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References and Notes show that the mixed ligand dinuclear complexes are relatively unstable 
with respect to the mononuclear complexes. 

(19) Of the metal ions studied in ref 5 only Cu(II) has a sufficiently high affinity 
for oxac2- that the bis complex is likely to be formed under the conditions 
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decrease with an increase in the number of deprotonated-peptide groups. Bound hydroxide groups in the place of equatorial 
carboxylate groups and C-substituents in the chelated amino acid residues also decrease the value of £°, but to a lesser extent. 
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the electrode potential of a copper complex to be estimated on the basis of the nature of the ligand. The triply deprotonated 
peptide complexes and the highly C-substituted tripeptide complexes of copper have effective potentials at physiological pH 
such that O2 oxidation to Cu(III) is thermodynamically possible. From a correlation between the potentials and visible absorp
tion maxima of the copper(II) peptides it is concluded that the relative gain in the crystal field stabilization energy for the 
change from d9 Cu(II) tod8 Cu(III) is an important factor in the overall thermodynamic stability of the Cu(III)-peptide com
plexes. 
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Trivalent copper has generally been considered to be an 
uncommon oxidation state, although a limited number of 
Cu(III) compounds have been identified in the solid state1'2 

and a few complexes have been prepared in nonaqueous solu
tions.3'4 In aqueous solution Cu(HI)-aquo and Cu(III)-amine 
complexes, generated by pulse radiolysis, are transient species 
which decay rapidly.5 In the work of Levitski, Anbar, and 
Berger,6 I rCU 2 - was used to oxidize Cu(II)-tetra-L-alanine 
to a Cu(III) complex which was proposed as an intermediate 
species prior to further oxidation and fragmentation of the 
peptide. Bour and Steggerda2 isolated crystalline Cu(III) 
complexes of biuret and oxamide, providing some of the first 
evidence that Cu(III) could be stabilized by deprotonated 
amide groups. The copper(II) complexes of oligopeptides 
promote ionization of the peptide hydrogens upon complexa-

tion and the resulting deprotonated-peptide groups are strong 
in-plane donors. Systematic studies of the solution behavior 
of oligopeptide complexes using potentio'metric and spectro-
photometric methods have given copper(II)-peptide stability 
constants and have provided evidence for coordination of the 
deprotonated-peptide group.7-15 

The copper complexes of diglycine, triglycine, and tetra-
glycine were studied by infrared (D2O solutions) in addition 
to the other techniques and also gave evidence for deproto
nated-peptide nitrogen bonding.16 18 ESR has been used to 
study several copper(II)-peptide complexes,19-21 while 
ORD-CD has been used to examine nickel(II)-peptide com
plexes.22 In addition both divalent nickel and copper complexes 
have been studied with proton NMR.2 3 In a complex with Ii-
gands such as tetraglycine as many as three deprotonated-
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peptide nitrogens can be bound to copper depending upon the 
pH. Structure I shows the triply deprotonated form of cop-

CH,—C^i'(-) 

COCT 

per(II) tetraglycine Cu"(H_3G4)2- . Freeman and co-workers 
have determined the crystal structure of this d9 complex,24 the 
analogous d8 nickel(II) complex,25 and many other metal-
peptide complexes.26-29 The kinetics and mechanisms of metal 
ion and proton transfer reactions for divalent copper and nickel 
oligopeptide complexes have been studied extensively.30 

Studies in our laboratory of the autoxidation of Cu(II)-
peptide complexes suggested that long-lived Cu(III)-peptide 
complexes are found in aqueous solution.31'32 Our subsequent 
work33 provided evidence for a readily accessible Cu(III) 
complex of tetraglycine, Cu l , l (H_ 3G4) - , which was prepared 
by chemical oxidation and characterized in aqueous solution. 
The low potential for the C u l l l l l ( H - 3 G 4 ) - 2 - couple (0.63 V) 
is of special interest because it indicates that this type of 
Cu(III) complex is more stable thermodynamically than had 
been suspected. In the present work we have measured the 
electrode potentials for 40 Cu'"' , I-peptide complexes (in
cluding peptide amides) in order to determine what factors lead 
to thermodynamic stabilization of Cu(III) relative to Cu(II). 
Cyclic voltammetry was used for these measurements and the 
reliability of the potentials was confirmed by redox equilibria 
with IrCl6

2 - , I rCl 6
3 - for five of the complexes. The potentials 

are very sensitive to the nature of the coordinating groups, 
spanning a range from more than 1.0 V to less than 0.5 V. The 
potentials decrease with an increase in the number of depro-
tonated-peptide and deprotonated-amide groups, but also are 
influenced by a number of other factors. It is possible to cor
relate the visible absorption spectra of the Cu(II) complexes 
with the Cu1" '" potentials. 

Experimental Section 

The peptides used to form the copper complexes are listed in Table 
I. The following abbreviations are used for the amino acid residues 
(L-isomers) of the peptides: glycyl, G; alanyl, A; /J-alanyl, /3A; valyl, 
V; leucyl, L; isoleucyl, I; phenylalanyl, F; histidyl, his; aspartyl, asp; 
and lysyl, lys. GGa is glycylglycylamide, etc. The source of each 
commercially available peptide is listed in Table I. The preparation 
of the jY-formyl derivatives and the properties of their copper com
plexes are reported elsewhere.34 The fully deprotonated complexes 
of Cu"(H_4NfG3a)2-, Cu"(H-4NfGGAa)2-, Cun(H-4NfG4)3-, 
and Cun(H-4NfG5)3~ form above pH 11, while the complexes of the 
/V-formyltripeptides form triply deprotonated species above pH 10. 

