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sulfenato product is stable enough to be observed and isolated,' 
but if the central metal is chromium(III), Cr-S bond fission 
occurs too rapidly for the sulfenato intermediate to be detected. 
This scenario is consistent with the previously described re- 
activity patterns for aquation and oxidation of thiolato- 
chromium(II1) complexes (illustrated in Figure 1) which 
preclude significant Cr-S bond fission in the redox transition 
state. 
Summary 

The major conclusions and hypotheses presented in the 
previous sections can be summarized as follows. Coordinated 
thiols react with H202  via nucleophilic scission of the 0-0 
bond to yield coordinated sulfenic acids. When coordinated 
to cobalt(III), the S-bonded sulfenato moiety is moderately 
stable, and the sulfenato-cobalt(II1) product can be detected 
and isolated.' When coordinated to chromium(III), the in- 
herent instability of the Cr-S bond causes the S-bonded 
sulfenato moiety to be unstable, and the presumed sulfena- 
to-chromium(II1) intermediate is not observed. Coordinated 
thiols are very good nucleophiles, reacting with H202 at about 
the same rate as S2032-. Thiols coordinated to cobalt(II1) are 
slightly better nucleophiles than thiols coordinated to chro- 
mium(III), presumably because ?r back-bonding from the t2: 
cobalt(II1) center puts more electron density on the coordi- 
nated sulfur atom!2 The rate of H202 oxidation of a coor- 
dinated thiol is relatively insensitive to the nature of the thiolato 
complex (thiolato chelate ring size, steric requirements of the 
thiol backbone, ancillary ligands, etc.). However, the rate of 
H202 oxidation of a coordinated sulfur atom is very sensitive 

to the steric requirements of the sulfur atom, the two-coor- 
dinate sulfur of [(en)2Co(SCH2CH2NH2)] 2t being oxidized 
more than three orders of magnitude faster than the three- 
coordinate sulfur of [(en)2Co(S(0)CH2CHzNH2)] z+. 
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The reactions of copper(I1) tetraglycine (Cu1'G4) with a variety of aliphatic free radicals and with -Br,- and .OH have 
been investigated by the pulse radiolytic technique. Three types of reaction are observed: (i) oxidation of Cu"G4 to Cu111G4 
by .Br2- and .OH; (ii) rapid reduction to copper(1) by .CH20H, .C02-, and (CH3),eOH; (iii) formation of unstable 
copper(III)+arbon-bonded intermediates with lifetimes from several milliseconds to several seconds with CH2C(CH3)20H, 
.CHzCOF, and .CH2C(OH)CH3 radicals. Rate constants are reported for formation and decomposition of all intermediates, 
and the relative instability of neutral CUIII(H-~G~) compared to CUIII(H..~G~)- is confirmed by direct observation. 

Introduction 
Formation of CUI1'-C-bonded intermediates has been sug- 

gested as part of a general mechanism for CU" oxidation of 
aliphatic free radicals which are not strong reducing agents: 
and, indeed, such an intermediate has been reported in the 
reaction of Cu"(aq) with -CH2C02-  radical^.^ 

In a recent pulse radiolytic study: it was shown that 
*CH2C(CH3)20H and .CH2CO2- free radicals react with 
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Cu1G3 (G3 = triglycine peptide) via Cu1G3 + -R - Cu"'G3-R - Cu1G3 + products. At physiological pH, the unstable 
intermediates containing the Cu"'G3-C bond have lifetimes 
of about 1 s. As this reaction sequence might be of general 
importance, indicating that "oxidizing" aliphatic free radicals 
might be scavenged by copper-protein complexes in biological 
systems, we decided to extend this study to the reactions of 
free radicals with Cu"G4. (The symbol G4 is used here as a 
general term for tetraglycine; H-2G43- and H-3G44- are mol- 
ecules with deprotonation at two and three peptide nitrogens, 
respectively, as well as at the carboxyl group.) It was sus 
that, as Cu"'G4 is more stable than C U ~ I I G ~ , ~ . ~  the Cu" r Y  G4 R 
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intermediates would also be more stable than Cu"'G3-R. The 
results of the present study, however, do not support this 
hypothesis. We find that intermediates containing Cu"'G4-C 
bonds have lifetimes similar to those for the analogous Cu"'G3 
species and that a spectral maximum at 320 nm seems 
characteristic for copper(II1)-carbon-bonded complexes with 
both peptides. 

In addition to .CH2C(CH3),0H and .CH2CO2-, .CH2CH- 
(OH)CH3 (but not (CH3),C(OH)) reacts with Cu"G4 to give 
a detectable intermediate. 

Furthermore, in order to identify the copper-carbon in- 
termediates, we have studied, for contrast, the reactions of 
strong reducing radicals C02- and CHzOH and strong oxi- 
dizing radicals -Br2- and .OH with Cu"G4 The latter reactions 
are of special interest as they provide a fast route to Cu"'G4. 

A variety of copper(II1)-peptide complexes have been 
prepared by Margerum and co -~orke r s ,~  who have paid 
particular attention to relatively stable Cu11~4.s*8~9 For copper 
tetraglycine complexes a structural change accompanies the 
loss of the third peptide protonsilo as shown in structures I and 
I1 (where the central metal is either copper(I1) or copper(II1)). 

Kirschenbaum and Meyerstein 

range.12 The presence of phosphate buffer protected reactant solutions 
from the small amounts of OH- produced during radiolysis (cf. eq 
2 and 4). Under conditions where buffering was unnecessary (Le., 
high pH and/or high salt concentrations) the presence or absence of 
phosphate made no observable difference in the results. 

