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Hydroxyl radicals react rapidly with the title chromium(III) complex. In weakly
alkaline solution, around pH =9, the product rearranges by a first-order process
followed by a second-order process. This sequence is interpreted as the formation
of a chromium(IV) complex which then forms a p-peroxochromium(III) dimer.
The dimer decomposes by a two-electron oxidation of the macrocyclic ligand with
the concomitant formation of a double bond. In more strongly basic solution and
also in dilute acid, the decay kinetics are more complicated.

Supplementary measurements using trans-difluoro(1,4,8,11-tetraazacyclotetra-
decane)chromium(III), which does not contain coordinated hydroxide, and
cis-dihydroxo(rac-5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane)-
chromium(III), for which dimerization is sterically hindered, support the above
interpretation of the consecutive reactions for the title complex.
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Fig. 1. Absorption spectra of the titile complex and of
its protonated forms.
Results

The diprotonated form of the title complex is an

acid for which —log(K, /M) =~ 3.048 = 0.011 and
—log(Ka/M) = 7.39 = 0.02 at 25°C in 1 M Na-
ClO,.? At the lower ionic strengths of the solu-
tions used in the present work these values are
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not valid, but the degree of protonation of the
complexes was determined using the absorption
spectra of the diaqua, aquahydroxo and dihy-
droxo complexes (Fig. 1). The reaction with hy-
droxyl radicals was studied at pH =~ 3, where ap-
proximately equal concentrations of the diaqua-
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Fig. 2. Absorbance change measured in a 5 cm cell
during the reaction between 1.00 mM trans-[Cr
(cyclam)(OH),]* and 0.080 mM - OH at pH 9.2.

and aquahydroxo forms are present, at pH = 4,
where the main species is the aquahydroxo com-
plex, and at pH = 9 and = 11, where only trans-
[Cr(cyclam)(OH),]* is present and where further
deprotonation could be kinetically significant at
the higher pH.

Only in alkaline solution was the system
simple, in that the variation of the absorbance
with time from successive pulses was identical
and there was a linear increase in the initial ab-
sorbance profile with radiation dose. Also, the
change of absorbance with time was unaffected
by small concentrations (< 8uM) of dioxygen and
of hydrogen peroxide under these conditions.
Fig. 2 displays a typical reaction profile. There
are three well-separated consecutive reactions re-
flected by
(A) a rapid increase in absorbance giving a pla-

teau in less than 5 ps;
(B) a first-order increase in absorbance within a
time span of less than 100 ps to about 1 ms;
(C) a slow second-order decay.

The initial rate of increase of absorbance was
very high and reproducible as a function of in-
crease in radiation dose and with successive doses
over the entire pH range which was investigated.
For all the hydroxo and aqua complexes, the first
plateau was easily measurable; in acidic solutions
the absorbance was less than that in alkaline, but
a detailed study of this region was confined to the
conditions under which the system as a whole was
most simple, i.e. pH = 9, and is described below.

(A) us kinetics and stoichiometry at pH 9.2. In or-
der to establish the stoichiometry, 50 ns pulses
were used for solutions of complexes less concen-
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trated than 30 uM and with doses of less than 4.0
krad. This ensured that the reaction:

.OH + -OoH % H,0,

with k = 1.03 x 10" M~! s71,% could compete
with the -OH + Cr(III) reaction. The fast in-
crease in absorbance to the first plateau as well as
the concentration of hydrogen peroxide pro-
duced after complete decay were measured. It
was found that both the stoichiometry and the ab-
sorbance profiles could be reproduced using a
value of 2.0 x 10" M~! s7! for the rate constant
for the 1:1 reaction between Cr(III) and - OH.

(B) Decay of the first intermediate: K;-path. This
is a first-order process over the entire pH range
(cf. k, in Table 1). The reaction involves spectral
changes which would accord with change in the
oxidation state of the metal centre (see Fig. 3).
The intensities and also the values of k; change
with pH. The origins of these changes and the
probable structures of the two intermediates are
discussed in the last section.

(C) The decay kinetics of the second intermediate:
k,-path. As stated above, only for pH = 9 were
the kinetics simple second-order and inde-
pendent of the order of successive pulses. The
second-order rate constants measured at 320 nm,
where no residual absorption was detected, are
given in Table 1. For the pH range 9.2-9.6, the
molar absorption coefficient for the second inter-
mediate is constant (g, in Table 1) but increases
at pH = 11. An interpretation of this path is
given in the discussion section, together with the
evidence for the formulation of the second inter-
mediate as a chromium(IV) complex.

