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Electron Spin Resonance Studies. Part XXX1X.l A Kinetic Investigation 
of the Role of Radical Reduction in Metal lon-Hydrogen Peroxide Systems 

By Bruce C. Gilbert,” Richard 0. C. Norman, and Roger C. Sealy, Department of Chemistry, The University 
of York, Heslington, York YO1 5DD 

Reduction of carbonyl-conjugated radicals by Ti111 and FeT* in aqueous solution has been investigated by e.s.r. 
spectroscopy and pulse radiolysis. Kinetic data have enabled the importance of such reactions in metal ion- 
hydrogen peroxide systems to be assessed. For example, reduction by Tin1 a t  pH 1 is negligible under typical 
flow system conditions whereas a t  pH 7 reduction by TiIII-EDTA can provide an important pathway for radical 
termination. The dependence of reduction rates on radical structure has been investigated. 

REDOX reactions of organic radicals with metal ions in 
solution are well known, but there have been few 
quantitative studies of such reactions involving small 
carbon radicals.2y3 

It has recently been suggested that the one-electron 
reduction by a metal ion of an organic radical conjugated 
to a carbonyl group may in some cases be an especially 
rapid p ro~ess .~  For example, product studies of the 
reaction of acetone with Fenton’s reagent were reported 
to yield a rate constant for reaction (1) of ca. lo7 1 mol-l 
s-l, and it was pointed out that higher rate constants 
could be expected for reduction by iron@) complexed 
with EDTA or by t i t an ium(r~~) .~  However, this con- 
clusion is difficult to reconcile with the rate constant of 
5.8 x 102 1 mol-l s-1 for the reduction of the polyacryl- 
amide radical, *CH(CONH,)CH,-, with TiIn in 0 . 0 8 ~ -  
sulphuric acid at 25°,5 which shows that, a t  least for this 
radical, reduction by Ti111 is relatively slow. We have 
therefore investigated the reduction of some carbonyl- 
conjugated radicals by FeII and Ti111 ion, in some cases 
complexed with EDTA. Fenton’s reagent and the 
related Ti1n-H202 couple were used to generate the 
radicals, and e.s.r. spectroscopy, complemented where 
appropriate by pulse radiolysis with optical detection, 
was employed to determine the reaction rates. 

FeII + *CH,COMe --w FeIII + -CH,COMe (1) 

EXPERIMENTAL 

E.s.r. S$ectrosco$y.-A Varian E-3 spectrometer with 100 
kHz modulation and an X band klystron was employed in 
conjunction with an aqueous flat cell and a mixing chamber 
which enabled three reagent streams to be mixed simul- 
taneously. Flow rates of ca. 6 ml s-l could be obtained with 
gravity feed. 

Splitting constants were measured to within & O . O l  mT, 
both directly and by comparison with Fremy’s salt [a(N)  
1.3091 mT6], and this salt (g 2.0055 ’) was also used for 
determining g factors to within & O . O O Q l .  Second-order 
corrections were made as necessary.8 

Where possible, ratios of radical concentrations were ob- 
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tained from measurements of peak amplitude and line- 
width.g For complex line-shapes and overmodulated 
signals, numerical double integrations were carried out  by 
Wyard’s method.1° Absolute radical concentrations (with 
an estimated random error of &lo%) were determined by 
comparison with a solution of vanadyl sulphate.11 The 
procedure for computer-simulation of spectra, which allows 
for second-order effects, has been described. x2 

pH Measurements were made to within k0.1 pH units 
with either an Electronic Instruments model 2311 or a Beck- 
man model 72 pH meter. 

Titanium(II1) chloride solution was Fisons technical grade 
[12.5% (w/v)]. Hydrogen peroxide (100-volume), EDTA 
(disodium salt), sodium monohydrogen orthophosphate 
(anhydrous), ammonia solution (d 0.88), sulphuric acid 
(98y0), cyclohexanone, ethane- 1,2-diol, and diethyl ketone 
were Fisons laboratory reagents. Other chemicaIs used 
were acetone (Fisons analytical reagent), iron(I1) sulphate 
(Hopkin and Williams general purpose reagent), and borate 
(pH 9*2), phosphate (pH 7.0), and phthalate (pH 4-0) buffers 
(Fisons). Oxygen-free nitrogen was from B.O.C. 

For reactions a t  pH ca. 1, the reactant solutions were 
typically as follows. Stream (i) contained either 12-5y0 
(w/v) titanium(II1) chloride solution (3.3-23.3 ml 1-1 ; 
2.7-18miv) or iron(11) sulpliate (0.5-3.5 g 1-l; 1.9-13m~) 
and 98% sulphuric acid (10 ml 1-l). Stream (ii) contained 
100-volume hydrogen peroxide solution (1-20 ml 1-l; 8- 
16Om~), and stream (iii) contained the organic substrate in 
sufficient concentration (0 .1-3~)  to scavenge essentially all 
the hydroxyl radicals produced. 