Procedure. Pulse radiolysis studies were performed at the linear 
electron accelerator at the Hebrew University of Jerusalem. The 
apparatus and procedures for data analysis were as described else- 
 here.^^^'^ No variation in kinetic results was observed within a 
variation of dose of 500-3000 rd/pulse of 5-MeV electrons. In general, 
a fresh sample of solution was introduced before each pulse. All 
experiments were performed at 22 f 2 OC. Reproducibility of rate 
constant determinations was generally within f 10%. 

Spectral measurements were referenced to the absorbance at 420 
nm of a 1 X M Na4Fe(CN), solution which received a pulse 
identical with that of the sample solution. The molar absorption 
coefficient of the product Fe(CN):- is 1.00 X lo3 M-l cm-I at this 
wa~e1ength.l~ Absorption coefficients reported here for reaction 
intermediates were corrected for reduced reaction yields due to 
spontaneous, nonproductive radical decomposition by estimating the 
limit to the absorbance with increasing Cu"G4 concentration. 

The effect of the monitoring light on the stability of products was 
determined by placing Corning No. 7-54 and 0-51 filters between the 
light source and the reaction vessel. (In the pulse radiolysis technique, 
the monochromator is located in the control room just before the 
detector rather than between the light source and the reaction cell 
as in most spectrophotometric applications.) This combination allows 
less than 1096 light transmission outside the range of 385-400 nm.I6 

Electrochemical oxidation of Cu"G4 to Cu"'(H-,G,)- was carried 
out on a platinum-screen electrode at 1100 MV vs. an Ag/AgCl 
reference electrode in 0.1 M Br- and 0.1 M C10; solutions containing 
0.001 M phosphate buffer a t  pH 8.2. Although bromide oxidation 
products cause a partial masking of the Cu"' peak at 365 nm, there 
were no other difficulties in comparing the stability of copper(II1) 
tetraglycine prepared this way in the two media. 

Results and Discussion 
Production of Radical Reactants. The primary reactions 

caused by the absorption of ionizing radiation in aqueous media 
are summarized in eq 1. The yields of primary products (in 

H20 -- ea;, H, OH, Hz, H202, H30(aq) (1) 

units of molecules produced per 100 eV of energy absorbed) 
are Gee-  = 2.65, GOH = 2.65, GH = 0.60, GHZo2 = 0.75, and 
GHz = d.45.I7 Saturating reactant solutions with N 2 0  ( [N20] 
= 0.02 M) results in the rapid conversion of reducing solvated 
electrons to oxidizing hydroxyl radicals via eq 2.18 Neither 

(2) 

acid dissociation of .OH (pK, = 1 1.9)19 nor conversion of e,; 
to .H (ke-+H+ = 2.2 X loio M-' sT1)18 is significant in the pH 
range of our experiments. 

For each of the systems under investigation, the production 
of reactant free radical via eq 3 or 418 was rapid enough to 

RH + *OH - *R + H2O (3) 

eaq- + N 2 0  - .OH + OH- + Nz 
kz = 8.7 X lo9 M-ls-I 

I I1 

For copper(I1) this deprotonation has a pK of 9.1611 while the 
CUIII(H-~G~)- species is the primary product even at pH <6 
when copper(I1) tetraglycine is oxidized either electrochem- 
ically or chemically by IrC1,2-5 or 02.8 The inference that 
I is I1 is relatively slow for Cu(II1) and that the decomposition 
of Cul1'G4 proceeds via the H-2G4 complexs 

CUIII(H-~G~) - Cu"(products) 

is confirmed by our direct observation of this reaction following 
oxidation of Cu"G4 by -Br2- and .OH. 

Experimental Section 

Reagents. All chemicals were analyzed reagent grade and used 
without further purification. Triply distilled or millipore-deionized 
water was employed for all solutions. 

Because of the possibility of spontaneous copper(I1) tetraglycine 
decomposition in the presence of dissolved oxygen,* copper sulfate 
was added immediately before degassing to volumetric flasks already 
containing the source of free radicals, 0.001 M phosphate buffer (when 
used), and tetraglycine (Vega Biochemicals). Except where noted 
ligand concentration exceeded that of copper by lo%, and solutions 
were saturated with N 2 0  from which all traces of O2 had been 
removed. Final pH adjustment was made during degassing by using 
NaOH and/or HC104. 

All free-radical sources were present in sufficient concentration 
(1 M for acetate ion and the alcohols, 0.1 M for the others) to ensure 
quantitative formation (vide infra) of the desired radical reactant. 
Except for CH20H at the highest pH, no significant hydrolysis or 
deprotonation occurs for any of the radicals employed within our pH 
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be complete before any reaction with Cu"G4 occurred. 
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Reactions of CuI1G4 with Free Radicals 

Table I. Data for the CuG, t .Br,- System" 

104 x 10-3 x k,- 
[Cu1'C,], X k6 9 ( a w l ,  

PH M k S b  A, i' Ab S-' A, 

7.25 2.0 4.0 0.210 4 0.177 27 0.027 
8 .2  1 .o 4.0 0.228 5 0.205 26 0.058 
8.2 2.0 6.4 0.279 4.5 0.240 32 0.121 
8.2c 2.0 6.8 0.238 4.3 0.199 29 0.066 
8.2 6.0 18 0.283 3.8 0.223 30 0.170 
8.5 2.0 0.235 38 0.128 
9.0 2.0 4.9 0.280 3.0 0.247 40 0.220 
9.5 2.0 5.2 0.278 0.254 0.25 4 

10.2 2.0 5.2 0.312 0.288 0.288 
11.0 2.0 6.0 0.290 0.268 0.268 

Solutions were N,O saturated; 22 i 2 "C; loF3 M Na,HPO,; 
tetraglycine was in 10% excess; [Br-] = 0.1 M. The absorbances 
A,, Ab, and A ,  were measured at 360 nm at 34 p s ,  830 p s ,  and 
175 ms, respectively, after the pulse. They refer to  pulses of 
equal intensity corresponding to -4  X M oxidized species. 
See text for discussion of k, .  Observed first-order rate con- 
stant; k ,  determined from [CuI'G,] dependence at pH 8.2. 

