 

Figure S. ESR spectra of the isolated glutathione-Cu(II) complex in 1:4 
ethylene glycol-water solution at pH 11.3 (77 K). Spectrum (b) shows 
the perpendicular region. 

a divalent state. Furthermore, the small 6 value indicates that 
the interatomic magnetic interaction between two copper nuclei 
is actually negligible. An intermolecular spin exchange or an-
tiferromagnetic interaction (J < 0) has been reported for the 
coplanar dimer, in which the interatomic Cu(II)-Cu(II) distance 
is ca. 6 A," and effective overlap between the two unpaired orbitals 
( d j ^ ) can thus be expected. In the stacked square-planar 
structure, as demonstrated by X-ray analysis, the interaction 
through the axial ligand should be weak in comparison with the 
case of a coplanar dimer, since the weak axial interaction is most 
likely in the dx2_^ ground state doublet. The same theoretical 
conclusion is applied to axial bridged Cu(II) dimer with a five-
coordinated metal center (C40 symmetry).12 

Electron Spin Resonance Spectra. The ESR spectra of the 
isolated Cu(II) complex at 77 K and pH 11.3 are shown in Figure 
5. Figure 5b clearly shows that the ESR splitting of the per
pendicular region is not due to nitrogen (14N, / = 1) superhyperfine 
splitting, but to the anisotropy in the x and y directions. The spin 
Hamiltonian parameters determined were as follows; gZI = 2.251, 
gxx = 2.047, gyy = 2.038, A21 = 111.2, A1x = 43.8, and An = 36.0 
G. Kroneck reported that the 1:2 oxidized glutathione-Cu(II) 
complex at 110 K and pH 11.0 shows a weak ESR signal at g 
- 4 resulting from the spin-forbidden An, = 2 transition in a 
spin-coupled Cu(II) dimer which has metal-metal interactions 
via the disulfide bridge.7 In the present isolated glutathione-Cu(II) 
complex, however, the ESR absorptions at half-field (g = 4) have 
never been observed. The lower Alz value by approximately 20 
G as compared with the square-planar complex is indicative of 
a reduced electron density along the perpendicular axis of the 

(11) (a) Lewis, D. L.; Hatfield, W. E.; Hodgson, D. L. lnorg. Chem. 1972, 
11, 2216-2221. (b) O'Young, C-L.; Dewan, J. C; Lilienthal, H. R., Lippard, 
S. J. J. Am. Chem. Soc. 1978, WO, 7291-7300. 

(12) Hay, P. J.; Thibeault, J. C; Hoffmann, R. /. Am. Chem. Soc. 1975, 
97, 4884-4899. 
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400 500 
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600 

Figure 6. Visible and circular dichroism spectra of the isolated gluta-
thione-Cu(II) complex in aqueous solution at pH 11.3. 

Table VII. Electron Binding Energies (eV) and Satellite Splittings 

compd 

glutathione-Cu(II) 

crystal 
iV-mercaptoacetyl-

glycyl-L-histidine 
Cu(IIMgIy cine), 
K2 [Cuir(NHCONH-

CONH)2]-4H2O 
Cu(I)-SCN 

Cu 2p3 / 2 

satel
lite 

943.9 

943.5 

942.8 
943.3 

main 
peak 

933.1 

932.1 

934.8 
934.8 

933.1 

S2p 

163.4 

167.5 
163.0 
167.4 

164.3 

N Is 

399.4 

399.2 

399.9 
398.9 

399.1 

O Is 

531.2 

530.8 

531.6 
531.5 

N a I s 

1071.1 

copper site. 
Electronic and Circular Dichroism Spectra. The violet gluta-

thione-Cu(II) complex gave an absorption maximum at 16 860 
cm"1 (t 95/copper) and CD extrema at 25 000 (Ae -0.02), 18 700 
(-0.63), and 15 300 cm"1 (+0.53), respectively (see Figure 6). A 
band in the ultraviolet region displayed a shoulder at 40 800 cm"1 

