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proton transfer processes (e.g., reaction 4 which proceeds to
completion)® and a comparison of the relative extent of pro-
ton and deuteron transfer to stronger bases such as pyridine
(e.g., reactions 5 and 6). With sufficiently acidic donors
(e.g., D;O™ reacting with benzonitrile) protonation occurs
on both the ring and the substituent. In this case reaction 4
is observed but does not proceed to completion. In the case
of reactions 5 and 6 this situation is clarified by using an
equilibrated population whereby several collisions with the
aromatic species lead to deuterium transfer to the more
basic site in the molecule.

58%
> C5H5NH’ + CgHzDF3 (5)
(1,3,5‘CGH3F3)D’ + C5H5N— 42%
— C5H5ND’ + CGH3F3 (6)

While necessary, it is evident from the data in Table I
that ring protonation is not a sufficient condition to observe
exchange. The exchange mechanism most likely involves
transfer of the labile proton to D,O forming an activated
complex of D;OH™* with the aromatic compound. This
species dissociates to regenerate the isotopically exchanged
reactants. We are currently investigating a range of aro-
matic compounds including naphthalene, anthracene, and
biphenyl as well as a variety of other saturated and unsatu-
rated carbonium ions where the extent of exchange may
clarify additional features of the reaction mechanism and
provide other interesting structural information.
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Characterization of a Readily Accessible
Copper(III)-Peptide Complex
Sir:

The tripositive oxidation state of copper occurs in a2 num-
ber of compounds, many of which are not stable in aqueous
solution. Thus, crystalline NaCuO; can be prepared! but it
decomposes in solution in a few seconds.? Pulse radiolytic
studies? have generated Cu(III)-aquo and Cu(III)-amine
complexes, which are transient species with rapid rates of
decay. Electrochemical preparation of Cu''! complexes of
macrocyclic amines has been possible in acetonitrile solu-
tion but the complexes are unstable, undergoing spontane-
ous reduction to Cu'l.4 Copper(III) intermediates have been
proposed in the chloroiridate oxidation of copper(II)-oligo-
peptide complexes which leads to peptide oxidation and
fragmentation.>¢ Crystalline, highly insoluble Cu(III)-bis-
(biuret) and Cu(III)-bis(oxamide) compounds have been
characterized.”® Alkyl-substituted bis(biuretato) complexes
of Cu' were sufficiently soluble and stable in DMSO to
permit measurements of their electronic spectra, NMR
spectra, and polarographic properties,® but aqueous solu-
tions were not prepared. Recent studies in this laborato-
ry>10 of the autoxidation of copper(II)-peptide complexes
suggested that relatively long-lived Cu(III)-peptide com-
plexes could be formed in aqueous solution. In the present
work we confirm that this is the case and show that with
peptide complexes Cu'" is a much more accessible oxida-
tion state than had been realized.

Cu(II)-tetraglycine can be oxidized quantitatively to
[Cu(H-3G4)]~ (I) by IrCl¢2~. This oxidation is revers-
ible with pH variations. If the iridium species are removed
by anion exchange separation, the resulting solutions of
[Cu(H-3G4)]~ are slow to decompose in weakly acidic

media. There are several types of evidence which show that
the complex does indeed contain Cu'', (1) The Cu'! elec-
tronic absorption spectrum is lost and an intense absorption
band at 365 nm, characteristic of Cu!',® is formed as a re-
sult of the oxidation, (2) The EPR spectrum characteristic
of the d° Cu!! disappears upon oxidation as expected for a
diamagnetic d® Cu''! complex. The EPR signal slowly reap-
pears as the Cu''l complex decomposes. (3) The oxidized
complex is sluggish in its substitution reactions. This is
characteristic of d® square-planar complexes such as the
proposed [Cu"'(H_3G4)]~ species. In solution the oxidized
complex passes through a Chelex 100!! ion exchange col-
umn which, under the same conditions, will quantitatively
remove Cu!! from its tetraglycine complex. Similarly, the
rate of reaction of acid with the oxidized complex is much
slower than with [Cu''(H-3G4)]?". (4) The proposed Cu'!!
complex is capable of oxidizing ferrocyanide ion, iodide ion,
and sulfite ion. (5) The acid decomposition of the oxidized
complex regenerates 50-65% of the tetraglycine that was
initially present and releases small amounts of Oj. The
above experimental observations strongly support the pro-
posal that the metal center rather than the peptide is initial-
ly oxidized by IrCle2~. In the decomposition reactions, how-
ever, some of the peptide is oxidized.

The molar absorptivity of the [Cu''(H-3G4)]~ complex
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Figure 1. Formation of [Cu!"!(H_3G4)]~ (0) and corresponding loss of
Ir'VClg2~ (m) vs. —log [H*]. Solid lines are calculated on the basis of
eq 1 and Kox = 2.7 X 10% [CuGa)r = [Ir}r = 2.51 X 10~ M, u = 0.1
M (NaClQy), 25°C.

at 365 nm was determined by three independent methods as
shown in Table I. The value determined after the separation
of Cul! by Chelex ion exchange indicates that the oxidized
Cu(II)-tetraglycine complex contains a Cu''! center. The
values of the molar absorptivity when determined by the
other methods agree with this. Both the IrClg?~ oxidation
and the (z-Bu);NO reduction experiments indicate one
electron redox reactions of the copper-tetraglycine com-
plexes. IrClg?~ is a well-known one-electron oxidant while
(t-Bu);NO acts as a one-electron reductant.!?