[Br-] = 0.01 M; [NaClO,] = 0.09 M. 
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study was carried out primarily in 0.1 M sodium bromide 
solutions in the pH range 7.25-10.95. For both radicals, 
however, we conclude (vide infra) that the most stable in- 
termediate produced is, indeed, CUIII(H-~G~)-. 

Oxidation of Br- to .Br2- in the presence of Cu"G4 is fol- 
lowed by four subsequent reactions for which kinetic and 
spectral data are given in Table I and Figure 1. The set of 
reactions (6)-(9) seem to provide the best internally self- 

Cu"G4 + .Br - CuI1'(G4)Br + Br- 
( 5 )  k5 = 2.6 X lo8 M-' 

4 

I 1 I 1 I I I I p-2: 
300 320 340 3w 380 400 420 u o  460 10 xx) 

WAVELENGTH nm 
Figure 1. Spectra of transients produced in the reaction of Cu"G4 
with .Brr ([Cu"G4] = 2 X lo4 M, pH 8.2, [Br-] = 0.1 M): (a) 34 
ps after the pulse; (b) 830 ps after the pulse; (c) 175 ms after the 
pulse; (d) curve b minus curve c. 

Spontaneous decomposition of the radical (through, e.g., bi- 
molecular recombination) was slow enough to be insignificant 
in some cases and accountable through blank experiments and 
concentration dependences in others. 

Oxidation of Cu1G4 to Copper(IU) Tetraglycine. Margerum 
and co-workers have established that oxidation of copper(I1) 
tetraglycine by 02,8 IrC162-,5 and electrochemical means5 re- 
sults exclusively in the metastable copper(II1) complex 
Cu111(H,G4)- in which the carboxyl and three nitrogen protons 
are ionized (structure 11) even at a pH region where Cu"G4 
is more highly protonated. The pK, values for loss of the three 
peptide hydrogens on CuI1G4 are 5.5, 6.8, and 9.2, respec- 
tively." Since the transformation from CU"'(H-~G~) to 
CUIII(H-~G~)- appears to occur via a redox mechanism rather 
than simple, rapid proton transfers (see eq 7), we decided to 
employ the strong, one-electron oxidizing agents .OH and .Brc 
to oxidize CuI1G4 under conditions where both Cu"'(H-,G4) 
and CUIII(H-~G~)- would be produced. Because of the high 
reactivity of .OH radicals toward other solutes including itself 
and possibly tetraglycine (as noted by an initial second-order 
reaction and a decreased yield of products), the systematic 

Cu111(G4)Br - Cu111G4 + Br- k6 = 4.1 X lo3 s-l (6) 

CUIII(H-~G~) + C U " ( H - ~ G ~ ) ~ -  e 
CUII(H-~G~)- + CUIII(H-~G~)- 

Eo = -0.3 V2' (7) 

CUIII(H-~G~) - Cu"(products) ks(app) = 32 s-' (8) 

CUIII(H_~G~)- - Cu"(products) 
(9) k9 = 2 X ssl 2o 

consistent explanation for these data (all rate constants are - f 15%). 
The absorbances A,, Ab, and A, in Table I were measured 

at 360 nm after reactions 5 (34 ps, after the pulse), 6 (830 
ps), and 8 (175 ms), respectively. The spectra in Figure 1 were 
measured at corresponding times (except for curve d which 
is the difference between curves b and c) at pH 8.2. Thus, 
according to this reaction scheme, curve a in Figure 1 repre- 
sents the net absorbance of a mixture of CU"'(H-~G~)B~- and 
CU" ' (H-~G~)B~~-  (t(app) = 5700 at 360 nm) and spectrum 
b is for the mixture of the two forms of Cu111G4 (e(app) = 4800 
at 360 nm). Curve c is the spectrum of CU(H-~G~)-  reduced 
by the fraction of copper(II1) that reacts via reaction 8. 

From the relative insensitivity of both A,  and Ab to pH, we 
conclude that the two protonation states of both Cu111(G4)Br 
and Cu"'G4 have similar extinction coefficients at 360 nm. 
Thus, the ratio &/Ab is approximately equal to the fraction 
of Cu111(HT3G4)- remaining after reactions 7 and 8. The 
difference spectrum d may not be an accurate spectrum for 
CU"'(H-~G~) because of the possibility that reactions 7 and 
8 proceed concurrently (see below). 

Formulation of the first two reactions as corresponding to 
formation and dissociation of a Cu"'-Br complex is consistent 
with observations in several other metal-bromide systems.21 
The observation that k5 is essentially independent of pH in- 
dicates that the rates of oxidation of Cu11(HT2G4)- and 
CU"(H-~G~)~- by .Brz are very similar. Alternate possibilities 
such as direct oxidation with no Cu-Br intermediate would 
require postulation of a second step (e.g., a conformational 
change in the oxidized product) which seems inconsistent with 
subsequent reactions. The similarity of the spectra (Figure 
1, curves a and b) and the rather small absorbance change 
which accompanies the second step throughout our pH range 
(cf. A, and Ab) appears inconsistent with a two-step oxidation 
mechanism involving attack of .Br2- on the G4 ligand with 
subsequent intramolecular oxidation of the metal. 