Solutions of the copper(II) complexes (5 X 10-4 M) were prepared 
by the reaction of solutions of Cu(C104)2 with the peptides in 5 to 10% 
excess. The pA"a values of the fully deprotonated forms of the com
plexes are listed in Table I. The pH was adjusted with 0.1 M NaOH 
to the value listed in the subgroup headings in Table I. The fully 
deprotonated forms of the complexes predominate at these pH values. 
The ionic strength was adjusted to 0.10 M with NaClO4 (prepared 
from Na2CO3 and HClO4). The wavelengths of the visible absorption 
maximum of many of the fully deprotonated copper(H)-peptide 
complexes are listed in Table I. Cyclic voltammetry was performed 
at 25.0 0C, using freshly prepared copper(II)-peptide solutions, with 
a three-electrode system consisting of a carbon paste working elec
trode, a platinum wire auxiliary electrode, and a saturated NaCl 
calomel reference electrode. Voltammograms were generated using 
a Bioanalytical Systems CV-I instrument and recorded on a Hew

lett-Packard HP7035B X-Y recorder. Preconditioning of the carbon 
paste electrode by cycling between the potential limits of the solvent 
was necessary to obtain quasi-reversible current-potential curves. The 
E0 values were determined as the midpoint between the peak potentials 
with an accuracy of ±5 mV. The electrode potentials were obtained 
from an average of at least three separate cyclic voltammetric mea
surements and have a reproducibility of ±5 mV for most cases. All 
the E0 values listed in Table I are given in terms of standard electrode 
potentials vs. NHE. 

The redox-pH profiles were obtained over a pH range of 4.5-8.5 
by the reaction of equimolar concentrations of copper(II) peptide and 
IrCl6

2- (2.5 X 1O-4 M). The solutions of Cu(II) complexes were 
prepared by the reaction of equivalent amounts of peptide or peptide 
amide with Cu(ClO4J2 solutions. The pH was adjusted using 0.1 M 
NaOH and ionic strength was adjusted to 0.10 M with NaClO4. 
Commercial sources of Na2IrCl6 contain varying amounts of 
Ir111Cl6

3- and therefore pure Na2IrlvCl6 was obtained by bubbling 
Cl2 through the solutions which were then freeze-dried. The purity 
was checked spectrophotometrically and solutions were standardized 
with Fe(CN)6

4-. Stock solutions of IrCl6
2" were freshly prepared 

before each set of experiments and were kept slightly acidic to avoid 
decomposition. Acetate buffer (2 X 10~3 M) was used for pH 4.5-6.0 
and the reactants were unbuffered at higher pH. The pH was mea
sured after the reaction and was corrected for ionic strength effects 
(-log [H+] = pH - 0.11). The redox equilibrium was measured by 
the disappearance of Ir(IV) 490 nm (c 4075 M - 1 cm -1)35 and si
multaneously by the appearance of Cu(III) at 365 nm. The mea
surement must be obtained soon after mixing, especially at high pH, 
where the rate of decomposition of the Ir(IV) and of the Cu(III) 
complexes becomes appreciable. At higher pH stopped-flow mixing 
was used. Uncomplexed peptide ligands and many common buffers 
must be avoided because they react with iridium. Concentrations of 
the IrCl6

2- were calculated from the absorbance measurements at 
490 nm with corrections made for contributions from the Cu(III) 
species. Similarly, Cu(III) concentrations were calculated from the 
absorbance at 365 nm with corrections made for contributions from 
IrCl6

2-. The absorbance due to the Cu(II) complex and IrCl6
3- was 

negligible at both wavelengths. 
Visible measurements were obtained using a Cary 16, a Cary 14, 

and a Durrum stopped-flow spectrophotometer. A radiometer PHM 
26 pH meter was used for pH measurements. 

Results 

Potentials Measured Using IrC^2 - . In the oxidation of 
copper peptides by IrCl62 - the offsetting of the redox equi
librium by acid-base equilibria permits very accurate deter
minations of £ ° values and permits the number of deproto-
nated-peptide (amide) or hydroxide groups in the Cu(III) 
complex to be assigned. The E0 values from the iridium studies 
serve to calibrate those measured by cyclic voltammetry and 
to confirm those values even when the systems were not com
pletely reversible electrochemically. In each case only one 
Cu(III) species was found, although there can be several 
Cu(II) species present in solution. The stopped-flow kinetics 
of Cu(III) formation by I rCl 6

2 - oxidation confirm this. All 
the Cu(III) complexes have strong absorption bands near 365 

Cu^H-aGsa)- + IrCl6
2- 5 = * Cum(H-3G3a) + IrCl6

3- (1) 

Cu(H_2G3a) 

Cu(H-Aa)+ 

I-
CuG^a2+ 

1-
_Cu2+ + HG3a+_ 
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Copper-peptide 

Tripeptides/ pH 7.7 
GGG 
AGG 
GAG 
GGA 
GAA 
AAA 
LGG 
GGL (pH 8.7) 
GLG 
LGL (pH 8.7) 
LLL (pH 8.7) 
VGG 
GGV 
IGG 
GGI 
GGF 
GGBA 

Dipeptide amides'' 
GGa 
GAa 
AAa 

Ligand 
source 

J 
g 
g 
g 
g 
g 
h 

g 
h 
k 

g 
h 
h 
I 

g 
i 
h 

J 
h 
h 

Histidine-containing peptides/ pH 7.5 
GGhis 
GGhisG 
asp-ala-his-lys 

i 

g 
g 

Tripeptide amides,6 pH 9.5 
G3a 
GGAa 
VGGa 

h 
i 
h 

Higher order peptides and peptide amides/ 
G4 

AG3 

G4a 
G5 

G4A 
G6 

A4 

V4 

A'-Formyl tripeptides/ 
NfG3 

NfA3 

A'-Formyl peptides and 
NfG4 

NfG5 

NfG3a 
NfGGAa 

g 
g 
i 

g 
g 
g 
g 
g 

pH 10.0 
m 
m 

peptide amides / pH 
m 
m 
m 
m 

Cu»(H_,L) 

P * . 