For experiments a t  pH above ca. 2-5, stream (i) contained 
either titanium(II1) chloride solution as above or iron(I1) 
sulphate (2 g 1-1; 7 - 5 m ~ ) ,  together with EDTA (disodium 
salt) in equimolar concentration, and sufficient ammonia 
solution to attain the required pH. Streams (ii) and (iii) 
were as before. 

Some experiments were carried out in phosphate buffer 
(pH 7.0) which was prepared from 0.liv-sodium mono- 
hydrogen orthophosphate solution and 0. liv-hydrochloric 
acid in the volume ratio 1.75 : 1. 

For studies of hydroperoxide formation, stream (ii) 
contained both the carbonyl compound and the hydrogen 
peroxide, and stream (iii) contained water only. 
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Solutions were deaerated by passing oxygen-free nitrogen 
for ca. 0.5 h. 

P d s e  RadioZysis.-The radiation source and experimental 
procedure have been described. l3 All solutions were 
prepared from triply distilled water, and the pH was 
adjusted with sulphuric acid or ammonia solution. Re- 
agents used were as described for the e.s.r. experiments with 
the exception of argon (99.995%) and nitrous oxide (medical 
grade) which were obtained from B.O.C. 

RESULTS AND DISCUSSION 

The reaction between titanium(rr1) ion and hydrogen 
peroxide is complex, involving steps (2)-(7) ; l4 S, and S, 
are believed to be titanium-complexed oxyl radicals 
which are relatively long-lived and are observed as 
singlets in the e.s.r. spectrum.15 If an organic hydrogen- 
atom donor, RH, is also present, then reaction (8) can 
occur. Now, it has recently been demonstrated that, 
providing the resulting radicals, R ,  are short-lived ( i e . ,  
have termination rate constants > ca. lo9 1 mol-l s-l), as 
in the reactions we have studied, the only radicals detected 
by e.s.r. spectroscopy under typical flow conditions are 
those formed in the cavity; l 4 9 l 6  a quasi steady-state 
system is established, so that kinetic data pertaining to 
the generation and destruction of Re can be obtained.17 

Ti111 + H,O, kin_ TiIV + *OH + OH- (2) 

Ti111 + *OH -% TiIV + OH- (3) 

TiIV + H,02 -% TiIV(H202) (4) 

-OH + H20, % H20 + *02H (5) 

(6) 

(7) 

*OH !- Til"(H2O2> -% S,, S, 

-0,H -+ TiIV(H,O,) & S,, S, 

*OH + RH-%H,O + R- (8) 
In order to simplify kinetic analysis of the systems we 

have investigated, the concentration of RH was made 

(k3/k8)[Ti1IIlt; k, was obtained from standard collec- 
tions of data,1*,19 k, was taken to be 3 x 109 1 mol-I s-l 
(strictly for O.~M-HC~O, solution, but unlikely to  differ 
markedly €or the solutions studied), and [Ti1I1It was 
taken as 0.5 [Tim]o (see later). As expected for efficient 
scavenging by RH, S, and S, were not observable under 
our conditions; further, increasing [RH] did not result 
in an increase in the observed concentration of radicals. 

There are three types of reaction which lead to the 
destruction of the radicals R*. The first is bimolecular 
combination which, for the cases under consideration, has 
a rate constant in the range 2k ca. 109-1010 1 mol-l s-l. 
The second is oxidation by hydrogen peroxide, titan- 
ium(Iv), or titanium(1v)-peroxide complexes ; these 
should occur slowly enough to be neglected. Thus, for 
the oxidation of *CH,OH by hydrogen peroxide,21 k = 
4 X lo4 1 molt1 s-l; the radicals examined here lack the 
activating whydroxy-group and should be oxidised less 
rapidly, so that under our conditions, with [R]  ca. 4 PM 
and [H,O& ca. ~O- ,M,  oxidation by hydrogen peroxide 
can make only a minor contribution to  radical termin- 
ation (< 10% compared with bimolecular combination 
for 2k ca. l o 9  1 mol-1 s-1). Oxidation by titanium(1v) 
species is expected to make a smaller contribution than 
that by hydrogen peroxide (cf. data for the radical 
*CMe,OH 17). The third reaction is one-electron reduc- 
tion of R which we wish to investigate. 

The Radical *CH,COMe.-From the discussion above, 
we should expect the reaction of acetone with the 
Tinl-H,O, system to be described for kinetic analysis by 
the initiating step (2) and reactions (9)-( 11). For reac- 
tion (9),l9 k = 1.2 x 10, 1 mol-l s-l. 