Margerum et al. report a spectral maximum at 365 nm with 
t = 7100 for the oxidized complex whose identity they de- 
termined to be CU"'(H-~G~)-.~ The spectrum which we have 
attributed to this species (curve c in Figure 1) is in good 

(20) From ref 8. 
(21) (a) Jaacobi, M.; Meyerstein, D.; Lilie, J. Inorg. Chem. 1979, 18,429. 

(b) Lati, J.; Meyerstein, D. J .  Chem. SOC., Dalton Trans. 1978, 1105. 
(c) Meyerstein, D.; Espenson, J. H.; Ryan, D. A.; Mulac, W. A. Inorg. 
Chem. 1979, 18, 863. 
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104 x 10-3 x 
Table 11. Kinetic Data for the CuG, + .CH,C(CH,),OH Systema 

Kirschenbaum and Meyerstein 

is the oxidant (vide supra), the participation of eq 7 is sup- 
ported by the observation of a somewhat increased fraction 
of CUIII(H-~G~)- in the absence of Br- (above 20% at pH 8.2 
and [Cu"G4] = 2 X M). However, a lack of copper(I1) 
tetraglycine concentration dependence, within experimental 
error, for k8(app) seems to indicate that at 0.1 M Br- reaction 
10, in which Br- could facilitate inner-sphere electron transfer, 
is the predominant interconversion pathway leading to en- 
hanced yields of CUIII(H-~G~)- as [Cu"] and/or pH is in- 
creased at constant [Br-]. Thus, the composite rate constant 
k8(app) = 32 f 5 s-' is similar to the actual value of k8. 

Under our normal experimental conditions, the decompo- 
sition of Cu"'(H-,G,)- (reaction 9) leaves no spectral absor- 
bance in the region of measurement and has a first-order rate 
constant of -0.2 s-'. This is almost three orders of magnitude 
faster than the rate reported by Margerum,8 who noted that 
this reaction is light sensitive. Thus, we find that, when filters 
are placed between the sample and the 150-W xenon light 
source giving a window in the 385-400-nm region, there is a 
dramatic increase of over a factor of 10 in the stability of Cu"'. 
This effect is demonstrated in Figure 2. Because the upper 
time limit of our apparatus is about 40 s, no attempt was made 
to further reduce the intensity of the monitoring light source.22 
However, to test whether bromide also plays a role in desta- 
bilizing Cu"'(H_,G4)-, we performed parallel experiments with 
.OH as oxidant in the absence of Br-, and, in addition, 
CUIII(H-~G~)- was prepared in both 0.1 M NaBr and 0.1 M 
NaC104 at pH 8.2 by electrochemical oxidation of solutions 
containing 8 X M Cu"G4. The pulse radiolysis results 
were (for the decomposition reaction) identical in the presence 
and absence of bromide, and the decomposition rates of the 
electrochemically prepared Cu"'G4 in both media agreed very 
well with those previously reported.23 

In their analysis of copper(II1) tetraglycine decomposition 
and its role in the autooxidation of copper(I1) tetraglycine, 
Kurtz, Burce, and Margerum8 postulate a first-order depen- 
dence on OH- of CuI1I(H-,G4) decomposition (cf. eq 8 with 
their eq 11) which disappears from their overall rate law. Our 
direct measurement of the kinetics of this process indicates 
that, in the pH range where significant quantities of Cu"'- 
(H-2G4) are produced, its decomposition is independent of pH 
(k8(app) = 32 s-'). 

The absence of a pH dependence for both k6 and k8(app) 
seems inconsistent with the possibility that the more rapidly 
decomposing copper(II1) product contains either an axial OH- 
or a deprotonated but not yet rearranged (to structure 11) 
H-3G4 group in equilibrium with Cu"'(H-,G,). Thus, there 
appears to be a minor discrepancy between our results and 
those of the earlier workers. The lack of a pH effect on the 
overall formation and decay of CU"'(H-~G~)- in the presence 
of 0 z 8  seems somewhat inconsistent with the present results. 
However, the major conclusion that CUIII(H_~G~)- is the more 
stable form of copper(1II) tetraglycine both kinetically and 
thermodynamically is in complete harmony with our conclu- 
sions. 

Reaction 9 in our mechanism represents a multistep reaction 
sequence which, we feel, includes the conversion of Cu"'- 
(Hw3G4)- to CU~'~(H-,G,) (by the reverse of reaction 7)  as 
postulated in ref 8. 

Like Cu"'( H-,G4), the CU"'(H-,G~)~- ion has been found 
to be less stable than CUIII(H-~G~)-.'~ No influence of the loss 

7.5 2.0 3.3 0.66 
7.5b 2.0 4.2 0.62 
7.8' 2.0 3.6 0.75 
8.1 1.0 2.0 1.1 
8.1 2.0 4.5 1.1 
8.1d 2.0 4.2 1.4 
8.1 4.0 6.0 1.2 
8.1 6.0 9.7 1.4 
8.2 2.0 3.6 
8.9 2.0 4.1 6.7 
9.5 2.0 2.9 27 
9.ge 2.0 3 65 

10.3 2.0 3.3 160 
10.3b 2.0 3.1 130 

a N,O saturated; 22 * 2 "C; most solutions contained lo-, M 
Na,HP04 and 10% excess G,. [tert-Butyl alcohol] = 1 M. 
l o v 4  M HgZf added. ' 5 X 

for details. 