(« 8000) which is assigned to a N(<r) - • Cu(II) charge transfer 
(CT) transition.14 The visible absorption is similar to that of the 
tetraglycine-Cu(II) complex which has a five-coordinated geom
etry at pH 8.15 It is well known that the d-d transitions for Cu(II) 
complexes with a square-pyramidal geometry (C41,) occur with 
slightly lower energy (<19000 cm"1) than those of the square-
planar complex.16 The visible bands at 18 700 (dXZJ,z—"-d^y) and 
15 300 cm"1 ( d^ -^d^ j ) seen in the present complex suggest the 
Cu(II) complex of a square-pyramidal type. As for the sulfur 
donor, the sulfur coordination in equatorial position has been 
demonstrated to show a CT transition at ca. 25 000 cm"1 with a 
strong intensity (e >1000).17 The CD extremum at near 25 000 
cm"1 in the present Cu(II) complex is assigned to S(<r) — Cu(II) 
CT transition. In contrast with the equatorial sulfur binding, the 
considerably weak intensity of the axial sulfur binding is related 

(13) Sugiura, Y. Inorg. Chem. 1978, 17, 2176-2182. 
(14) Amundsen, A. R.; Whelan, J.; Bosnich, B. / . Am. Chem. Soc. 1977, 

99, 6730-6739. 
(15) (a) Kim, M. K.; Martell, A. E. J. Am. Chem. Soc. 1966,88, 914-918. 

(b) Koltun, W. L.; Roth, R. H.; Gurd, F. R. N. J. Biol. Chem. 1963, 238, 
124-131. 

(16) (a) Tomlinson, A. A. G.; Hathaway, B. J. J. Chem. Soc. A 1968, 
1905-1909. (b) Hunter, P. W. W.; Webb, G. A. J. Chem. Soc, Dalton Trans. 
1973, 26-29. 

(17) (a) Sugiura, Y.; Hirayama, Y. / . Am. Chem. Soc. 1977, 99, 
1581-1585. (b) Jones, T. E.; Rorabacher, D. B.; Ochrymowycz, L. A. Ibid. 
1975, 97, 7485-7486. (c) Ferris, N. S.; Woodruff, W. H.; Rorabacher, D. 
B.; Jones, T. E.; Ochrymowycz, L. A. Ibid. 1978, 100, 5939-5942. 

170 166 

Figure 7. X-ray photoelectron spectra of the crystalline [Cu11GSS-
GCu"]Na4-6H20: (a) Cu 2p3/2 and (b) S 2p region. 

to the poor overlap between the axially disposed cysteinyl sulfur 
and the ground-state orbital (d^y) of the color center. The same 
point has been made by Amundsen et al., who in electronic ab
sorption studies found that a new band at 27 500 cm"1 appeared 
by apical coordination of RS".14 

X-ray Photoelectron Spectra. Figure 7 shows the X-ray PES 
of the present Cu(II) complex in (a) Cu 2p3/2 and (b) S 2p regions, 
respectively. The binding energy obtained was as follows: Cu 
2P3/2 = 933.1 (main peak) and 943.9 (satellite), S 2p = 163.4 
(main peak) and 167.5 (minor peak), N I s = 399.4, O l s = 531.2, 
and Na Is = 1071.1 eV. Table VII summarizes the X-ray PES 
data of the present glutathione-Cu(II) complex and its related 
peptide-Cu(II) complexes.13,18 The Cu(II) complexes of nit
rogenous ligands such as glycine and biuret exhibit the Cu 2p3/2 