*OH + Me&O -% H,O + *CH,COMe (9) 

2CH,COMe -% molecular products (10) 

TiIII + *CH,COMe -% CH,COMe + TiIV (11) 

Steady-state kinetics for the observed radical concen- 
tration, discounting negative radical concentrations, 
yield equation (12) which, if the reduction step (1 1) is of 

sufficiently high that essentially all the hydroxyl radicals 
formed in the initiation step (2) are scavenged by reaction 
with RH. The criterion used was that [RH] & 

* Subscripts zero and t refer to  concentrations, respectively, 
immediately after mixing and t s after mixing (usually taken to  
be the concentration in the cavity). 
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of [Tin1] along the,flow tube can be treated as an expo- 
nential process and [H,O2It = [H202~,, so that equation 
(13) can be written as (14), where t is the time between 

(14) 
mixing and observation. For experiments in which t 
and [H20J0 are kept constant, the relationship (15) 

[.CH,COMe] cc [TiI1l]o* 

applies. At the other extreme (Le .  k112[Ti1TI]t2 9 
8k1& [Tilll]t [H2O,It), [. CH,C OMe] clearly approaches 
zero, but we can also define an intermediate region such 
that k1,2[Ti111Jt2 4 8klok,[Ti111]t[H202]t but (8klokin 
[Ti111]t[H202]t)+ is not > kll[TiI*It, to give equation (16). 

We conclude, then, that if the one-electron reduction 
(11) makes a negligible contribution to  radical termin- 
ation, a plot of [*CH,COMe] against [Ti1I1j0+ will be linear; 
otherwise, downward curvature will be displayed [cf. 
equation (16)] provided that the radical is present in 
observable concentration. 

The reaction of acetone with the TiIII-H,O, system 
was investigated at  pH 1.0 (0.h-sulphuric acid solution) 
and 7.0 (with the disodium salt of EDTA as a complexing 
agent). The spectrum of the radical *CH,COMe was 
essentially that previously observed.22 Because of the 
broadening of the inner quartet at room temperature,22 
the outer resonances were used to monitor the radical 
concentration as a function of [TilI1]O. The results 
obtained a t  pH 1.0 are in Table 1, and Figure 1 shows the 
plot of [-CH,COMe] against [TiIII],,+. It is apparent 
from this plot that there is no detectable contribution 
from reaction (11) ; an upper limit can be put on k,,, 
assuming that a 20% reduction in [*CH,COMe] due to 
reaction (11) would be detected. For a radical concen- 
tration of ca. 5 p ~  and with [Ti1I1Io = 3 . 9 m ~ ,  t = ca. 50 
ms, 2k,, ca. 109 1 mol-l s-l (by analogy with -CH,CHO, 
for which 23 2k is ca. lo9 1 mol-l s-l),* and kin = 590 
1 mol-1 s-1117 it follows that k,, > lo6 1 mol-l s-l. 

In  contrast, the results for reaction at  pH 7.0 (Table 2 
and Figure l) ,  are consistent with a significant contribu- 
tion to  radical termination from reaction (11). The 
evaluation of the rate constant for this reaction requires 
that kin be known for these conditions, and we estimated 
this as follows. I t  has been shown l4 that, for reactions 
under flow-system conditions of the type used here in 
which a radical R- is generated which is comparatively 
unreactive towards metal ions and hydrogen peroxide, 
the observed concentration of R* is maximal when 
[H,0210 is given approximately by (kint>-'. The species 

* Pulse radiolysis of an argon-saturated 10mh.z solution of 
acetone in O-ZM-sulphuric acid shows complicated decay kinetics 
of the absorption a t  290 nm with a second-order component 
2k = ca. loD 1 mol-l s-l. Since the e.s.r. data a t  this pH are 
consistent with bimolecular termination of .CH,COMe, with no 
other radicals detectable, we believe this value to be appropriate. 

*CH2CMe,0H is such a radical, and we found that the 
values of [H,O,], required to maximise the observed con- 
centration of this radical (generated from t-butyl alcohol 
under our conditions) were in the ratio ca. 2 : 1 for pH 
1.0 and 7.0, respectively. It follows that kin (pH 
7.0) - 2kia (pH 1.0) - 1200 1 mol-l s-l. AS a check, we 
measured the relative concentrations of *CH2CMe,0H at 
pH 1.0 and 7.0 for a fixed concentration of hydrogen 
peroxide (1.0 x 10-2~)  as well as for [TiIII], (1.6 x 
10-3~)  and t (ca. 50 ms) ; the ratio observed (obtained by 
double integration of the first-derivative spectra, since 
the lines a t  pH 7.0 were considerably broader than a t  
pH 1.0) was 0.83, as compared with the calculated value, 
based on kin (pH 7.0) = 1200 1 mol-l s-l, of 0.82. 