2 X 
M sodium fumarate added. 

7 X M tetraglycine. e Monitoring light filtered; see text 

m 4 0  ""w 
d I 

I I 1 
8 16 24 32 40 

TIME sec 

Figure 2. Effect of incident light on the stability of CUIII(H-~G~)-: 
decomposition of Cu111(H3G4)- followed at 390 nm by using (a) normal 
monitoring light and (b) filtered light ([Cu"G4] = 2 X IO4, pH 10.5). 

agreement with theirs, also having A,,, = 365 nm, and, if we 
presume that at high pH all copper(II1) is in this form (cf. 
Table I), an extinction coefficient of €365 N t3@ = 6300 f 1000. 

The fact that the extent of spectral change in the third 
reaction, (Ab - A,)/Ab,  is extremely pH dependent while the 
rate constant k8(app) is pH independent provides support for 
Margerum's postulation that CUIII(H_~G,)- is the stable form 
of copper(II1) tetragly~ine~ and that decomposition occurs 
through CU" ' (H-~G~)~  which has a higher yield at lower pH. 

In the absence of an interconversion mechanism (e.g., re- 
action 7) the fraction of Cu"'(H_,G4)- remaining after reaction 
8 would be only - 1% at pH 7.2 and 10'70 at pH 8.2. The fact 
that significantly more CUIII(H-~G~)- is observed than pre- 
dicted by the pK3 of copper(I1) tetraglycine indicates that 
interconversion does occur. On the other hand, the fact that 
interconversion is not complete at pH < pK2(Cu11) is in 
agreement with the earlier postulation8 that comparatively slow 
ligand rearrangement accompanying reaction 7 prevents rapid 
deprotonation of C U I ~ ~ ( H - ~ G ~ )  even though the E o  value in- 
dicates that this process should be complete. Since the ultimate 
yield of CU"~(H-~G,)- lies between these two extremes we 
conclude that reactions 7 and 10 occur in the forward direction 
Cu"'(H_,G4)Br- + C U " ( H - ~ G ~ ) ~ -  + 

Cu11(H-*G4)- + Cu111(H-,G4)Br2- (10) 

on a time scale competitive with reactions 8 and 6, respectively. 
The decrease in A,/Ab at low [Br-] can then be attributed to 
(10) and the reverse of (6); Le., at higher [Br-] the amount 
of CUIII(H-~G~)B~- which is converted to the H-3G4 form is 
larger. Although alternative reactions are possible when .OH 

(22) All other reactions reported in this paper are unaffected by light in- 
tensity (cf. Tables I1 and 111). 

(23) Reference 8 gives an observed rate constant of k9 = 2 X s-' under 
similar conditions. Our values are 3 X s-' in 0.1 M NaC104 and 
8 X IO4 s-' in 0.1 M Br-. We are satisfied with the agreement in both 
media since the latter measurement is complicated by the absorbance 
due to Br- oxidation products. 
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Table 111. Kinetic Data for the CuC, t CH,COO- System" 
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Cu"G4. As C H 2 0 H  and -COT are strong reducing agents,24 
our conclusions concerning these reactions are as summarized 
in eq 11 and 12. 

(11) 
Cu"G4 + CHIOH --+ Cu'G4 + CH2O 

k l l  = 8.6 X lo7 M-ls-l 

Cu"G4 + 420- - Cu'G4 + COZ 
kl2 = 6.5 X lo8 M-' s - ~  (12) 

The colloidal product could be either copper(1) hydroxide 
or copper(0) formed by Cu1G4 disproportionation (next sec- 
tion). 

Reaction of Cu"G4 with *CH2C(CH3)20H and with 
*CH2COO-. Kinetic data are given in Tables I1 and I11 for 
solutions of copper(I1) tetraglycine irradiated in the presence 
of 1 M tert-butyl alcohol and 1 M sodium acetate, respectively. 
In both cases pseudo-first-order formation of an unstable in- 
termediate with an absorption maximum at 320 nm (Figure 
3) is observed. The specific absorptivities for the tert-butyl 
alcohol and acetate intermediates are E,,, = 7650 and 3460 
M-' cm-*, respectively. These reactions are first order in 
Cu1Q4 and essentially independent of pH. We attribute these 
reactions to copper-carbon bond formation resulting in species 
which formally contain trivalent copper as shown in eq 13 and 
14. The values of k13 and kI4 were determined from copper(I1) 
tetraglycine dependences at pH 8.1, 

Cu"G4 + *CH2C(CH&OH - G4Cu1"-CH Zc( CH3) 20H 
k13 = 2 x 107 M-' s-1 (13) 

8.1 
8.1 
8.0 
8.1 
8.2 
8.5 
8.6 
9.3 
9.9 
9.9d 

1 TO 
2.0 
4.0 
6.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 

3.0 
3.3 
5.0 
7.0 
3.0 

2.1 
2.0 
3.2 
2.6 

-4 

0.84 
0.34 
0.45 
0.36 (112)b 

0.16c 
0.19 

0.065 
0.05 9 

0.055 (75)b 

a N,O saturated; 22 * 2 "C; most solutions contained 1 O - j  M 
Na,HPO,. 
resolved in other experiments. Monitoring light filtered. 2 X 
lo-' M Hg" added. 

