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Kinetics and Reaction Mechanisms of Complexes with Cobalt—Carbon
¢ Bonds of the Type {(NH3)sCo—R}"* in Aqueous Solutions, a Pulse
Radiolysis Study
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The kinetics of formation of complexes with cobalt-carbon &
bonds in the reaction between {Co'(NHj)sH,0}2* or
{Co"(NH3)g)?* with different aliphatic radicals was studied in
aqueous solutions using the pulse radiolysis technique. The
formation of the complexes {(NHj)sCo™-R}™* obey pseudo
first order rate laws and the rate constants for R = CH; and
CH,CO,™ are (3.0+0.3)x107 and (2.1£0.3)x107 M7's™!, re-

spectively. The UV/Vis spectra of the complexes are reported
and found to be in agreement with previous results for ana-
logous complexes. The results point out that the reactions
(NH3)sCo™-R + R* + NH3 — Co(NHj)g?* + R, are fast thus
limiting the radical route as a synthetic tool for the
(NHs)sCo™-R complexes.

Introduction

The properties of complexes with cobalt—carbon o
bonds were widely studied for two main reasons:

1. The importance of the coenzyme vitamin Bj».

2. The kinetic stability of the cobalt—carbon ¢ bond,
which provides the ability to synthesize a variety of com-
plexes of this type.

The discovery that coenzyme By, is a cobalt(III) complex
containing a cobalt—carbon ¢ bond initiated many studies
concerning the mechanisms of formation and decomposi-
tion of these bonds. It was argued that a prerequisite for
the formation of a stable alkylcobalt(III) compound is an
unsaturated equatorial ligand system. Thus, the complexes
studied so far mainly contained ligands, which are consid-
ered coenzyme vitamin B;, analogues, i.e. unsaturated li-
gands bound to the cobalt ion in a planar configuration as
analogous to the corrins,!'! e.g. unsaturated tetraazamacro-
cylic ligands.>*~4 These ligands stabilize the cobalt ion in
three oxidation states; +1, +2 and +3. Alkylcobalt(III)
compounds containing solely saturated ligands have been
reported for relatively few cases,* 6 the ligands were
mainly saturated tetraazamacrocyclic ones, these complexes
have been prepared employing various synthetic methods.
Meyerstein et al.[”l studied the formation and decomposi-
tion of (nta)Co™—R complexes formed in the reactions of
(nta)cobalt(IT) complexes with various aliphatic radicals 'R
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[where nta is nitriloacetate, N(CH,CO,7)3], to elucidate the
factors affecting the rates of cobalt—carbon bond forma-
tion. It was found that the stability of the cobalt—carbon
bond towards homolytic cleavage is in the order CH; >
CH,OH > CH(CH3)OH > C(CH3),OH. The results also
pointed out, that nta indeed stabilizes transient complexes
of the type {(nta)Co™—R(H,0)} . The formation and de-
composition mechanisms were further studied using the
high-pressure  technique.®! 1t was concluded that
metal—carbon bond formation is very similar to ligand-ex-
change processes in terms of volume changes, and follows
an Iy mechanism in the case of cobalt(Il). Homolysis of
the cobalt—carbon bond is presumably accompanied by an
additional contribution due to the volume difference be-
tween the low spin LCo™—R complexes and the high-spin
LCo™(H,0) complexes.’? Recently, Kofod et al.l'®!!l pre-
pared several alkylcobalt(III) complexes with ammonia li-
gands such as {(NH;3)sCo™—CH;!?", trans-{Co(en),-
(NH3)(CH3)}?*  and  {Co(NH;)s}-mer,trans-{Co(NO,)s-
(NH3)»(CH3)}»-trans-{Co(NO,)4(NH3),}. Kofod!'" synthe-
sized and spectroscopically characterized the complex
{(NH3)sCo"™—CHj;}?" by alkylation of Co(NH3)s>" using
methylhydrazine with dioxygen as the oxidizing agent, a
route that had originally been developed for the preparation
of organocobalt(IIl) compounds with unsaturated ligands.