TABLE 1 
Variation of [.CH,COMe] with [TiIII], at  pH 1 

1 06[.CH,COMe] /M 

0.00 
2.07 
2.18 
2.94 
2.96 
4.34 
4-29 
6.15 

103[TiIII],,/~~ 
0.0 
0-7 
0.9 
1.2 
1.6 
3.2 
3.2 
3.9 

1 O2 [Tilll]ot/~t 
0.0 
2.6 
3.0 
3.5 
4.0 
5.7 
5.7 
6.2 

FIGURE 1 Variation of the acetonyl radical concentration, 
10s[CH,COMe]/~, with 102[Ti111],*/~i: 0 pH 1 ; pH 7 

Table 2 lists values for [*CH,COMe], (i) calculated on 
the assumption that reaction (1 1) makes no contribution 
and with k h  = 1200 1 mol-l s-l, and (ii) observed, ob- 
tained by comparison with a solution of vanadyl sulphate. 
The difference between these quantities is plotted 
against [TiIII], in Figure 2. From the gradient of this 
plot and equation (16), taking [Ti1I1lt as 0.25 [Ti1I1j0 and 
2k1, = lo9 1 mol-l s-l, we obtain k,, = 1.4 x lo7 1 mol-l 
s-l. The reaction was also investigated by pulse radiolysis 
of an argon saturated solution of acetone ( 1 ~ )  at  pH 7. 
Absorption by the TP-EDTA complex in the U.V. 

region led to experimental difficulties, and the decay of 
absorption at  390 nm was complex (the radical *CMe,OH 
is also formed under these conditions). However, some 

* 2  A. L. Buley, R. 0. C. Norman, and R. J. Pritchett, J .  C h e w  

23 K. M. Bansal, M. Gratzel, A. Henglein, and E. Janata, 
SOC. (B) ,  1966, 849. 
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reduction was evident and a lower limit was estimated for 
/ill as ca. 4 x 106 1 mol-1 s-l. 

TABLE 2 
Variation of [*CH,COi\lIe] with [TiITI], a t  pH 7, together 

with values of [*CH,COMe] calculated assuming 
negligible radical reduction 

1 06[*CH,COMe]/~ 
Observed Calculated 

0.00 0.00 
0.80 1-61 
0.87 1.95 
1.00 2.21 
0.76 2-55 
0-63 3-39 
0.4‘9 5.30 

5.0 - 

5 4.0 - 
n 

1 
0 
0, 3.0- 
I 
V 
u 

mQ 2.0- 
0 

I O3 [ T F ]  o/M 

0.00 
0.36 
0-53 
0.68 
0.90 
1.60 
3.90 

I I I I 
1.0 2.0 3.0 4.0 

1 03[Ti / M 

FIGURE 2 Plot of estimated reduction in  concentration of 
-CH2COMe ; 10g[AR]/hi veysus 103[Ti111],/~1 

Experiments a t  pH 1 employing Fenton’s reagent 
indicated that reduction of the acetonyl radical by FeII is 
not significant ([FeU]o = 1.9-13m~; [H,O,fo = 90mM). 
Although the signal amplitude for *CH,COMe was 
observed to decrease with increasing [FeI1l0, this was 
found to be due to an increase in the linewidth. 

The Radical *CH,CHO.-Both pulse radiolysis 23 and 
e.s.r.22924925 studies have shown that the oxidation of 
ethane-1,2-diol by the hydroxyl radical gives the species 
*CH(OH)CH,OH which undergoes acid-catalysed dehy- 
dration to the formylmethyl radical [reaction (17)]. The 
former technique has also demonstrated that this 
dehydration occurs in a diff usion-controlled reaction with 
hydroxide ion [reaction (IS)] .23 

CH(OH)*CH,OH + H+ _+ *CH,CHO + H30+ 

*CH(OH)*CH,OH *CH(O-)*CH,OH + 
(17) 

*CH,CHO + OH- (18) 

We generated the radical *CH,CHO by treating 
ethane-l,2-diol with the TiIIr-H,O, system under condi- 
tions (pH 0.7 ; O.lM-ethane-1,2-diol) in which this radical 
was the only one present in detectable concentration. 

** 13. C. Gilbert, J. P. Larkin, and R. 0. C. Norman, J.C.S. 
Pcvkin I I ,  1972, 794. 

The variation of its concentration with [Ti1I1j0 is recorded 
in Table 3, and the linear relationship between its 
concentration and [TinIl0+ shows that there is no 
detectable contribution to radical termination from reac- 
tion (19); we estimate that k,, > 6 x lo5 1 mol-l s-l, 
given that 23 2k, = 9 x los 1 mol-l s-l. 