Figure 1 shows the redox-pH curve for the hexachloroir-
idate reaction with copper-tetraglycine. The concentration
of IrClg2= is calculated from the absorbance at 490 nm (e
4075 M~' cm~!) with corrections for the small overlap due
to the 365-nm Cu''! peak, while the concentration of
[Cu"(H-3G4)]~ is calculated from the absorbance at 365
nm (e 7100 M~! cm™!) again with corrections from over-
lapping Ir'V absorbance. The Ir!''! and Cu'! absorbances are
negligible. There is a 1:1 correlation between the loss of Ir!Y
and the gain of Cu!"'. The pH dependence is a result of the
variable degree of protonation of the Cu(II)-tetraglycine
complexes, while the Cu!!! complex is present only as the
triply deprotonated peptide complex, as shown in eq 1. The

KOX
Cul(H_G,*~ + IrClg~ = Cu(H_,Gp~ + IrClg~ (1)
RS T
Cu(H-,G)~

flon

Cu(H_,G,)

o

CuG,*

o

| Cut+ + HG, |

redox and the protonation equilibria are rapidly reversible
and hence the ratio of Cul'/Ir'V can be shifted back and
forth with change of pH. The solid curves in Figure 1 are
calculated from eq 1 using the equilibrium constants for
copper(II)-tetraglycine!? and a redox equilibrium constant,
Kox, calculated to be (2.7 £ 0.2) X 10* from the experimen-
tal data. It was not possible to obtain a theoretical fit of the
experimental data if any other Cu(III)-peptide complexes
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Table I. Molar Absorptivity of [Culll(H_,G )]~ at 365 nm

Method Basis €355 M~ cm™!
IrCl,*" oxidation of IrIV used (1 equiv) 7100 + 320
[Cull(H_,G)]*
Separation of Cull by Curt present? 7220+ 310
Chelex ion exchange4
Reaction [Cull}(H_,G ]~ Loss of absorption 7120 + 200

with (¢-Bu),NO4 at 365 nm

@ After removal of IrIILIV by anion exchange. ? Determined after
Culll decay by the Zincon method (R. M. Rush and J. H. Yoe, 4nal.
Chem., 26, 1345 (1954)).

with a lower degree of deprotonation, such as
[CuM(H-,G4)]?~, were assumed to be present. The
fortuitous situation of the pH equilibria off-setting a
redox equilibrium permits an exact determination of the
redox potential for [Cu'""(H_3G4)]~2~, provided the
{Ic'V-MIC14]2~3~ potential is known.

Latimer!# lists a potential of 1.017 V for the
{IrtVIIC14])2= 3= couple (all values given here are in terms
of the standard electrode potential, i.e., reduction poten-
tials) which was from the early work of Dwyer, McKenzie,
and Nyholm.!> The EO value obtained by George and co-
workers!® was 0.867 V at 25° and 4 = 0, and at u = 0.1 the
interpolated value was 0.904 V. The discrepancy between
these results has been explained by Kravtsov and Petrova!’
as due to the hydrolysis of Ir'!! in earlier studies. More re-
cently Jackson and Pantony!® have reported a potential of
0.899 V at 25° and u = 0.1. Because of the importance of
the potential for the hexachloroiridate couple in our work
we have reevaluated its value for our conditions by two
methods. Using cyclic voltammetry we obtain a value of
0.892 + 0.009 V at 25°, u = 0.1 M NaClOy4. Using a po-
tentiometric titration with [Fe(CN)g]*~ we obtain a value
of 0.892 + 0.002 V at 25°C and u = 0.1 M NaClO,. The
reference potential taken for the hexacyanoferrate couple
was 0.4164 £ 0.0005 V.19 The latter redox couple was used
to calibrate the electrode system for the cyclic voltammetry
and potentiometric titrations. Hence, we are in general
agreement with the lower values for the [Ir'V:'Clg]2—+3=
potential.

Using the equilibrium constant, K, in eq | determined
from Figure 1 and the EO value of 0.892 V for Ir!V:l! gives
an EO value of 0.631 V for eq 2.

Cu'll(H-3Gy)~ + e = Cull(H-3G4)?~ E°=0.631V (2)

Thus, this Cul't!! potential is 0.140 V less than the
Fe'll.l'(aquo) potential, so that Cu!!! is an oxidation state
which can be attained more readily than had been realized.
The EC value is undoubtedly lowered by the strong elec-
tron-donor properties of the deprotonated-peptide groups
and the favorable electronic configuration (d®) for square-
planar complexes. In neutral solution the [Cu (H-3G4)]~
complex decomposes slowly with a half-life of about 2 hr at
25°. The complex decomposes faster in acid and in base.