6.72 (x = 2)" 
6.72 (x = 2)° 
6.50 (x = 2)" 
6.77 (x = 2)" 

7.21 (x = 2)° 
6.43 (x = 2)" 

6.08 (x = I)P 

9.82 (X = 2, OH)" 

~4.9 (x = 2)s 

8.69 (x = 3)" 

pH9.5 
9.16 (x = 3)« 
9.4 (x = 3)° 

8.04 (X = 3 ) ' 
8.13 (JC = 3)° 

11.5 

^max, nm 

555 
— 
— 

551 
546 
543 
— 

545 
— 
— 
— 
— 

543 
— 
541 
— 
555 

575 
— 
— 

525 
526 
531 

517 
— 
— 

515 
— 
— 

510 
— 
— 
— 

520 

538 
527 

523 
— 
507 
— 

A, mV« 

78 
79 
78 
74 
84 
82 
73 
73 

UO 
75 
89 
88 
72 
85 
72 
74 
76 

110 
120 
140 

82 
73 
99 

72 
82 
80 

85 
128 
84 
80 
95 
95 
90 
61 

75 
77 

82 
66 
83 
75 

Cu11111L 

E0 (NHE), V* 

0.92 
0.89 
0.88 
0.88 
0.85 
0.81 
0.88 
0.87 
0.87 
0.83 
0.77 
0.88 
0.87 
0.88 
0.86 
0.89 
0.94 

0.85 
0.82 
0.78 

0.98 
1.02 
0.96 

0.64 
0.60 
0.61 

0.63 
0.61 
0.68 
0.66 
0.66 
0.67 
0.60 
0.51 

0.75 
0.66 

0.55 
0.63 
0.49 
0.45 

" Potential peak separation indicating reversibility of electrode reaction. * Determined by cyclic voltammetry at 100 mV s_l with a carbon 
paste working electrode, [CuL]x = 5 X 10~4 M, 25.0 0C, y. = 0.10 M NaClO4, E

0 vs. N H E, the pH values of Cu1' L solutions used in the elec
trochemical study are listed with the group headings. c E0 value for CuIM(H-2L)" + e i a Cull(H_2L)"-1. <* E0 value for Cum(H_2L)(OH) 
+ e ?= Cu"(H-2L)(OH)-. ' E0 value for Cum(H_3L)" + e ^ Cuu(H-3L)"-'J E0 value for Cu iM(H-4L)" + e ^ CuM(H-4L)"-'. * Bio-
synthetika. h Vega-Fox Chemical Co. ' Cyclo Chemical Co. J Sigma Chemical Co. * Mann Research Laboratories. ' Bachem Inc. "' Reference 
34. " T. F. Dougatti and E. J. Billo, J. Inorg. Nucl. Chem., 37, 1515 (1975). ° A. E. Martell and R. M. Smith, "Critical Stability Constants", 
Vol 1, Plenum Press, New York, N.Y., 1974. P O. Yamauchi, Y. Nakao, and A. Nakahara, Bull. Chem. Soc. Jpn., 46, 2119 (1973). « A. Kaneda 
and A. E. Martell, J. Coord. Chem., 4, 137 (1975). r C. R. Hartzell and F. R. N. Gurd, J. Biol. Chem., 244, 147 (1969). ' Estimated from 
Bi = IfJ-'4'65 M3 where three protons are lost simultaneously, G. F. Bryce, R. W. Roeske, and F. R. N. Gurd, J. Biol. Chem., 240, 3837 
(1965). 

nm and the experimentally determined molar absorptivities 
for several of these complexes are given in Table II. 

The redox reaction and the offsetting acid-base equilibria 
are exemplified in eq 1 for the copper triglycinamide complex. 
Only the fully deprotonated species is directly oxidized to give 
the single Cu(III) complex. The chemical oxidation is re
versible and pH dependent resulting in a redox-pH curve.33 

Knowing the formation and deprotonation constants for the 
copper(II) species, the value of AT0x can be calculated by linear 
least-squares analysis of the redox-pH profiles. The experi
mental Km values are reported in Table II for a series of copper 
peptides. The formation and deprotonation constants of the 
Cu(II) complexes of pentaglycine, triglycinamide, and tetra-
glycine have been determined (see Table I for references). The 
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Figure 1. Cyclic voltammogram of [Cu"(H-3G3a)]_ in aqueous solution 
at a carbon paste electrode: [CuG3a]T = 5 X 10~3 M, pH 9.5, n = 0.10 
IVI NaClO4, 25 0C, scan rate = 100 mV s _ l . E° = 0.64 V vs. NHE. 

Table II, Standard Electrode Potentials of Cu m ' n -Pept ide 
Complexes" 

Cu(III) 
Peptide 

Cu(H_ 3 G 6 ) -
C u ( H - 3 G 5 ) -
Cu(H- 3G 3a) 
C u ( H - 3 G 4 ) -
Cu(H- 2AAa)-

(OH) 

Redox-pH 

«365, M - 1 c m - 1 

7580 ± 90 
7670 ± 300 
7500 ± 200 
7120 ±200 
5700 ± 500 

Km
b 

5.2 X 103 

1.5 X 104 

2.3 X 104 

2.7 X 104 

77 

V 

0.672 
0.646 
0.635 
0.631 
0.78 

Cyclic 
voltam
metry'' 
£°, V 

0.67 
0.66 
0.64 
0.63 
0.78 

" 25 0 C, M = 0.10 M NaClO4 , £ ° vs. NHE. b K0* from the IrCl6
2" 

reaction determined from relationships similar to eq 1 with a pH range 
of 4.5-8.5. c Carbon paste working electrode, 100 mV s_ 1 scan 
rate. 

hexaglycine constants were estimated using the constants for 
pentaglycine and similarly the constants for di-L-alaninamide 
were estimated from those of diglycinamide. Using these values 
of K0x and a value of 0.892 V for the E0 of the Ir1^111Cl6

2-3~ 
couple under our conditions,33 the electrode potentials of the 
Cu'11'!1 couples can be calculated. For triglycinamide a value 
of 0.635 V was determined for the electrode potential given in 
eq 2. Values of E0 for five copper peptides determined by this 
method are listed in Table II. 