main signal at approximately 935 eV with a satellite peak. On 
the contrary, Cu(I) complexes always display the homogeneous 
Cu 2p3/2 signal near 933 eV and lack the satellite peak.18 The 
Cu 2p3/2 binding energy (933.1 eV) of the crystalline gluta-
thione-Cu(II) complex appears to indicate that copper is present 
in the oxidation state near 1+. In general, the N Is binding 
energies of Cu-N(amino group) and Cu-N(deprotonated amide 
group) are 400.0 and 398.9 eV, respectively.18 The N Is binding 
energy (399.4 eV) of the complex we demonstrated is consistent 
with the value of V6 X 2 [N ls(amino) + 2 X N ls(amide)], 
supporting the structure of a Cu(II) complex coordinated by one 
amino and two deprotonated nitrogen donors. In fact, the violet 
bis(biuret)-Cu(II) complex, in which copper is coordinated to four 
deprotonated amide nitrogen atoms, has the low binding energy 
(398.9 eV) of N Is. The O Is binding energy (531.2 eV) of the 
Cu(II) complex suggests the presence of a coordinated oxygen 
atom, because the O Is values of various amino acid-Cu(II) 
complexes and free amino acids are in the ranges of 531.1-532.2 
and 530.5-531.0 eV, respectively.18 Our product has been also 
identified as a Na salt (Na Is = 1071.1 eV) of [Cu11GSSGCu11]4-
on the basis of its composition. The sulfur 2p value is detectable 
at 163.4 and 167.5 eV. The minor sulfur signal at 167.5 eV is 
presumably due to some oxidized sulfur (RSO3")18 or to a satellite 
of the S 2p signal based on a S —• Cu(II) charge transfer (LMCT) 
transition.19 It is known that the sulfur 2p region X-ray PES 
of plastocyanin20 and several sulfur-containing peptide-Cu(II) 

(18) (a) Rupp, H.; Weser, U. Biochim. Biophys. Acta 1976, 446, 151-165. 
(b) Bioinorg. Chem. 1976, 6, 45-59. 

(19) Frost, D. C; Mcdowell, C. A.; Tapping, R. L. J. Electron Spectrosc. 
Relat. Phenom. 1975, 7, 297-309. 
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complexes13,19 consist of two signals separated by approximately 
5 eV. For this assignment, however, there are different opin
ions.20'21 Gray and co-workers reinterpreted that the S 2p high 
binding energy (HBE) signal of plastocyanin resulted from the 
oxidation of sulfur as a result of bombardment by the X-rays.22 

Larsson proposed the possibility of LMCT transition for the HBE 
line.23 Probably, the photoredox behavior of the Cu(II)-S 
complexes accounts for the decrease of the Cu 2p3/2 binding energy 
and for the induction of the S 2p HBE line. 

In conclusion, this study clarified the unique structure of the 

(20) (a) Solomon, E. I.; Clendening, P. J.; Gray, H. B.; Grunthaner, F. J. 
J. Am. Chem. Soc. 1975, 97, 3878-3879. (b) Wurzbach, J. A.; Grunthaner, 
P. J.; Dooley, D. M.; Gray, H. B.; Grunthaner, F. J.; Gay, R. R.; Solomon, 
E. I. Ibid. 1977, 99, 1257-1258. 

(21) Peeling, J.; Haslett, B. G.; Evans, I. M.; Clark, D. T.; Boulter, D. J. 
Am. Chem. Soc. 1977, 99, 1025-1028. 

(22) Thompson, M.; Whelan, J.; Zemon, D. J.; Bosnich, B.; Solomon, E, 
I.; Gray, H. B. J. Am. Chem. Soc. 1979, 101, 2482-2483. 

(23) Larsson, S. J. Am. Chem. Soc. 1977, 99, 7708-7709. 