*CH,CHO + Tin1 -CH,CHO + TiIV (19) 

2-CH2CH0 -% molecular products (20) 

TABLE 3 
Variation of [.CH,CHO] with [TiIII], a t  pH 0.7 

[CH,CHO] a 1 03[Ti111] o / ~  102[Ti111]o~/~* 
3.2 1.0 3.2 
3-9 1.3 3.6 
4.5 2.0 4.5 
4.8 2-7 6.2 
7.2 4-4 6.6 

0 Arbitrary units. 

This result was confirmed by pulse radiolysis with 
optical detection. A high concentration of the diol 
( 0 . 5 ~ )  was used in order to scavenge hydroxyl radicals 
and hydrogen atoms during the pulse (hydrated electrons 
are rapidly converted into hydrogen atoms at  the acid 
concentrations used), and solutions were deoxygenated 
by bubbling with argon. It was found that, at pH 1, the 
second-order decay of the radical *CH,CHO, monitored 
at  300 nm,23 was unaffected by the presence of 1.6 x 
10-2M-titanium(III) ion, from which it follows that 
k,, > lo5 1 mol-l s-l. 

However, it was apparent that the decay of this radical, 
a t  pH 0.7, was significantly affected by the presence of 
iron@) ion. The reaction could not be monitored at  300 
nm in this case owing to the build-up of an absorption 
from iron(m), but it could be achieved by following the 
increase in [FeIII] at 350 nm where absorption from 
*CH,CHO is insignificant. The rate constant derived in 
this way for reaction (21) was 4.5 x lo5 1 mol-l s-l. 

*CH,CHO + FeII -CH,CHO + FeIII (21) 

Although *CH,CHO is expected to be formed from 
ethane-1,2-diol by way of reaction (18) at  high pH,= no 
radicals could be detected by e.s.r. from the reaction of 
the diol with the TiIIr-H,O, system at  pH 9 in the 
presence of EDTA. We infer that k,, > lo7 1 mol-l s-l. 

*CH,CHO -+ Ti111 ktl -CH,CHO + TiIV (22) 
pH 9 (EDTA) 

This was confirmed by the pulse radiolysis of an N,O- 
saturated solution of ethane-l,&diol (0.5nx) in the 
presence of TiIII-EDTA ( 4 m ~ )  at pH 9. Some difficulties 
were again encountered, but monitoring the decay in the 
absorption at 350 nm gave a value for k,, of 6 x lo7 
1 mol-l s-l. 

25 R. Livingston and H. Zeldes, J .  Aw.er. Chem. SOC., 1966, 88, 
4333. 
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The Radicals CHMeCOEt and *CH,CH,COEt .--The 
reaction of the hydroxyl radical with diethyl ketone is 
expected to give the radicals CHMeCOEt and *CH,CH,- 
COEt. We investigated the oxidation of the ketone with 
the TiIIrH,O, system at  pH 1.0 and 7.0. In each case 
the e s r .  spectrum was in accord with the presence of 
these two carbon radicals; there were, in addition, some 
weak, unassignable lines. Hyperfine splittings and g 
factors are in Table 4, and are in good agreement with 
previous results for these and related r a d i ~ a l s . ~ ~ ~ ~ ~ ~ ~ ~  At 
both pH values the ratio of the concentrations of the two 
carbon radicals was not significantly changed by a sub- 
stantial increase in [TiIIqO (Table 5) ,  from which we infer 
that reaction (23) is unimportant in each case. 

*CHMeCOEt + TiI11k""- &MeCOEt + TiIv (23) 

TABLE 4 

Hyperfine splitting constants (mT) and g factors for radicals 
derived from diethyl ketone and cyclohexanone 

Relative 
con c e n - 

Radical a(cr-H) a(P-H) a(y-H) g tration 
CHMeCOEt 1-86 2-25 0.27 2.0040 2 
.CH,CH,COEt 2.21 2.48 2-0026 1 

1.76 3.43 0.20 2.0041 0.26 
2.16 2.78 2.0026 0.67 
2.16 2.76 2-0025 0.33 

(4 
( P) 
(Y) 

2-0025 0.40a *CH,[CHJ4CO2H 2-16 2.79 
5 Approximate value relative to the sum of (p) an?. (7) 

(1.0); the radical (a) was not observed under the conditions 
used (see text). 

TABLE 5 

Variation of concentration of radicals from diethyl 
ketone with pH and [TiIII],, 

[CHMeCOEt] 5 Total [R.] ad 
[TiIn],/m~ pH [.CH,CH,COEt] Observed Predicted 

(;::k 
'::g 

2-67 1.0 2.0 1.0 
6.32 2.0 2.2 1.47 
2-67 7.0 1.9 1.0 
6.32 7.0 2.0 1.66 

&lo%. b Arbitrary units; results for pH 1 and 7 are 
not in the same arbitrary units. 

If the reaction of diethyl ketone is essentially described 
by steps (24)-(28), then, assuming 2k,, = 2k27 = k,, = 
2kt, equation (29) should hold; it follows that, for 
[H,O,j, & [TinI]o, the sum of the radical concen- 
trations, [CHMeCOEt] + [.CH,CH,COEt], should be 
proportional to [TiIII]o*. The sums of the radical con- 
centrations predicted on this basis are in reasonably 
good agreement with the observed values (Table 5 ) ,  and 
we conclude that k ,  > 6 x lo5 (pH 1.0) and >1.2 x 
lo6 lmol-l s-l (pH 7-0), assuming 2kt = lo9 1 mol-l s-l. 