Basically the strength of the cobalt—carbon ¢ bond de-
pends on several factors:

1. The equatorial ligands, which influence the redox po-
tential of the central cobalt ion. Changes in the structure
and identity of the ligands cause changes in the properties
of the complexes. The redox potential of the central cobalt
ion is affected by the ¢ donor character of the ligands.
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2. The character of the ligand in the frans position to the
R group. It was shown that for a series of cobalt—methyl
compounds ligands in the trans position [e.g.: CN~, NO, ™,
H,0, NH; and en (1,2-ethanediamine)], considerably affect
the cobalt—carbon bond length and the UV/Vis absorption
spectra (in agreement with the spectroscopic series H,O <
NH; < CN™ = NO,").l2

3. The character of the substituents on the aliphatic res-
idue, R.

4. Steric hindrance which stems from the equatorial li-
gand structure and from the substituents on R.

It was decided to check whether the complexes
{(NH3)sCo™—R}"* can be synthesized according to Equa-
tion (1). This would open up the possibility of synthesizing
a large variety of these complexes using radiation chemistry
techniques. The results indicate that this technique might
indeed be used, though it has its limitations. The new com-
plexes were characterized spectrophotometrically, and their
kinetics of formation and decomposition were studied.

{(NH3)5Co(H,0)}2" + R —— {(NH3)sCo'"-R}"" (1)

Results

N,O-saturated aqueous solutions containing
(0.2—4.0)x1073 M CoSOy, 20% NHj; and in addition 1 m
of one of the following substances, CH;OH, CH;COONa
or (CH3),S0O, were irradiated by a short electron pulse from
the linear accelerator. The experimental results, see below,
point out, that under these conditions the primary radicals
are transformed into the desired aliphatic radicals during
the pulse. As the reaction of the "'OH radicals with NHj3
under our experimental conditions (ca. 11 m NH3), com-
petes with the reaction of ‘OH radicals with CH;CO,~ and
CH;OH, "3 see Table 1, the results (vide infra) indicate that
the produced 'NH, radicals react with the organic sub-
strates to produce the desired aliphatic radicals by analog-
ous reactions to those of the ‘OH radical. This result is not
surprising as the dissociation energy of the H,N—H bond
is considerably larger than that of the C—H bonds in
CH;CO,~ and CH;OH.I'Y

Table 1. Rate constants relevant to this study

Reaction kM 's™!

(CH3),SO + 'OH — (CHj3),S (O)OH 6.6x10° 211
followed by:

(CH;),S (O)OH — "CHj; + (CH3)S(O)OH 1.5%107 [s~1] 21

(CH3),SO + 'H — (CHa),S(OHY 2.7%106 221
(CH3),SO + e;q — products 1.6X106 23]
CH;COO~ + 'OH — 'CH,COO~ + H,O 8.5x107 24
CH;COO~ + 'H —- 'CH,COO™~ + H, 3.5X10° 2%
CH;COO~ + e, — products < 1.0x10° [20]
CH;0H + 'OH — ‘CH,OH + H,O 9.7x108 [13]
CH,OH + 'H — ‘CH,OH + H, 2.6x106 [13]
CH;0H + e, — products < 1.0x10% 13
NH; + ‘'OH — 'NH, + H,0 1.0 X 108 [13]
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In all the systems studied a formation reaction was ob-
served after the formation of the aliphatic radicals (Fig-
ure 1). The formation of the intermediates (for methyl and
acetate) obey pseudo-first-order rate laws (Figure 1). The
observed rates are proportional to the initial concentration
of [(NH3)sCo(H,O)** or [Co(NH;)¢]** (Figure 2). The
rates are independent of the concentration of all other com-
ponents of the solution, pulse intensity and the wavelength
at which the reaction is observed. The products are un-
stable, vide infra, i.e. they are not (NH;)sCo(H,0)>" or
Co(NH3)s*". Therefore it is reasonable to propose that the
intermediates formed in this process are of the type
{(NH3)sCo™—R}?*, i.e. complexes with cobalt—carbon &
bonds, and that the reactions observed are as described in
Equation (1). The results are summed up in Table 2.
Though the straight lines in Figure 2 have no positive inter-
cept, i.e. the reactions R* + R"— R, do not compete with
Equation (1) under the experimental conditions, the yield
of the intermediates (NH3)sCo™—R, as measured by its ab-
sorption, increases with an increase in [(NH;3)sCo(H,0)>"]
(Figure 3). The spectra of the intermediates formed,
Table 3, are similar to those of other complexes of this
type,l'% a typical spectrum is shown in Figure 4.
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Figure 1. Formation kinetics of [(NH;3)sCo'—CH,CO,]"; com-
puter output of light intensity vs. time; N,O-saturated solution with
1 M CH5CO,Na, 1X1073 M CoSOy, ca. 20% NHj, the solution was
irradiated with a maximum pulse and the kinetics were followed
at 300 nm