Cu in(H-3G3a) + e ^ Cu"(H-3G3a)- (2) 

The redox-pH analysis for determining standard electrode 
potentials of the Cu"1-" couples suffers from several disad
vantages. The formation and deprotonation constants must be 
well known and stopped-flow techniques are necessary at 
higher pH in order to perform the analysis. Since equilibrium 
constants have been determined for only a limited number of 
copper(II)-peptjde complexes, an extensive survey of ligand 
effects on Cu1"-11 potentials is difficult by the iridium redox 
method. Therefore, this method was used to confirm the E0 

values obtained using cyclic voltammetry. 
Potentials Measured by Cyclic Voltammetry. Figure 1 shows 

the current-voltage response obtained from applying cyclic 
voltammetry tothe copper triglycinamide complex. The initial 
solution contains predominantly the Cu"(H_3G3a) - complex 
which generates the oxidation wave (negative current). The 
Cu(III) complex which is formed generates the reduction wave 
(positive current) as trie potential is reversed. This voltam-

7.0 8 0 

-log [H+] 

Figure 2. £°obsd vs. -log [H+] for C u " u l couples: [CuL]T = 1 X 10"-1M, 
M = ClOM NaClO4, 25 0C; A, copper diglycinamide, solid line calculated 
from eq 3 and E0 = 0.85 V; B, copper triglycinamide, solid line calculated 
from eq 4 and E0 = 0.635 V. 

mogram is representative of all the complexes. The separation 
of the anodic and cathodic peaks was 70-90 mV in all but a few 
cases and peak current ratios were near unity. Slight variations 
of peak potential separation with different scan rates were 
observed. These features are indicative of quasi-reversible 
electrochemical behavior and, therefore, the midpoint between 
the oxidation peak and the reduction peak should be a rea
sonable estimate of the electrode potential for the Cu1"'"-
peptide couples. A comparison of the electrode potentials ob
tained from the redox-pH equilibria and from cyclic voltam
metry is given in Table II. The results indicate that the values 
obtained under our conditions by cyclic voltammetry are re
liable electrode potentials even when the systems analyzed were 
not completely reversible electrochemically. 

Table I lists the standard electrode potentials (vs. NHE) 
determined for a series of Cu111'" couples with dipeptide am
ides, tripeptides, and tripeptide amides, as well as with 
higher-order peptides, derivatized-peptides, and derivatized-
peptide amides. The peak potential separations are listed as 
an indication of the reversibility of the electrochemical process. 
The theoretical separation for a completely reversible system 
is 59.5 mV for a one-electron exchange.36 

pH Effects on E0 Values Determined by Cyclic Voltammetry. 
The midpoint potentials as well as the magnitude of the current 
response measured by cyclic voltammetry can vary with pH. 
The degree of the variation depends on the extent and nature 
of the Cu(II) acid-base equilibria. Two general cases are 
shown in Figure 2. The variation of potential for the copper 
diglycinamide complex is shown in curve A. The solid line is 
calculated on the basis of rapid equilibria in eq 3. Above pH 

Cun(H-2GGa)(OH)- * = ? Cum(H-2GGa)(OH) + e" (3) 

H+ViK, = 10"9-s 

Cu(H-2GGa) 

H+ITiCa ~ 10-»-01 

Cu(H_iGGa)f 

9 the acid-base equilibrium depends on the rapid exchange of 
a proton between a coordinated hydroxide group and coordi
nated water and the experimental points follow the calculated 
curve. On the other hand the exchange of a proton at a peptide 
nitrogen is known to be slower30-37"41 so that below pH 9 the 
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scan time competes with the equilibration time. This second 
case exists in the acid-base equilibrium for copper trigly-
cinamide as given in eq 4. The potential variation with pH is 
shown in curve B of Figure 2. The solid line is calculated on the 
basis of rapid equilibria in eq 4. However, at the lower pH the 

CiAH-aGsar Z=* Cum(H-3Gja) + e" (4) 

H+ITA:, = Kr8-99 

Cu(H-2G3a) 

H + ITK, - io^» 

Cu(H-^3E)+ 

cyclic voltammetry scan rate is faster than the acid-base 
equilibria and the electrode potential is nearly constant with 
pH. As the potentials remain constant the peak current re
sponse decreases with decreasing pH because less of the 
oxidizable form is present. 

The electrode potentials reported in Table I are believed to 
be an accurate measurement of the redox reaction involving 
species of Cu(H_2L) for tripeptides, Cu(H-3L) for 7V-formyl 
tripeptides, tripeptide amides, tetrapeptides, and higher pep
tides, Cu(H_2L)OH for dipeptide amides, and Cu(H_4L) for 
7V-formyl tetrapeptides and N-formyl tripeptide amides. These 
values were determined by obtaining current-potential curves 
at a pH where the fully deprotonated copper(II) species is 
predominant (95-99%). Where this was not possible, as in the 
case of the dipeptide amides, the potential-pH profiles were 
fit to the appropriate equilibria in order to determine the value 
ofE0. 

Discussion 

In general the values of the electrode potentials in Table I 
indicate that deprotonated-peptide bonding stabilizes the tri-
valent oxidation state of copper. The peptide complexes have 
very strong in-plane ligand donors. The overall thermodynamic 
stability of the trivalent complex results from the ability of 
these ligands to conform to the geometrical preference of the 
d8 Cu(III) complex with the consequent ligand field stabili
zation. The iridium-pH study and the electrochemical-pH 
study indicate that only the fully deprotonated form of the 
complex is present as the trivalent complex. The structures of 
the Cu(III) complexes should be similar to those of the d8 

Ni(II)-peptide complexes. Crystal structures have been de
termined for both Cu"G424 and Ni11G4.

25 Although they are 
both four-coordinate, the copper(II) complex is described as 
an extremely flattened tetrahedron, while the nickel(II) 
complex has been described as truly square planar. In the 
transition from d9 to d8 for the divalent peptide complexes, the 
metal and the four nitrogens become slightly more coplanar. 
The metal-nitrogen bond distances are shorter for the nickel 
complex (Ni-N(peptide) bonds average 1.85 A) than for the 
copper complex (Cu-N(peptide) bonds average 1.93 A). 
Shorter metal-nitrogen bonds for Ni(II) compared to Cu(II) 
are a unique feature of peptide complexes and can be attributed 
to the relative gain in ligand field stabilization of the ds over 
the d9 electronic configuration. In addition the N-M-N bond 
angles are a little closer to 90° for the nickel complex, aver
aging 85.7°, compared to those of copper, which average 83.4°. 
The relative effects should be even larger in going from Cu(II) 
to Cu(III) because the gain in ligand field stabilization due to 
change in electronic configuration from d9 to d8 is further in
creased due to the change from a divalent to a trivalent metal 
ion.42 This in turn would be expected to give smaller copper-
nitrogen bond distances and, hence, bond angles averaging even 
close to 90°. These general features should be applicable to the 
other peptide ligands. 