binuclear Cu(II) complex of glutathione, a typical ligand of bi
ological origin. The essential characteristics of the present Cu(II) 
complex are unique axial sulfur coordination in a distorted 
square-pyramidal geometry and the presence of two copper sites 
via a disulfide bridge. The bond distance and direction of the 
apical S-Cu(II) are 3.22 A and bent by 22° from the basal plane, 
respectively. The internuclear dipolar interaction between two 
Cu(II) ions is negligibly small, though the Cu(II)-Cu(II) distance 
via the disulfide bridge is 5.21 A. The magnetic susceptibility 
and ESR features of the Cu(II) complex also support the result. 
Our crystallographic and spectroscopic results provide valuable 
information for biologically significant glutathione-Cu(II) com
plexes. 
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Abstract: The effect of electron correlation on the electron distribution and bonding of diborane is examined in several basis 
sets. The generalized molecular orbital method is used to define optimized orbitals for the configuration interaction calculations. 
The results indicate that at least double- f (two functions per atomic orbital) and polarization functions (d functions on B and 
p functions on H) are needed to adequately describe the electron density of diborane. Electron correlation shifts electron density 
away from the hydrogens, both terminal and bridging, and into the interior of the cluster and increases the direct B-B contribution 
to the bonding. We have also calculated the dissociation energy of diborane (B2H6 —* 2BH3). The experimental value is 35 
kcal/mol, while without electron correlation the theoretical value is only about 20 kcal/mol. Thus, electron correlation increases 
the stability of the cluster by about 15 kcal/mol. Our results suggest that the substantial effect of electron correlation on 
the bonding of diborane is a general result and will apply to other cluster systems. 

There has been considerable interest in the electronic structure 
of the electron-deficient borane clusters.' Because these clusters 
are electron deficient, there are one or more low-lying nonbonding 
orbitals which are unoccupied in the single-determinant approx
imation. We speculated that this might give rise to important 
near-degenerate correlation effects in these systems. Furthermore, 
the B-H bond distance for bridging for boron-hydrogen bonds 
is longer and closer to dissociation than the terminal boron-hy
drogen bonds. Therefore, electron correlation might be more 
important for these bridging bonds than for the terminal ones. 

Diborane, the simplest cluster in this series, was chosen for study 
by the generalized molecular orbital (GMO) technique.2 This 
technique is a simple means of obtaining a set of primary orbitals 

(1) (a) Switkes, E.; Epstein, I. R.; Tossell, J. A.; Stevens, R. M.; Lipscomb, 
W. N. J. Am. Chem. Soc. 1970, 92, 3837. (b) Epstein, I. R.; Marynick, D. 
S.; Lipscomb, W. N. J. Am. Chem. Soc. 1973, 95, 1760. (c) Lipscomb, W. 
N. "Boron Hydrides"; W. A. Benjamin: New York, 1963. (d) Yamabe, S.; 
Minato, T.; Fujimoto, H.; Fukui, K. Theor. Chim. Acta 1974, 32, 187. (e) 
Kleier, D. A.; Halgren, T. A.; Hall, J. H.; Lipscomb, W. N. J. Chem. Phys. 
1974, 61, 3905. (f) Muetterties, E. L. "Boron Hydride Chemistry"; Academic 
Press: New York, 1975. 

(2) (a) Hall, M. B. Chem. Phys. Lett. 1979, 61, 467. (b) Int. J. Quantum 
Chem. 1978, 14, 613. (c) Int. J. Quantum Chem. Symp. 1979, 13, 195. 

Table I. Total Energies and Number of Spin Configurations for 
BH, Calculations0 

HF 
GMO 
GMOCI 
GMOPL 
GMOSD 
GMO SD(Q)6 

MIN 

-26.077 
-26.095 [13] 
-26.125 [61] 
-26.125 [61] 
-26.125 [61] 
-26.126 

DZ 

-26.376 
-26.393 [13] 
-26 .423(61] 
-26 .429(280] 
-26.438 [517] 
-26.440 

DZP 

-26.390 
-26.410 [13] 
-26.429 [61] 
-26.463 [595] 
-26.495 [1942] 
-26.500 

" Atomic units (hartrees); number of spin configurations in 
brackets. b Quadruples estimated from Davidson's formula. 

for use in a configuration interaction (CI) calculation. It is 
particularly well suited for systems with a large number of 
electrons in the same region of space as one finds in clusters. In 
addition to the general question of the importance of electron 
correlation in the bonding of diborane, the value of the dissociation 
energy of diborane into two borane fragments has been a matter 
of controversy. The experimental values cluster around 60 
kcal/mol from mass spectral studies3 and around 35 kcal/mol from 
kinetic measurements.4 Previous theoretical works5 suggest that 
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