"The low potential and relatively high stability in aqueous
solution for this Cu(III)-peptide complex is of special inter-
est in biological redox reactions, because copper coordina-
tion to deprotonated peptide groups occurs readily. Molecu-
lar oxygen reacts with Cu(II)-tetraglycine in neutral solu-
tions to generate [Cu''"(H-3G4)] ™, provided photochemical
inhibition is avoided.® This reaction gives a pathway for the
activation of molecular oxygen in its oxidation of peptides.
In addition, the attractive possibility of two-electron trans-
fer reactions between Cu' and Cu!'! is of interest as a bio-
logical redox pathway which would avoid high energy free
radical intermediates. A Cu!''/Cu! couple has been pro-
posed in the reactions of galactose oxidase.20
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Low Temperature Photochemical Studies on Acetyl
Benzoyl Peroxide. The Observation of Methyl and Phenyl
Radicals by Matrix Isolation Infrared Spectroscopy

Sir:

Attempts to photochemically produce radicals in rare gas
matrices are usually frustrated by their tendency to recom-
bine. This severely limits the spectroscopic techniques that
can be used to detect the presence of a radical. In particu-
lar, relatively large concentrations of radicals are required
for a reliable infrared identification. Here we report on ma-
trix isolation studies which are capable of producing large
concentrations of radicals. The method is related to that
used by Box,! and Karch and McBride? in their elegant
EPR and ENDOR studies. These authors generated radical
pairs by photoelimination of a small stable molecule from a
suitable precursor.

As an initial system, we have chosen diacyl peroxides
which when irradiated with ultraviolet light cleave into rad-
ical pairs and carbon dioxide. The latter isolates the two si-
multaneously generated radicals from one another and sup-
presses their recombination. Warming the argon matrix
from liquid helium temperatures to approximately 30 K is
expected to “soften” the environment enough to remove the
obstruction created by the CO; molecules thus allowing the
radicals to recombine and act as their own trapping re-
agents.

Acetyl benzoyl peroxide (I) was isolated in an argon ma-
trix at 6 K and subsequently irradiated with a medium pres-
sure mercury lamp in conjunction with a 10-cm water filter
and a Corning No. 053 UV filter with no transmission
below 2900 A.3 During the irradiation bands due to CO»,
methyl benzoate,* two very intense bands at 710, 612 em™!
and weaker absorptions at 3150, 1385 cm™! appeared.
Upon warming the matrix to 30 K all of the bands produced
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Figure 1. (a) The infrared spectrum of acetyl benzoyl peroxide after
extensive irradiation with light longer than 3000 A (—). (b) The in-
frared spectrum after warm-up to 30 K (- - -}: legend, MB = methyl
benzoate, C = carbon dioxide, M = methyl radical, P = phenyl radi-
cal.

Table I. Fundamental Vibrational Frequencies of the
Methyl Radical®
v, vy U,
b 611
CH, 4c 617 1396 3162
d 612 1385 3150
b 463
CD,4¢c 463 1026 2381
d 461 1029 2369

2y, = out of plane bend, v, = asymmetric in plane bend, v, = asym-
metric CH stretch. b Reference 9. Produced by the vacuum uv pho-
tolysis of methane. Spectra obtained in an argon matrix. ¢ Reference
6. Pyrolysis of CH,I, CD;l, and (CH,),Hg in neon gas. Spectra ob-
tained in a neon matrix. d Present study. Photolysis of C,H,CO,0,-
CCH,, C,H,€0,0,CCD,, and C,D,C0,0,CCH, in an argon matrix.

during the irradiation (except those due to CO; and methyl
benzoate) disappeared after several seconds with the simul-
taneous appearance of bands due to toluene.*> These re-
sults are shown in Figure 1. In Table I literature values of
matrix isolation experiments on the methyl radical are
given for comparison. From these it follows that the absorp-
tions observed in our experiments at 612, 1385, and 3150
cm™! agree in band center and intensity assignment with
the methyl radical. In support of the above claim the matrix
photolysis experiments of I with deuterium substitution on
the acetyl group produced bands at 461, 1029, and 2369
cm™! due to CDs in complete accord with the independent
studies of Snelson.® Thus, our results and Snelson’s firmly
establish the ground state vibrational spectrum of the meth-
yl radical. Since it is known? that the irradiation of I yields
methyl and phenyl radicals simultaneously and since we ob-
serve that upon warming the sample to 30 K methyl com-
bines with an other species to produce toluene, we conclude
that the intense band at 710 cm™! which disappears syn-
chronously with those assigned to the methyl radical is due
to the phenyl radical.” We assign the 710-cm™! band of the
phenyl radical to a CH out of plane bending mode which
are characteristically very intense in the infrared. Scheme I

Scheme |
PhCO,CH; + COy

hu
PhC0202CCH3 _—
areon \
I 6 k a
Ph + 2CO; + 'CH; —> PhCH;
30 k
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