At pH = 4.3 and 3.1 the absorption change was
less than that in the alkaline solutions. Two other
main features observed during this last stage dif-
fered also from the behaviour of the complexes in
alkaline solution. Firstly, the decay rate in-
creased with successive pulses and secondly, an
extra absorbance was observed when 2-8 uM
concentrations of dioxygen and/or hydrogen per-
oxide were added. Although, as stated above, the
first two stages in the absorption profile were
analogous in the pH range which was investi-
gated, the “slow” final decay at pH = 4.3 was dif-
ferent from that at pH = 3.1. At pH = 4.3 the de-
cay rate was second-order but with increased rate
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Fig. 3. Absorption spectra of intermediates and of
mixture at pH 3.2 for the reaction of the protonated
chromium(ill) title complex with hydroxyl radicals.

for successive pulses; at pH = 3.1 the decay for
first pulses was first-order but approached
second-order for successive pulses. Small de-
creases in pH were found on successive pulsing of
the acidic solutions, but these are difficult to
interpret since they would be accompanied by
considerable buffering of the solutions.

Measurements in argon-saturated solutions. It
seemed possible that in acid, not only the acid-
base properties of the second intermediate, for-
mulated as a chromium(IV) complex, but also
competition between the chromium(1IT) complex
and nitrous oxide for electrons could be a com-
plicating factor. By analogy with pulse radiolysis

studies* of (5,7,7,12,14,14-hexamethyl-1,4,8,11-
tetraazacyclotetradeca-4,11-diene)nickel(II)
under nitrous oxide and under dinitrogen, the di-
rect reaction of electrons with the chromium(III)
complex should lead to chromium(II) which
would react with the chromium(IV) intermedi-
ate. It is generally accepted that in aqueous solu-
tions saturated with argon or with dinitrogen, the
primary yield of hydroxyl radicals, which is equal
to that of electrons, is one-half of the yield of hy-
droxyl radicals in solutions saturated with nitrous
oxide. Measurements were therefore made with
solutions saturated with argon at pH 4.2.

In contrast to the nickel system no evidence for
reduction of the chromium(III) complex was
found, since not only was the absorbance change
for the argon-saturated solutions half of that in
those saturated with nitrous oxide but also the
rate constants were the same.

In agreement with the above, the second pla-
teau absorbances for two different chromium(III)
complex concentrations at pH = 3.1 lead to the
same calculated value of g;. Also, since the
second-order rate constant for the N,O + e~ re-
action is 5.6 X 10° M~! s7! 3 and the solubility of
nitrous oxide is 25 mM at 1 atm pressure, a rate
constant significantly higher than 8 x 10 M~!
s™!, which seems to be the upper limit for reduc-
tions of metal complexes by electrons,’ would
be required. Similarly, direct reduction of the
complex by hydrogen atoms can be eliminated as
a competing path.” A probable general mechan-
ism for the decay of the second intermediate in
acidic solution is given in the discussion section.

Table 1. Data for pulse radiolysis of trans-dihydroxo-, trans-aquahydroxo-. and trans-diaqua(1,4,8,11-

tetraazacyclotetradecane)chromium(iil).

pH dose/krad g™~ cm™* 1073 ks &M~ cm™! 102 k,IM ' 571
10.9 8.2-14.5 404+20 10.7+0.6 755+30 4.3+0.2
9.6° 7.0-30.8 360+18 2.92+0.10 723+20 2.19+0.11
9.5¢ 8.5-13.7 377+18 2.94+0.10 724120 2.16+0.11
9.2 10.2-12.6 725+25 1.65+0.09
4.3 7.2-20.5 280+14 11.0+£0.5 459+15 26 +0.3
3.1¢f 7.9-14.3 185+ 9 5.3+0.2 354+13 d

%, and g, are the molar absorbances of the first and second intermediates at 320 nm, respectively, calculated
from the appropriate plateau absorbances (Fig. 2) and the hydroxy! radical concentrations: [- OH] = G-dose
with G=5.8 uM krad™". %, is the first-order rate constant for the decay of the first intermediate. °k, is the
second-order rate constant for the decay of the second intermediate. “The decay is first-order with k=~ 0.140
+0.007 s™' (see text). °Concentration of trans-[Cr(cyclam)(OH),]* varied between 1.0 mM and 0.5 mM; others

1.00 mM. 'Data for first pulses only.
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Product analysis. There was no measurable di-
oxygen in the product solutions about thirty min-
utes after pulsing or later. The hydrogen per-
oxide level detected a few minutes after pulsing,
or later, never exceeded that which could accord
with primary dose product, and was usually much
less than one per cent of that corresponding to to-
tal conversion of - OH to H,0,.