Rate constant for -15% absorbance change; not 

E 

7 

6 

k 5  U 

h 

w P 

4 

3 

2 

1 

WAVELENGTH nm 
Figure 3. Absorption spectra of transients produced by the reaction 
of Cu"G4 with .CH2C(CH3)20H (A), .CH2COO- (A), and 
*CH2CH(OH)CH3 (a). The smaller apparent extinction coefficient 
in the latter case is a result of the fact that the reacting radical is 
only a minor product of the irradiation of the isopropyl alcohol solution. 
All spectra were determined at pH 8 with [Cu"G4] = 2 X lo4 M 
and normalized to the limiting absorbance for high [Cu"G4]. 

of the proton from the fourth (amine) nitrogen (pK = 12.1)9 
is observed under our conditions. 

Reaction of CuW4 with .CH20H and C02- Radicals. When 
solutions of Cu"G4 containing methanol (1 M) or sodium 
formate (0.1 M) were irradiated in the pH range 7.3-10, the 
initial, rapid increase in absorbance due to free radical for- 
mation decreased via a first-order process. Final absorbances 
measured between 290 and 330 nm were less than those of 
the original copper(I1) tetraglycine solutions. No rapid change 
in absorbance was observed at longer wavelengths. Formation 
of a colloidal product began within 500 ms of the pulse. For 
both systems, free radical disappearance was first order in 

Cu"G4 + CH2COO- --+ G~CU"'-CH~COO- 
(14) 

The assignment of these products as species containing 
copper(III)-carbon bonds is based on the following arguments: 
(a) The spectra of the intermediates are not those of Cu"'G4 
(Figure 1) or Cu1G4 (preceding section). (b) Under our ex- 
perimental conditions, these radicals do not react with tetra- 
glycine. (c) Thus, formation of a copper(II1)-carbon bond 
appears to be the only plausible interpretation of these data. 
These conclusions are in agreement with earlier observations 
concerning the reactions of these radicals with Cu2+(aq)' and 

Both Cu"' intermediates decay in a first-order process which 
is independent of copper concentration but varies with pH 
(Tables I1 and 111). Plots of log k (for decay) vs. pH are linear 
(pH range 7.5-10) with slopes of 1.0 for the tert-butyl alcohol 
system and approximately -0.5 for the acetate. In some ex- 
periments in acetate media, a rapid decrease in absorbance 
(k = 100 s-l) of very small amplitude was observed (at 380 
nm) before the major decay. 

Formation of a colloidal precipitate after the decay reaction 
is interpreted as due to Cu'OH or elemental copper formed 
in the sequence 

G4Cu111-R - Cu1G4 + organic products (1 5) 

Cu'G4 - Cu'OH and/or Cuo + Cu"G4 (1 6) 

Introduction of small amounts of fumarate ion which is known 
to complex Cu(1) was found to suppress all signs of turbidity, 
even after several pulses. It should be noted that, although 
the reactants in eq 13 and 14 are a mixture of Cu"(H-,G4)- 
and CU"(H-~G~)~-  whose composition is pH dependent, the 
rates of these reactions are OH- independent. However, unlike 

kI4 = 9 X lo6 M-' s-l 

CuIIG3.4 

(24) Asmus, K. D.; Mockel, H.; Henglein, A. J.  Phys. Chem. 1973,77,1218. 
(25) Meyerstein, D. Inorg. Chem. 1975, 14, 1716. 
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the Cu"'G4 system, we see no evidence for more than one 
G4Cuiii-R product in the tert-butyl alcohol system while the 
origin of the minor reaction (with k = 100 s-l) in the acetate 
system is not clear. This might be due either to similar 
properties of (H-2G4)Cu1ii-R and (H..,G4)Cuiii-R or to a rapid 
interconversion to the more stable protonation state. 

The different pH dependences of copper-carbon bond de- 
composition found for these two systems indicates that the 
nature of the aliphatic residue affects the mechanism of de- 
composition. The present data do not encompass enough of 
a variety of ligands to allow us to analyze the detailed nature 
of reaction 15.26 Espenson2' has noted several iwtances in 
which Co(II1)- and Cr(II1)-carbon bond decomposition is 
catalyzed by mercuric ion reacting by an SE2 mechanism. In 
some experiments, we added mercuric ion to our solutions to 
test whether analogous reactions would occur. However, no 
effect of Hg2+ was noted even under conditions where de- 
composition is slowest. This result may be due to the generally 
higher rates of decomposition of the copper(III)-carbon bonds 
and/or to smaller electron density on carbon in the copper 
systems compared to the cobalt and chromium systems. 

Reactions of Copper(III) Tetraglycine in Irradiated Isopropyl 
Alcohol Solutions. Radiolysis of solutions containing isopropyl 
alcohol resulted in hydrogen abstraction from either the a or 
/3 position as shown in reaction 17.28 The major product 

Kirschenbaum and Meyerstein 

is somewhat larger than that observed at these wavelengths 
in blank solutions of isopropyl alcohol. Thus, these results 
suggest that, of the two radicals produced in reaction 17, the 
/3 radical reacts with CuiiG4 to form a copper(II1)-carbon 
intermediate, whereas the cy radical seems to reduce Cui1G4 
without the formation of a detectable intermediate. 

Conclusions 

*OH + CH,CH(OH)CH, -+ .CH2C(OH)CH3 - 11% 
-+ (CH,),C(OH) -89% 

(17) 

(CH,),C(OH) is primarily a reducing radical29 while 
CH2CH(OH)CH3 is expected to have similar properties to 
those of .CH2(CH3)20H. 