Now, reaction (30) should not make a significant con- 
tribution to  the termination of *CH,CH,COEt under our 
conditions (Am < lo3 1 mol-1 s-1). We infer that the 
observed value of [*CHMeCOEt]/[.CH,CH,COEt] is that 
for conditions in which termination is solely by bi- 
molecular radical combination. If the assumption that 

T. Shiga, A. Boukhors, and P. Douzou, J .  Phys. Chem., 
26 H. Fischer, 2. Naturforsck., 1965, 20s, 428. 

1967, 71, 4264. 

2k,, = 2k2, = k,, is valid, tlien this ratio (2 : 1) is that 
for the rate constants of reactions (24) and (25), and we 
discuss this further in the sequel. 

Et,CO + *OH + WCHMeCOEt 

Et,CO + *OH + *CH,CH,COEt 
(24) 

(25) 

2.CHMeCOEt kL"_ molecular products (26) 

2*CH2CH,COEt k"_ molecular products (27) 

OCHMeCOEt + =CH,CH,COEt k?", 

2Kt( [*CHllIeCOEt] + [*CH2CH,COEt])2 

molecular products (28) 

= kin[H202]t[Tir1*]t (29) 

*CH,CH,COEt -t Et2C0 k30_ 
Et,CO + OCHMeCOEt (30) 

Radicals from CycZohexnnonc.-The oxidation of cyclo- 
hexanone by both Fenton's reagent and the Ti111-H20, 
system has been studied by the e.s.r. method by Shiga 
and his  colleague^.^^ They suggested that either two oi- 
three radicals are formed with the former system and that 
one of these is absent when the latter system is used. 

We have found that the reaction of cyclohexanone with 
the TiIII--H,O, system gives a complex spectrum com- 
prising an approximate doublet of quintets attributed 
previously to either radical (p), or radical ( y ) ,  or a mix- 
t ~ r e , , ~  together with a previously unreported spectrum 
the central lines of which are subject to selective broaden- 
ing. The hyperfine splittings for the latter, together 
with the g factor (2.0041) (cf .  ref. 28) indicate that the 
spectrum is that of radical (a). The broadening of the 
central lines could not be fully accounted for on the basis 
of second-order effects, and presumably the residual 
broadening is due to an incompletely averaged inequival- 
ence of the P-protons. The ' doublet of quintets ' is 
subject to second-order effects; in addition, the asyrn- 
metry of the outermost lines must be assigned to over- 
lapping resonances from two radicals. The second-order 
spectrum of this mixture was satisfactorily simulated 
with the parameters listed in Table 4. The radical with 
the lower g is confidently expected to  be radical (y)  since 
it is present in lower concentration. No variation of 
radical ratios with [TiIII], was observed at  this pH, 
indicating that reduction of radical (a) is not significant 
under these conditions. 

0 0 0 

( a  1 ( P I  
The reaction of cyclohexanone with Fenton's reagent 

at pH 7 (phosphate buffer) gave spectra of poorer quality. 
R. 0. C. Norman and R. J. Pritchett, Chem. and Ind., 1965, 

2040. 
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Radical (a) was not observed, but even if it had been 
present in the same relative concentration as in reaction 
with the TiIU system, its hyperfine lines would have been 
obscured by the noise. The additional radical reported 
by Shiga et al. could not be detected in this experiment, 
but it was detected when the ketone and the peroxide 
were contained in the same reactant stream before ad- 
mixture with iron(r1) ion. Its hyperfine splittings and 
g factor are in the regions expected for the radical 
*CH,[CH,],CO,H, and wc infer the occurrence of a reac- 
tion sequence such as (31) (cf. refs. 29-31). This radical 
is also thought to be formed by photolysis of cyclo- 
hexanone-hydrogen peroxide mixtures, on the basis of a 
trapping experiment .30 

0 HO O I H  HO 0 .  

In other experiments in which the ketone and peroxide 
were premixed, it was found that the concentration of the 
radical *CH,[CH,],CO,H was substantially greater on 
reaction with iron(I1) ion than with titanium(II1) ion, each 
at  pH 7, and it could not be detected on reaction with 
titanium(Ir1) ion a t  pH 1. These observations could 
reflect variations either in the rates of reaction of the 
intermediate peroxide with the metal ions and with pH or 
in those of the alkoxyl radical with the metal ions. 