The data in Table I also show that a greater than 500 mV 

variation in electrode potentials of the Cu"1-" couples is ob
served upon changing the nature of the peptide ligands. The 
values of E0 are affected by changes in the coordinating groups, 
the number and type of C-substituents of the individual amino 
acid residues, and axial coordination in the divalent complex. 
With the broad family of complexes described here and the 
corresponding wide range of potentials, the observed E0 values 
can be related to the individual contributions of these ef
fects. 

Effect of Coordinating Groups on E°. The deprotonated 
peptide nitrogen is higher in the spectrochemical series and is 
a stronger a donor than either the amine or the carboxylate 
group.43 Its strong electron-donor properties should help to 
stabilize the higher oxidation state of copper. This effect is 
evidenced in the comparison of coordinating groups and elec
trode potentials found in Table I. The triply deprotonated 
complex of Cu(H_3G3a)~ has four nitrogens bound to the 
metal, including an amine, two deprotonated-peptide nitrogens, 
and a deprotonated amide. The electrode potential is lowered 
by 280 mV for [Cu i n 'n(H-3G3a)]0- (0.64 V) compared to 
the triglycine complex, [Cu'^'KH-zGGG)]0 - (0.92 V), which 
has an amine, two deprotonated-peptide nitrogens, and a 
carboxylate group. The tripeptide amides, tetrapeptides, and 
higher order peptides and peptide amides have similar coor
dination to that of triglycinamide and as a group they have 
lower electrode potentials that the corresponding doubly 
deprotonated tripeptide complexes. 

Further stabilization of the trivalent state of copper is pos
sible by formylation of the amine end of the peptides. At high 
pH the resulting ligands have additional deprotonation with 
binding of the /V-formyl amine group to copper, providing 
properties of donor strength similar to that expected for ad
dition of another deprotonated-peptide nitrogen bond. A fully 
deprotonated Cu(II) complex of ./V-formyltriglycine (structure 
II) forms with a pA"a of 9.2, accompanied by a blue shift in the 

/ / ^Cu2 + / / C H * 

visible absorption maximum, when compared to the corre
sponding triglycine complex. A similar spectral shift occurs 
in the copper(II)-/V-formyltriglycinamide complex and the 
fourth proton deionizes at a pÂ a value of 10.1. The direction 
and magnitude of the spectral shift for the derivatized tri
peptides and tripeptide amides are in agreement with that 
predicted on the basis of the replacement of an amine nitrogen 
by a deprotonated-peptide nitrogen in a copper(II) com
plex.43 

The electrode potential of the Cu"1-11 couple of N-formyl-
triglycine is 150 mV lower than the triglycine couple. The other 
tripeptides and tripeptide amides show similar decreases in 
electrode potential upon ^-formylation. Accessibility of the 
Cu(III) state in aqueous solution is increased by these coor
dinating effects to a point where the electrode potential of 
[Culn>"(H_4A^-formylG3a)]--2- is only 0.49 V. 

When a water molecule occupies one of the equatorial 
coordination positions in a Cu(II)-peptide complex, it loses 
a proton upon oxidation to give a Cu(III)-OH bond, as de
termined by the redox-pH study of copper di-L-alaninamide 
and by the electrochemical-pH study of the dipeptide amide 
complexes. The electrode potential of [Culll"(H_2GGa)-
(OH)]0-- (0.85 V) is 70 mV lower than that of the carboxylate 
bound triglycine complex and 180 mV higher than the poten
tial of the triglycinamide complex with the deprotonated-amide 
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group in place of the hydroxide group. Hydroxide ion forms 
more stable complexes with trivalent compared to divalent 
metal ions.44-46 The magnitude of the electrode potentials 
measured for the copper dipeptide amide complexes indicates 
that hydroxide ion also is effective at stabilizing Cu(III). In 
fact in strong base in the absence of peptide bonding it is pos
sible to oxidize CuH(OH)42~ with hypochlorite ion to give 
trivalent copper.47 

Effect of C-Substituents on E0. The electron-donating alkyl 
substituents affect the electron-donor properties of bound ni
trogens and help to stabilize the trivalent oxidation state of 
copper. The presence of a single C-substituent has a much 
smaller effect than changing the type of donor group, but the 
effect is additive and becomes substantial if C-substitution 
occurs on all three of the bound chelate rings. The potentials 
for the Cu111,11 couples of the tripeptides where alanyl replaces 
glycyl residues decrease in the following manner: GGG (0.92 
V), GGA (0.88 V), GAA (0.85 V)1 and AAA (0.81 V). Similar 
lowering of electrode potentials by C-substitution is observed 
for the tripeptide amides and tetrapeptides. The comparison 
of the tetraglycylalanine complex with the pentaglycine 
complex indicates that this effect is sensitive only to substitu
tion of residues involved in chelate ring formation. 

When the electrode potentials of complexes with C-subst-
itutents from leucyl, valyl, phenylalanyl, and isoleucyl are 
compared, the lowering of potentials is even larger than with 
the alanyl residues. The potential of the LLL complex is 0.77 
V compared to a value of 0.81 V for the AAA complex. Since 
the electron donor ability of these substituents is nearly the 
same,48 this additional stability can be attributed to steric ef
fects. Bulky substituents decrease the N-C-C bond angle49 

and would consequently favor the smaller metal ion radius. The 
further possibility that bulky C-substituents interfere with axial 
solvation is more likely in the divalent complexes than in the 
more square-planar trivalent complex. The overall contribution 
of the C-substituents to the stabilization of the trivalent 
complexes appears to be a combination of electron-donor 
ability and steric effects. 