Irradiation of solutions containing CutiG4 and 1 M isopropyl 
alcohol results in the formation of an unstable intermediate 
with an absorbance maximum at 320 nm and an apparent emax 
= 800 at pH 8.2 (Figure 3). The formation of this interme- 
diate is first order in Cu(II), and we assign this process to 
reaction 18. At lower pH and above pH 9.5, the absorbance 

Cu"G4 + .CH$H(OH)CH3 - 
G4Cu1"-CH2CH(OH)CH3 

k18 = 2.7 X lo9 M-I s-' (18) 

increase becomes less pronounced. The decomposition of the 
Cu"' intermediate has a [Cu"] - and (essentially) pH-inde- 
pendent rate constant of 0.5 f 0.2 s-l. The conclusion that 
reaction 18 results in a Cu(II1) species seems reasonable when 
compared to the results obtained with the acetate and tert- 
butyl alcohol systems. Thus, if we adjust the absorptivity at 
320 nm for the supposition that only 11% of the free radicals 
produced at pH 8.2 are CH2CH(OH)CH3, we obtain a value 
of E ,  = 7300 for G4CuiILCH2CH(OH)CH3 which is similar 
to that obtained for G4Cuii'-CH2C(CH3)20H. A precipitate 
becomes visible after about 1 s. 

In addition to the decrease in absorbance noted above, a 
more rapid reaction of small amplitude was noted at wave- 
lengths longer than 380 nm. This reaction has a first-order 
rate constant of -5 X lo3 independent of pH and Cui1G4 
concentration. This is in the time region of the spontaneous 
disappearance of (CH3)2C(OH) radicals, but the amplitude 

(26) Because of the small quantity of products obtainable prior to precipi- 
tation, no analysis of organic products is possible in these systems. 

(27) Espenson, J. ACS Symp. Ser. 1978, No. 82, 235. 
(28) Adams, G. E.; Willson, R. L. Trans. Faraday SOC. 1969, 65, 2981. 
(29) Czapski, G.; Samuni, A,; Meisel, D. J .  Phys. Chem. 1971, 75,  3271. 

The reactions of copper(II1) tetraglycine with free radicals 
reported here may be classified into three groups: (i) oxidation 
to Cuiii(H2G4) and CUIII(H-~G~)- by reaction of .Br- and .OH 
with the corresponding copper(I1) complexes [observation of 
Cui1'G4-Br species clearly indicates an inner-sphere mechanism 
for the -Br2- reaction. A similar mechanism is plausible for 
the reaction with .OH.30]; (ii) formation of copper(II1)- 
carbon-bonded intermediates in the reactions of Cui1G4 with 
CH?C02-, .CH2C(CH3)20H, and CH2C(OH)CH3; (iii) re- 
duction to Cu'G4 by C H 2 0 H  and CO2- [although no inter- 
mediates are observed in these systems, one might expect that 
here also, at least for -CH20H, the reaction proceeds via direct 
attack of carbon on the metal center. However, due to the 
strongly reducing nature of these radicals, the lifetimes of the 
copper-carbon-bonded intermedjates are too short to be ob- 
served. The reaction of (CH3)2COH with Cu"G4 probably 
belongs in this c a t e g ~ r y . ~ ~ . ~ '  This reaction was, however, not 
observed due to the parallel reaction with the .CH2C(OH)CH3 
radical.] 

The kinetics of decomposition of the CuIi'G4 species confirm 
Margerum's assertions that CU~~'(H-,G,) is considerably less 
stable than Cui1'(H,G4)- and that the interconversion of these 
two species is far too slow to be a simple protolytic equilib- 
rium.* However, our results indicate that the decomposition 
rate for CU"'(H-~G~) is pH independent. It is of interest to 
note that CU"~(H-,G,) decomposes more slowly than Cuiii- 
(H-2G4) with an [OH-]-dependent rate.4 These differences 
are probably a reflection of the fact that the fourth ligating 
group in Cu"I(H-2G3) is a carboxylate which offers greater 
stability than the peptide carbonyl of tetraglycine (structure 

Contrary to our initial expectation, we find that the lifetimes 
of copper(II1)-carbon intermediates are similar for the tri- 
glycine4 and tetraglycine systems. This might be due to the 
fact that, although these compounds are formally designated 
as copper(II1) species, the copper-carbon bonds are covalent 
and decompose to give copper(1) and not copper(II1) or cop- 
per( 11). 

Finally, a recent studygb of the reactions of copper(II1) 
peptides with IrClb3- has established the fact that electron- 
transfer reactions of these complexes can be very rapid but 
could not distinguish whether or not electron transfer occurs 
through a Cu-C1-Ir bridge involving five-coordinate copper. 
Although an inner-sphere mechanism apparently can be ruled 
out in some redox reactions of copper(II1) peptides,32 the 
present study, especially the observation that no major spectral 
changes accompany reaction 6 ,  clearly establishes that the 
more labile axial positions in copper(II1) tetraglycine can 
indeed accept additional ligands. 
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1). 

(30) Lati, J.; Meyerstein, D. J .  Chem. SOC., Dalton Trans. 1978, 1105. 
(31) Freiberg, M.; Meyerstein, D., submitted for publication in J .  Chem. 