At wavelength greater than = 300 nm, the ab-
sorbance changes after one dose (ca. 12 krad) de-
cayed to zero; however, at shorter wavelengths
there was a gradual increase in the final absor-
bance of the solutions with decreasing wave-
length.

trans-{Cr(cyclam)F,]* + - OH. This reaction was
studied at pH = 9.2 with doses and complex con-
centrations similar to those used for the title com-
plex; the absorbance changes at 320 nm were,
however, very different. An initial absorbance
change was complete in less than 2 ps and gradu-
ally decayed. For a first pulse of 10.1 krad, this
initial maximum absorbance was about one-third
of that found for the dihydroxo complex and was
not linearly dependent upon the dose. At all
doses, the absorbance change decreased with suc-
cessive pulsing at 30 s intervals. This would ac-
cord with a change in stoichiometry of the system
with successive doses. Since the rate of fluoride
ligand hydrolysis of the chromium(III) complex®
is too slow to account for the observed change in
absorbance with dose interval, it is concluded
that a product which is very rapidly oxidised by
hydroxyl radicals builds up in the solution.

cis-{Cr(cycb)(OH),]* and -OH. cycb is rac-
5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraaza-

cyclotetradecane, and steric hindrance from the
methyl groups of this ligand effectively prevents
dimerization of the complex (see Fig. 2 in Ref.
9). The first two stages in the absorbance vs. time
profile were analogous to those for the title com-
plex and furthermore, there was no change in ab-
sorbance with successive pulses at pH =~ 9.2
within the investigated time scales, (g = 350 M™!
cm™'at 320 nm and k,; = 250 s™"). The “slow” de-
cay of the complex was measured at pH = 9.2
and also at pH = 4.5, and in both cases was
strictly first-order, though faster at pH = 4.5 than
at pH = 9.2; the second plateau absorbance in-
creased linearly with dose and was independent
of pH within experimental error (g;; = 480 M™!
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cm™!, k = 0.030 s™' at pH = 9.2; g; = 520 M~!
cm™', k = 0.28 s7! at pH = 4.5).

Discussion

The use of chromium(III) complexes in pulse ra-
diolysis studies has the advantage over the much-
studied nickel(II) systems that the coordination
shells of the inert reactants are known, but the
“cyclam”-type chromium(III) complexes used in
the present work have the disadvantage that the
changes in absorbance occurring on oxidation by
hydroxyl radicals are small. This not only limited
the present studies to the use of large doses but
also meant that it was not feasible to attempt to
interpret measurements at wavelengths greater
than about 400 nm.

Of the three stages in the absorbance-time pro-
file illustrated in Fig. 2, only the first was found
with [Cr(cyclam)F,]* as reactant, and absorbance
changes for this system were particularly small. It
was, however, clear that reaction with hydroxyl
radicals is very fast, which meant that attempts to
unambiguously ascertain the site of attack of
- OH on the title complex by comparison with the
difluoro complex were abortive. For the difluoro
complex, only attack at the “cyclam” ligand
seems reasonable, which accords with the litera-
ture mechanisms for oxidative ligand dehydrog-
enation based on the rapid reaction of hydroxyl
radicals both with uncomplexed 5,7,7,12,14,14-
hexamethyl-1,4,8,11-tetraazacyclotetradeca-
4,11-diene'! and also with the nickel(II) complex
of 5,7,7,12,14,14-hexamethyl-1,4,8,11-tetra-
azacyclotetradeca-1,4,8,11-tetraene.* This latter
complex resembles the complex trans-
[Cr(cyclam) F,]* in that no transformation of the
initial spectrum other than a uniform decay pro-
cess was observed. The nickel(II) complexes of
the more saturated ligands give nickel(1II) com-
plexes, but attempts to interpret consecutive ab-
sorbance changes in detail are complicated by the
effect of coordination of anions.*!

For the present title complex, primary attack
by hydroxyl radical either at the hydroxide ligand
or at a coordinated nitrogen of the “cyclam” can
be envisaged and it is, in fact, only for the com-
plexes which contain either coordinated hydrox-
ide or water that the first-order transformation
(k, stage; see also B in Fig. 2) occurs. There is no
evidence for the presence of organic radicals dur-
ing stages A and B at any pH value when lack of
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change in stoichiometry with increase in dose and
absence of effects of added dioxygen'® and of re-
peated dose are used as criteria for the absence of
such organic radicals. It therefore seems likely
that the first intermediate is formed by hydrogen
atom transfer from a coordinated hydroxide to a
hydroxyl radical, and that the first-order transfor-
mation (k, path) corresponds to the oxidation of
the metal centre. The formulation of the second
intermediate as a chromium(IV) complex re-
ceives support from the change in the spectra il-
lustrated in Fig. 2, while the pH dependence of k,
could reflect the acid-base properties of the re-
actant complex. As stated above in the discussion
of the trans-[Cr(cyclam)F,]* system, it cannot,
however, be eliminated that the first two stages
correspond, either partly or wholly, to an analog-
ous fast hydrogen atom transfer to a hydroxyl
radical from the coordinated nitrogen of the “cy-
clam” ligand, followed by a slower intramolecu-
lar hydrogen atom transfer from coordinated hy-
droxide/water with concomitant oxidation of the
metal centre. It is only in the final stage and in
acidic solutions that there is a change of rate and
rate-order with repeated dose, corresponding to
the build-up of relatively long-lived products
which are readily oxidised by both dioxygen and
by the chromium(IV) complex.