It is clear that premixing of peroxide and carbonyl- 
containing compounds can give rise to  a product (prob- 
ably a hydroperoxide) which may then be reduced by 
1 itII, or If'eI', or cleaved on photolysis. Mechanistic and 
iiinetic studies employing such premixing may therefore 
be subject to misinterpretation; it ma.y be that the dis- 
crepancies between our results and those reported 
previously for the metal ion reduction of radicals 
originates in the premixing technique used in the latter 
case. 

The Sigiti$cawe of Radical Red.uction.--The results are 
summariscd in Table 6. They show, first, that, for a 
particular metal ion, the rate of one-electron reduction of 
a radical is sensitive to the electronic structure of the 
radical. Thus towards the TiIII-EDTA complex the 
order, -CH,CHO > =CH,COMe > *CHMe*COEt, shows 
that reduction is retarded as electron-releasing groups are 
introduced. 
of ca. lo7 1 mol-l s-l for the reduction of *CH,COMe by 
FeII is too high since we should expect a rate constant for 
this process not larger than that for reduction of 
*CH,CHO by FeII. 

Secondly, there is evidence that reduction of a particu- 
iar radical by FeII is faster than by TiIII; that is, there is 
no correlation with metal-ion redox potentials. This is 

r .. 

We believe, then, that the estimated value 

29 M. S. Kharasch and  vTr. Xudeiiberg, J .  Ovg. Chem., 1954, 

30 K. Torssell, Tetrahedroiz, 1970, 26, 2759. 
31 R4. C. V. Sauer and  J. 0. Edwards, J .  Phys. Chem., 1971, '95, 

3004. 

19, 1921. 

also true of one-electron oxidations of carbon radicals by 
CuII and FeIII,32 and detailed studies of the mechanisms 
of these processes are needed to resolve the problem. 

We can also consider the implications of our results on 
e.s.r. observations of (mono)carbonyl-conjugated radicals 

TABLE 6 

Reduction of carbonyl-conjugated radicals by metal ions 

Metal ion 
FeII 
FeII 
Ti111 
Ti111 
Ti111 

T P - E D T A  
TiIII-EDTA 

TiIII-EDTA 

R a d i c a 1 
.CH,CHO 
*CH,COMe 
*CH,CHO 
CH,COhle 
CHMeCOEt 
CH,CHO 
-CH,COMe 

CHMeCOEt 

pH k / l  mol-l s-l 
0.7 4.5 x 105 

Oa7 { > 6  x lo5 

1.0 > 105 
=p 105 

1.0 > 106 
> 107 

1.0 >6 x lo5 

{ 6 x lo7 

7.0 >1.2 x 106 

Method 
P.r. 
E.s.r. 
P.r. 
E.s.r. 
E.s.r. 
E.s.r. 
E.s.r. 
P.r. 
P.r. 
E.s.r. 
E.s.r. 

generated with Fenton's reagent or the Ti111-H202 couple 
in a flow system. One-electron reduction by FelI at pH 
ca. 1 of such a radical from an aldehyde or ketone should 
not be faster than for *CH,CHO, i .e. k > 4.5 x lo5 1 mol-l 
s-l. The typical concentration of FeII in one stream of 
a two-stream flow system is 5 r n ~ , 3 ~  corresponding to  
[FeII],, = 2 . 5 m ~ ,  so that the concentration in the cavity 
is ca. mM. For a total observed radical concentration, 
[R.], of ca. PM and a termination rate constant, 2k', of 
lo9 1 mol-l s-l, 2k"R-I 2 Z(k[FeII]t}; the concentration 
of R* should then be reduced at the most by about a third 
of its value compared with the situation in which radical 
reduction is negligible. For the TiIII-H,O, system at 
pH ca. 1, a similar calculation for typical conditions 
([TiIIqt - mM) shows that radical reduction can be 
ignored. 

Reactions at  high pH in the presence of EDTA are in 
marked contrast. If a carbonyl-conjugated radical does 
not possess electron-donating substituents to  retard 
reduction then the expected radical concentration may 
be considerably reduced ( e g .  *CH,CHO in the presence 
of Tim-EDTA), 

Correlations of Radical Concentrations with Kinetic 
Data.-It is usually possible with the e.s.r. technique to 
assign specific structures to each of several short-lived 
radicals formed from a particular molecule and in prin- 
ciple, therefore, through kinetic analysis, to estimate rate 
constants for reactions at different sites in the molecule. 
Other methods are not always suitable for this purpose; 
for instance, most organic radicals exhibit weak absorp- 
tion in the same region of the U.V. spectrum, so that 
electronic spectroscopy may be appropriate only when 
the various radicals display significantly different 
reactivity towards a particular reagent (cf. oxidation of 
a-hydroxyl radicals by metal ions 32934) .  

32 C. 'Walling and  S. Kato, J .  Amev. Ghem. Soc., 1971, 93, 

33 H. Taniguchi, H. Hasumi, and  H. Hatano, Bzdl. Chem. SOC. 

34 G. E. Adaxns and R. L. Willson, Tvans. Favaday Soc., 1969, 

4276. 