SOC., Dalton Trans. 
(32) Reference 9b and ref 34 therein. 
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The title complex, Cu( [9]aneN3)C12 (l), behaves anoma- 
lously with regard to the well-known macrocyclic effect. 
Typically, macrocyclic pol amine Cu(I1) complexes exhibit 

polyamines.2 However, the formation constant of 1 (log K 
is: 16) is smaller than that of Cu(dien)z+ (log K = 18.0).*g3 

larger formation constants yh t an those of corresponding linear 

dien 
19 lane% 

In contrast, formation constants of Ni( [9]aneN#+ and Zn- 
([9]a11eN~)~’ (log K = 16.2 and 11.6, respectively) are sub- 
stantially larger than those of Ni(dien)2+ and Zn(dien)” (log 
K = 10.7 and 8.9, re~pectively).~ The anomalous behavior of 
1 has been attributed2” to steric requirements of Cu(I1) which 
have been frustrated in part by structural constraints of the 
[9]aneN3 ligand. The present study was undertaken to help 
understand these  constraint^.^ 
Experimental Section 

Preparation of 1. 1,4,7-Triazacyclononane trihydrochloride 
( [9]aneN3.3HC1) was prepared by appropriate modification of a 
published procedure for 1,5,9,13-tetraazacy~lohexadecane.~ Evap- 
oration of a solution of [9]aneN3.3HC1 (5 mmol, 1.24 g), CuC12 (5 
mmol, 0.85 g), and 15 mL of 1 N sodium hydroxide yielded sodium 
chloride crystals and large blue plates of 1 which were separated 
manually and recrystallized from water to yield pure 1. 

Anal. Calcd for C6HI5N3CuCl2: C, 27.33; H, 5.73; N, 15.94; Cu, 
24.10. Found: C, 27.33; H, 6.10; N, 15.88; Cu, 24.06. 

(a) Rutgers University, New Brunswick. (b) Rutgers University, 
Newark. 
Kodama, M.; Kimura, E. J .  Chem. SOC., Dalton Trans. 1977, 1473-8 
and references cited therein. 
Yang, R.; Zompa, L. J. Inorg. Chem. 1976, 15, 1499-502. 
A structural study of the dibromo analogue of 1, Cu([9]aneN3)Br2, 
appeared while the present paper was in preparation. See: Bereman, 
R. D.; Churchill, M. R.; Schaber, P. M.; Winkler, M. E. Inorg. Chem. 
1979, 18, 3122-5. 
Smith, W. L.; Ekstrand, J. D.; Raymond, K. N. J.  Am. Chem. SOC. 
1978,100, 3539-44. 

Table I. Crystal Data and Data Collection Details 
formula 

mol wt 
a, A 
b, A 
0, A 
a, deg 
A deg 
7, deg 
space group 
2 
no. of reflcns used to deter- 

mine cell constants 
dcalcdr dcma 
dobsd, g/cm3 
h(Cu Ka), A 
filter 
linear abs coeff, cm-’ 
cryst dimens, mm 
abs factor range 
diffractometer 
data collectn method 
28 ranp, deg 
temp. C 
sc&ige,a-deglmin 
scan range, deg 

no. of std reflcns 
variation in std intens 
no. of unique data collected 
no. of data used in refiie- 

ment (P > 30(P)) 
data:parameter ratio 
final R F ~  
fiial R W ~ ’  

Cu(CH,CH,NHCH,CH,- 
NHCH,CH, NH)CI, 

263.66 
7.428 (2) 
9.865 (2) 
6.932 (2) 
77.89 (2) 
99.12 (2) 
92.61 (2) 
P1 ,. L 
13 

1.786 
1.76 (5) 
1.5418 
Ni 
77.0 
0.10 X 0.45 X 0.22 

Syntex P2, 
e-2e 
4 < 2 0 < 1 1 o  
23 (1) 

1.903-3.647 

, I  

1.5 
26(K~,)  - 1 to 

3 
2 e ( ~ a , )  + 1 

*4.5% 
1239 
1182 

8.0 
0.031 
0.036 

a Background measurements were made at the beginning and end 

RwF = [ z w (  IF, - 
of each scan; the total time for background counting was equal to 
the scan time. R F  = z I IF,, I - IF, Il/Z IF, I. 
FcI)~/CwF,a]“2. 

X-ray Diffraction Studies. Crystal data and data collection and 
refinement details are given in Table I. Intensity data were collected 
and corrected for decay, Lp effects, and absorption as described 
previously.6 Diffractometer examination of the reciprocal lattice 
revealed no systematic absences. 

The structure was solved’ by direct methods and refined successfully 
in space group Pi by using full-matrix least-squares techniques. 
Neutral atom scattering factors were used, and anomalous dispersion 
corrections were applied to all nonhydrogen atoms.8 An E map, 
calculated from the starting set having the highest combined figure 
of merit, revealed the Cu and C1 atoms. All remaining nonhydrogen 
atoms were located on a subsequent difference Fourier map. Several 

(6) Fawcett, T. G.; Ushay, M.; Rose, J. P.; Lalancette, R. A.; Potenza, J. 
A.; Schugar, H. J. Inorg. Chem. 1979, 18, 327-32. 

(7) In addition to local programs for the IBM 370/168 computer, local 
modifications of the following programs were used: LPCOR Lp and 
absorption program; Zalkin’s FORDAP Fourier program; Johnson’s OR- 
TEPiI thermal ellipsoid plotting program; Busing, Martin, and Levy’s 
ORFFE error function program; Main, Lessinper, Declercq, Woolfson, 
and Germain’s MULTAN 74 program for the automatic solution of crystal 
structures; the FLINUS least-squares program obtained from Brookhaven 
National Laboratory. 

(8) “International Tables for X-ray Crystallography”; Kynoch Press: 
Birmingham, England, 1974; Vol. IV, pp 72-98, 148-51. 
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