Effect of Histidine Coordination on E0. Histidine is an im
portant amino acid residue in metal-pepetide binding with both 
a peptide nitrogen and an imidazole nitrogen available for 
bonding. Ligands with histidine as the third amino acid residue 
have an amine nitrogen, two deprotonated-peptide nitrogens, 
and an imidazole nitrogen bound to copper at physiological pH. 
Similar bonding is proposed for the first coordination of copper 
to serum albumin (human, bovine, and rat), where histidine 
is also the third amino acid residue.50-53 Since the imidazole 
group is higher in the spectrochemical series than the car-
boxylate group,43 it was surprising to find that the electrode 
potentials of the histidine-containing peptides were higher than 
for the tripeptide complexes. The electrode potentials for 
GGhis, GGhisG, and asp-ala-his-lys (first four residues of 
human serum albumin) are 0.98, 1.02, and 0.96 V, respec
tively. 

The two distinct features contributing to the higher electrode 
potential are the relative changes in (1) cumulative ring strain 
and (2) it back-bonding. In the first case the fully deprotonated 
copper GGhis complex has a 5,5,6-membered ring system. This 
type of ring system gives a more stable copper(II) complex than 
a 5,5,5-membered ring system as seen in the polyamine,54 as 
well as the tripeptide, complexes.55 This additional stability 
is attributed to a reduction in cumulative ring strain. Such 
stabilization apparently does not occur for the trivalent com
plex to the same extent as for the divalent complex, because 
the 5,5,5-membered complex of GGA (0.88 V) has a potential 
60 mV lower than the 5,5,6-membered complex of GG/3A 
(0.94 V). A similar increase in potential is expected for the 
histidine-containing complexes. In the second case ir back-
bonding can occur in addition to a bonding between the im

idazole nitrogen of histidine and copper(II) as discussed by 
Freeman56 and evidenced by EPR hyperfine splitting data.57 

However, back-bonding from the more highly charged trivalent 
metal ion would be expected to be less important and the net 
result is a larger energy difference between the two oxidation 
states. 

Effect of Axial Coordination on E0. It has been shown from 
other studies58 that while there is no axial coordination of the 
carboxylate group in the copper complex of GGhis, the ter
minal carboxylate does bond axially in [Cun(H_2GGhisG)]2_. 
In the copper(II) complex of asp-ala-his-lys the side chain 
carboxylate of aspartyl bonds axially in addition to the terminal 
carboxylate of the peptide. Since the Cu(III) state is expected 
to be square planar with little or no axial coordination, the 
presence of these carboxylate groups would be expected to 
increase the energy difference between the two oxidation states. 
This can account for the electrode potential of the GGhisG 
complex being 40 mV higher than that of the GGhis complex. 
In the case of asp-ala-his-lys the stabilizing effect of C-sub
stituents (~80 mV) apparently overcomes the effect of the two 
axially coordinated carboxylates in the Cu(II) form and results 
in a slightly lower potential of 0.96 V. 

Additivity of Individual Contributions to E0. The previous 
discussions indicate that the redox characteristics of copper 
peptide complexes are affected by several different factors. 
Table III lists five individual ligand effects which lower the 
value of E0 and three individual ligand effects that increase 
the value of E0. The relative magnitude of these effects was 
determined using the triglycine complex as a reference point 
and the individual contributions to the value of E0 are listed 
in Table III. Electrode potentials of the copper complexes can 
be estimated on the basis of the sum of these individual con
tributions to E0 and the calculated values are plotted against 
the experimental values in Figure 3. The resulting correlation 
is excellent over a wide range of potentials (0.45-1.02 V) and 
allows the prediction of electrode potentials on the basis of the 
nature of the complex. 

The electrode potentials for the complexes of NfG4 and 
NfGs have a large deviation from the calculated values. We 
could find no spectral evidence for the axial addition of a hy
droxide group, which would have accounted for the deviation. 
The higher potentials may be attributed to the high charge 
density (five negative charges) of the fully deprotonated 
complex. The contraction of equilibrium bond distances upon 
oxidation of the metal would accentuate repulsive interactions 
of these groups. The NfG5 complex has the additional possi
bility of axial coordination of the carboxylate group to 
Cu(II). 

The Effect of Crystal Field Stabilization Energy on E0. We 
have observed a correlation between the electrode potentials 
and the visible absorption maxima of the Cu(II) complexes 
(Figure 4). The reason for this relationship is not obvious, since 
the electrode potentials are the differences in ground state 
energies of Cu(III) and Cu(II) whereas the spectral properties 
are differences in the ground state and excited states of Cu(II). 
Nevertheless, the two properties can be correlated in terms of 
ligand field effects. Changes in donor groups or C-substituents 
change the crystal field stabilization energy (CFSE) and such 
stabilization will influence the energy difference between the 
divalent and trivalent oxidation states. An indication of the 
CFSE can be obtained from the energy of the d-d transitions. 
The visible spectra of the copper(II)-peptide complexes show 
a single absorption band which envelopes three d-d transitions. 
If the relative positions and intensities of the three transitions 
remain constant, the position of the maximum for the band 
envelope is a measure of the equatorial bond strength and in
dicative of the CFSE. For this series of copper complexes the 
absorption maximum varies between 575 and 508 nm, while 
the shape of the band remains the same. A plot of i>max for the 

Journal of the American Chemical Society / 99:7 / March 30, 1977 



2201 

GGL, 
GLG 
GGV/ 

GGoOH - / , 'GG 
GAA 

G A o O H / . " L G L 

"AAA 

0 7 
Experimental E ,V 

Figure 3. Relationship between values of E0 calculated on the basis of the 
additivity of ligand effects listed in Table III and the experimental £° 

Cu(II) complexes vs. the values of E0 for many of the peptides 
is shown in Figure 4. The correlation indicates that an inverse 
relationship exists between the CFSE of the divalent complex 
and Zs0. This suggests that the factors which increase the CFSE 
in the copper(II) complexes cause an even greater increase in 
the CFSE of the Cu(III) complexes. The two sources of this 
gain in stability are (1) the estimated increase in the CFSE for 
square-planar complexes from 12.28A? to 24.56Dq for the 
change from d9 to d8 electronic configurations59 and (2) the 
increase in the value of Dq by 40-80% for the change from a 
divalent to a trivalent ion.43 Figure 5 shows a simplified en
ergy-level diagram for the oxidation of a copper(II) complex. 
The CFSE of the divalent complex is expressed as A and for 
the trivalent complex the CFSE is expressed as xA. The rela
tionship between A and E0 can be expressed by eq 5. 