Japan, 1972, 45, 3380. 

65, 2981. 
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We can employ our data for diethyl ketone and cyclo- 

hexanone to illustrate this application of e s r .  spectro- 
scopy, making use of the hypothesis35 that a hydrogen 
atom in a particular molecular site can be assigned a 
specific rate constant for its reaction with *OH, the overall 
rate constant being the sum of these ‘partial specific 
reaction rates’. Since most of the rate constants 
reported were based on a competition with fi-nitrosodi- 
methylaniline and assumed a value for K(*OH + EtOH) 
which is an underestimate of the currently accepted 
value,lg we have revised these values upwards (by a 
factor of 1-68), to give specific rate constants (per hydro- 
gen atom) for the methyl groups in diethyl ketone of 
0.605 x 108 1 mol-l s-l and for the methylene groups in 
cyclohexanone which are not adjacent to the carbonyl of 
5.04 x lo8 1 mol-l s-l. With these values, together with 
the e.s.r. results for the relative rates of formation of the 
radicals CHMeCOEt and -CH,CH,COEt and of radicals 
(a), (p), and (y) ,  we calculate the partial specific reaction 
rates for the methylene groups adjacent to carbonyl as 
1.8 x 108 for diethyl ketone and 1.9 x los 1 mol-l s-l for 
cyclohexanone. Summing the specific reaction rates for 
the former ketone gives 1.1 x lo9 1 mol-l s-l for the over- 
all rate constant, and this is in reasonable agreement with 
the value from pulse radiolysis of 1.36 x lo9 1 mol-l s-l 
(value revised from36 8.1 x lo8 1 mol-l s-l, based on 
competition with thiocyanate). In view of the approxim- 
ations involved it is not possible at present to decide how 
much reliance can be placed upon the exactitude of the 
results. However, it is reasonable to expect that, with a 
full understanding of the TinLH,O, system including the 
extent of possible side reactions with the generating 
system, radical reactions involving the system may be 
placed on a quantitative basis. A programme exploring 
these possibilities is in progress. 

Shapes of the Radicals from Cyc1ohexanorte.-The sums 
of the hyperfine splittings for a pair of p-protons in the 
radicals (p) and (y)  (5.56 and 5-52 mT) are significantly 
larger than for the cyclohexyl radical (4.60 mT),37 and 
that for the p-protons in the radical (a) (6.86 mT) is close 
to the value for the cyclopentyl radical (7.03 mT),37 even 
though some of the spin on the tervalent carbon atom in 
the former should be removed by the conjugated carbonyl 
group. Since a(p-H) increases with cos2 8, where 8 is the 

M. Anbar, D. Meyerstein, and P. Neta, J .  Chem. Sac. (B) ,  
1966, 742. 

dihedral angle between the p-C-H bond and the singly 
occupied p orbital, we infer that the rings in the radicals 
(p) and (y )  are significantly flattened compared with the 
cyclohexyl radical. For the radical (a) we should expect 
that the CC bonds in the fragment CH,-CO-CH-CH, 
would tend to be coplanar so as to optimise delocalisation 
of the spin on to the carbonyl group. The large value of 
a@-H) then suggests that the second C-C bond associated 
with the p-protons is also nearly in this plane, such that 
one p-C-H bond has 8 only slightly greater than 30°, and 
the other correspondingly slightly less, the average value 
of cos2 0 for the two being close to 3/4, as it presumably 
is in the cyclopentyl radical. 

No selective line broadening was apparent in the spec- 
tra of radicals (p) and ( y ) ,  so that interconversion of two 
‘ flattened ’ chair conformations must be rapid compared 
with the hyperfine frequency interval between the 
differently sited p-protons in a particular conformation. 
However, there was selective broadening of the lines 
corresponding to M s  = 0 for the p-protons in radical (a), 
and we attribute this to the occurrence of interconversion 
of the near-planar conformation we have described and 
its mirror-image at a rate little greater than the hyperfine 
interval between the two p-protons. Now, we have 
argued that the values of 8 for these protons should differ 
by only a small amount, so that the hyperfine interval 
should be small compared with that, e.g., for the less 
‘ flat ’ radicals (p) and (7). We conclude, then, that the 
energy barrier for interconversion is higher for radical (a) 
than for its isomers. Possibly this is because, with the 
coplanar arrangement of three C-C bonds which we have 
suggested for the radical (a), only three of the ring bonds 
are able to take part in the interconversion, so that greater 
strains are set up as these mutually adjust than when all 
the ring bonds can take part in the interconversion. 
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36 G. E. Adams, J. W. Boag, J. Currant, and B. D. Michael, 
in ‘ Pulse Radiolysis,’ eds. J. H. Baxendale, &I. Ebert, J .  P. 
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