In basic solution the decay of the chro-
mium(IV) complex is second-order and may be
compared with that found for the aqua-copper
(I1) system,’ for which:

Cu(Il) + - OH — “Cu(II)OH” — Cu(III)
2 Cu(Ill) — 2 Cu(Il) + H,0,.

For the present system, no H,0, is formed; in-
stead, as depicted in Scheme I, a p-peroxo dimer
is suggested. It is relevant that for all the alkaline
solutions there is an increase of rate constant with
increasing pH, reflecting that deprotonation of
the hydroxy ligands may be a requirement for
dimerization, as would be expected for the for-
mation of such a p-peroxo intemediate. Also, in
accord with this, there is a change of rate-law
from second-order for the “cyclam” complexes to
first-order for “cycb”, and this could result from
the different steric properties of the ligands, since
dimerization of the “cycb” complex through the
formation of an O—O bond cannot take place.
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Scheme 1.

The lack of evidence in the “cych” system for
ligand intermediates which can be easily oxidised
also means that the subsequent reactions of the
product complexes of the first-order decay must
be fast; these primary products are presumably
coordinated ligand-radical complexes.

The fate of the p-peroxo “cyclam” intermedi-
ate is of some interest, in that not only the spec-
tral changes accord with the introduction of a
double-bond in the ligand but also, from the stoi-
chiometry, this involves a two-electron change.
We therefore envisage, as depicted in Scheme 1,
intramolecular decomposition of the pu-peroxo
dimer with dehydrogeneration and concomitant
formation of the >C=N— moiety. This accords
with the results described in Ref. 1.



The new features of the pulse radiolysis studies
of the title complex are:
(1) that oxidation of the metal centre in “cyclam”
complexes by hydroxyl radicals requires the pres-
ence of a proton acid as an additional ligand, and
(2) that the initial one-electron oxidation of the
metal centre can lead to two-electron oxidation
of the organic ligand through what may reason-
ably be postulated to be a p-peroxo intermediate.

This last point is relevant to the previous stud-
ies' in that evidence has been found for partial
charge transfer to a “peroxo” bridge from the
chromium(I1I) centre.

Experimental

Pulse radiolysis. All solutions for pulse radiolysis
were prepared with triply-distilled water and
were deaerated with nitrous oxide or with argon.
The pH was adjusted with perchloric acid or with
sodium hydroxide, no attempt being made to ad-
just ionic strengths by addition of neutral salts.
The reaction rates were followed spectrophoto-
metrically at 22 +1°C in the wavelength range
300 to 500 nm. Most measurements were made at
320 nm with 1.00 mM solutions of complex.

Both an H. R. C. Lineac with 1.0 us pulses and
a Field Emission Corp. Febetron 705 B with 50 ns
pulses were used. The pulse-to-pulse variation
for single pulses at ten minute intervals was less
than +5 %. Details of the irradiation technique,
cell, light source, analysis, monochromator and
data processing can be found in Ref. 10. Using
the molar absorption coefficients of electrons and
hydroxyl radicals and the dimerization rate of
hydroxyl radicals given in Ref. 3, we confirmed
that in the alkaline solutions saturated with ni-
trous oxide, the electrons were effectively all con-
verted to hydroxyl radicals and that Goy = radi-
cals/100 eV = 5.8.

Preparation of chromium(IIl) complexes. trans-
[Cr(cyclam)(OH,)(OH)](CIO,),, trans-[Cr(cy-
clam)F,]CIO, and cis-[Cr(cycb)(OH),]CIO, - 2
H,O were prepared by literature methods or
modifications of published procedures.*"

HYDROXYL RADICALS AND CHROMIUM(IIN)

Analysis. Hydrogen peroxide was allowed to re-
act with iodide and the triiodide produced was
determined spectrophotometrically at 351 nm. A
calibration curve was linear in the peroxide con-
centration range 5 puM to 220 pM.

Dioxygen concentration was measured with a
Radiometer Type E 5046 pO, electrode together
with a PHA 930 module. The system was cali-
brated with water saturated with air and with O,
at 1 atm. pressure.
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