E0 = (I -x)A+ E' (5) 

If the inverse correlation between Fmax and £° is due to the gain 
in CFSE from both the change in electronic configuration (a 
twofold increase in CFSE) and the increased charge of the 
metal ion (a 1.4-1.8 increase in Dq), the value of x should be 
between 2.8 and 3.6. (Since Fmax is related to A, the value of 
x can be determined from Figure 4.) 

The magnitude of 10Dq can be estimated from i?max and 
used to calculate the value of A. The order of increasing energy 
for the 3d orbitals of Cu(II) peptides is considered yz ~ xz < 
xy < z2 < x2 - y2 with the corresponding transitions of A lg 
*-Bi g <B 2 g- , -Bi g <Eig < - Blg.

60-61 The transition of interest 
is B2g — Big since its energy approximates IOA7. However, 
it is only one of the transitions contributing to the visible band 
of these complexes and ?max more closely approximates the 
energy of the Ai8 *- B,g transition.62 Since the B2g •«- Big 
transition is at lower energy than the Ai8 *~ B]g transition, we 
can estimate from circular dichroism data61 that 0.9 />max ap
proximates \0Dq. With the CFSE for the d9 Cu(II) complex 
estimated to be 12.28Dq, the value of A is related to ymax by 
eq 6. In addition the value of E0 can be expressed in terms of 
/um-1 relative to the ionization of hydrogen (eq I),63 rather 
than in volts vs. NHE. Analysis of the best straight line through 
the experimental points gives a value of 2.8 for x. This is in 
reasonable agreement with the previously estimated value of 
3.2 ± 0.4 for x. The analysis assumes that E' is independent 
of ligand effects over the limited energy range of these Cu(II) 
complexes. 

GGoOH 

GGG » \ GSL 
GGAKJJGV 

G A A < K / s G I 

A A A « ^ 

• GGhisG 
. »GGhis 

asp'OiO'hiS'lys 

\*<3, 

Figure 4. Electrode potentials (V vs. NHE) as a function of the cop-
per(ll)-peptide d-d absorption maxima (kK). Right-hand ordinate gives 
£ 0 in termsofkK(eq7) . (1 kK = 1 X 10"1 Mm"1.) 

Cu(m)L d 
Without CFSE 

E' 

CUn)L d" 

XA 

Without CFSE 

Cu(m)L dfc 

A 
' With CFSE 

CiXn)L d 

Ec 

With CFSE 

Figure 5. Relative energy-level diagram of Cu l lul-peptide couples. Cu(H) 
CFSE is given by A and Cu(III) CFSE is x\. 

A-(Hf)(CK (6) 

C/2H2)gas + H2Oaq * H30+aq + e" - 3 . 6 jtm~ 

(7) 

The correlation that results from this simplified model based 
on ligand field effects indicates that the relative gain in the 
CFSE for the change from d9 Cu(II) to d8 Cu(III) is an im
portant factor in the overall thermodynamic stability of the 
Cu(III)-peptide complexes. The plot in Figure 4 indicates that 
the correlation fits for ligand effects involving the number of 
deprotonated-peptide groups or the number of C-substituents. 
The E0 values of the complexes with equatorially bound hy
droxide and imidazole groups do not correlate with the cop-
per(II) visible absorption maxima, which is expected on the 
basis of our previous discussions. 

Cu(III) Formation at Physiological pH. Some of these 
Cu(III) peptides have half-lives of several hours at neutral pH 
and the complexes are of special interest for biological redox 
reactions. The experimental values of £° were determined at 
pH values where the copper(II) complex was highly deproto-
nated. In order to determine the accessibility of the Cu(III) 
complexes at physiological pH, the electrode potentials were 
calculated from the Cu(II) species present in solution at pH 
7.4 and the values for the effective electrode potentials are 
given in Table IV. At this pH the four-electron reduction of 
oxygen to water provides 0.79 V of oxidizing power. Table IV 
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Table III. Individual Contributions to the Electrode Potentials of 
CuI"'"-Peptide Couples" 

V 

A. Ligand Effects Which Decrease the Value of E0 

(1) Replacement of an equatorially bound carboxylate -0.28 
group by a deprotonated-peptide group 

(2) Replacement of an amine group by a deprotonated N- -0.15 
formylamine group 

(3) Replacement of an equatorially bound carboxylate —0.07 
group by a hydroxide group 

(4) Leucyl, valyl, isoleucyl C-substituents (per substituent) -0.05 
(5) Alanyl or phenylalanyl C-substituent (per substituent) -0.04 

B. Ligand Effects Which Increase the Value of E0 

(1) A 5,5,6-membered ring system +0.06 
(2) Replacement of an equatorially bound carboxylate +0.04 

group by an imidazole group 
(3) Axially coordinated carboxylate groups in the Cu(II) +0.04 

complex 

" Relative to [CuIII-II(H-2GGG)]0--, £° = 0.92 V. 

Table IV. Effective Electrode Potentials for Cu111'11 Peptide 
Couples at pH 7.4 

Cu(III) peptide 

Cu(H^3G5)-
Cu(H_3G3a) 
Cu(H_3G4)-
Cu(H-2LLL) 
Cu(H_2AAA) 
Cu(H-2GAG) 
Cu(H_2G3) 
Cu(H_2GGhis) 

E0 

0.66 
0.64 
0.63 
0.77 
0.81 
0.88 
0.92 
0.98 

Ear, pH 7.4 

0.71 
0.72 
0.74 

-0.79 
0.81 
0.88 
0.92 
0.98 

indicates that the doubly deprotonated copper(II)-tripeptide 
complexes are thermodynamically capable of conversion to 
Cu(III) by O2 only when bulky C-substituents are present. 
Although the triply deprotonated Cu(II) complexes are present 
in only small amounts at 7.4, their effective potentials predict 
ready conversion to Cu(III) by O2 even in the absence of C-
substituents. Although the bonding of histidine is physiologi
cally important, the coordination of the imidazole group in 
GGhis does not result in a very accessible Cu(III) complex. On 
the other hand the effect of coordinated amine groups on the 
value of E0 can be calculated from Table III and an unsub-
stituted complex containing two amine groups and two de
protonated-peptide groups coordinated to copper is estimated 
to have an effective electrode potential of about 0.78 V. 

Conclusions 
Since the calculated gain in the CFSE in the change of di

valent d9 to trivalent ds copper is experimentally approximated 
for a series of copper-peptide complexes, similar behavior 
should be applicable to other metal-peptide redox systems. If 
the gain in the CFSE is the predominant contributor to the 
stability of the higher oxidation state of the nickel complexes, 
we would predict that the NiIII'"-peptide couples would have 
smaller changes in their electrode potential with changes in the 
nature of the ligand than is observed for the copper peptides. 
There is relatively little gain in the CFSE calculated for the 
change from divalent d8 to trivalent d7 for nickel-peptide 
complexes. Experimentally determined values of the electrode 
potential for a series of Ni"1 '" peptide couples confirms that 
the E0 values are much less sensitive to changes in the Ii-
gands.64-65 

The electron donor ability of the deprotonated-peptide group 
is the most important ligand effect involved in the stabilization 
of these trivalent copper complexes. It seems unlikely that a 
copper complex without a deprotonated-peptide group would 
be thermodynamically capable of oxidation by O2 at physio
logical pH. The relative importance of an effect such as the 
microenvironment around the copper sites in proteins or en
zymes cannot be anticipated from this study. However, the 
changes in the nature of the ligand (Table III) for these model 
complexes indicate how the value of E0 could be effected. 

Cu(III) is proposed to be part of the active site of galactose 
oxidase66'67 and an attractive two-electron Cu(III) to Cu(I) 
redox reaction is invoked. The nature of the binding site of the 
single copper atom in this enzyme is uncertain, and other ex
planations of the nature of the enzyme have been proposed 
which do not involve the trivalent state of copper.68,69 Trivalent 
copper also has been suggested as a possibility in tyrosinase.67 

While our study does not show that Cu(III) is present in en
zymes, it does indicate that the trivalent state of copper is a 
reasonable oxidation state for biological redox reactions when 
the copper is coordinated to deprotonated-peptide groups. 
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Abstract: In this article, we present additional support for our earlier claim that the imidazole ring system can bind through the 
amine nitrogen. The isotropic shifts and the line widths of ./V-methylimidazole coordinated to Co(SMDPT) are consistently 
interpreted in terms of coordination at this site. 

Our earlier report on the ambidentate nature of imidaz
ole1 caused greatsurprise2 because the amine nitrogen was 
supposed to be like that in pyrrole, which is claimed not to be 
basic. In this article, we shall present further evidence for the 
ambidentate nature of this donor. In view of the limited solu
bility of the metal complexes used in the earlier work and the 
potential complications from the ability of imidazole to hy
drogen bond, we decided that an even more convincing case 
could be made for the ambidentate nature of this ring system 
by examining the NMR spectra of 7V-methylimidazole (N-
MeIm) coordinated to the complexes M(SMDPT), where M 
is Ni(II) and Co(II) and S M D P T 2 - is shown below. 

H CH2 

C=N 

/ 
CH2-CH2- -CH1 

,CC O -

SMDPT2" 
We report not only the isotropic shifts of the complexes, but 

the line widths of the resonances as well. In either the very fast 
or stopped exchange regions, the line width is often related to 
the distance of the observed nucleus from the metal center. This 
data (along with full details of the experimental procedure) 
shows a different mode of bonding for N-MeIm to the co-
balt(II) and nickel(II) complexes of SMDPT. 

Experimental Section 

M(SMDPT), M = Ni(II) and Co(II), were prepared by reported 
procedures.3 iV-Methylimidazole was obtained from Aldrich Chemical 

Co. and fractionally distilled over CaH2 at 10-mm pressure, with only 
the middle fraction retained. Samples for NMR were prepared in 
volumetric flasks in an inert atmosphere dry box with dry deoxygen-
ated CDCI3 as solvent utilizing tetramethylsilane (Me4Si) as an in
ternal standard. NMR tubes were equipped with tight-fitting caps 
and wrapped with Parafilm to exclude oxygen. The proton NMR 
spectra were measured either with a JOELCO-C-60H high resolution 
NMR spectrometer equipped with a JES-VT-2 temperature con
troller, or a Varian Associates HA-100 NMR spectrometer operating 
in the field sweep mode equipped with a temperature control unit. In 
the HA-100 spectra, Me4Si was utilized as the lock signal. The probe 
temperatures were measured to ± 1.0 0C using either a copper-con-
stantan thermocouple or by measuring the NMR spectrum of meth
anol. Solution magnetic moments were determined by the Evans 
method, monitoring the Me4Si signal. Electron spin resonance spectra 
were collected on a Varian Model E-9 spectrometer equipped with 
a Hewlett-Packard frequency counter. Cooling was provided by cold 
nitrogen gas. The field was calibrated using a Varian weak pitch 
sample. 

Results and Discussion 

Nature of the Adducts Formed. Co(SMDPT) (1) and 
Ni(SMDPT) (2) are five-coordinate high-spin d7 and d8 

complexes, respectively. The magnetic moment of 1 is 4.28 MB 
in CH2CI2 solution and 4.29 ^B in the solid. Though the 
structure of 1 is not known, 2 has been examined and found to 
possess a distorted trigonal bipyramidal structure.4-5 The 
similarity in spectral properties between 1 and 2 suggests 
similar structures. Infrared spectra are virtually identical, and 
their paramagnetic NMR spectra are also very similar. In 2, 
all the aromatic ring protons are split into two equally intense 
resonances,5 due to different orientations of the N-CH1 group 
with respect to each phenyl ring.6 The observation of a similar 
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