Table 2. Measured rates of reaction of aliphatic radicals with
{(NH3)sCo(H,0)}**

Reaction Kimeas M~ 1s ™1
{(NH3)sCo(H,0)}2* + ‘CH; — 3.4%107
{(NHS)SCO_CH3}2+

{(NH,).Co(H,0)}2* + ‘CH,COO~ —> 21107

{(NH;)sCo—CH,COO~} *
{(NH;)sCo(H,0)}2* + ‘CH,OH — [b]
{(NH;)sCo—CH,OH}>*

[2] The measured values are somewhat higher than k;, see discus-
sion. [l The results imply that this process is an equilibrium process
with a very small equilibrium constant, therefore it is difficult to
establish this rate constant.

Mechanism of Decomposition of the Complexes
{(NH3)sCo'""—R}"*

The decomposition processes for all the intermediates in
this study obey first-order rate laws. The measured decom-
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Figure 2. Dependence of the rate of formation of
{(NH3)sCo—CH3}2* and of {(NH3)sCo—CH,CO, }* on
{(NH3)sCo(H,0)}?>*; solution composition: N,O saturated,

(0.2—4.0)x1073 M CoSO,, ca. 20% NH;3 and 1.0 m DMSO or
CH;CO,Na
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Figure 3. Dependence of [{(NH;3)sCo—CH;}>*] and

[(NH;3)sCo—CH,COO} ] on [{(NH3)sCo(H,0)}>"]; experimental
and simulated data; solution composition: N,O saturated,
(0.5—4.0)X1073 M CoSOy, ca. 20% NH; and 1.0 M DMSO or 1 M
CH3CO,Na; measured at 350 and 300 nm, respectively, and simu-
lated with 1.6X107> and 1.3X 107> M/pulse dose rates

Table 3. UV/Vis absorption maxima of the intermediates of the
type {(NH3)sCo—R}"*

Intermediate Xmax [NmM] Emax M~ lem 1]
{(NH;)sCo—CH;}>* 362, 494 183, 50
{(NH;3)sCo—CH,COO}* 370, 505 82, 50
{(NH3)sCo—CH,OH}>* 330 1751

[al Assuming that all the radicals react to yield the intermediate.

position rate constants (samples irradiated in a °°Co 7-
source) are summed up in Table 4 [as the equilibrium con-
stant for the formation of {(NH;)sCo™—CH,OH}?" is
small, the observed decomposition is due to the reaction
between two CH,OH radicals (k = 1.5%10° m~ s~ Hil3]),
The final products of the decomposition reaction of the in-
termediate {(NH;3)sCo—CH;}?>" were analyzed using GC
and were found to be mainly ethane and methane. The ra-
tios between ethane and methane formed were measured
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Figure 4. Spectrum of the intermediate {(NH;3)sCo—CH3}?"; ex-
perimental conditions: N,O saturated, 1X107> M CoSOy,, ca. 20%
NH; and 1.00 M DMSO, the solution was irradiated for 15 min in
the ®°Co source

Table 4. Measured decomposition rate constants of the complexes
{(NH3)sCo—R}"*

Complex ks
{(NH;3)sCo—CH3}** 2.2X1074
{(NH;)sCo—CH,COO} + 53x10°4

and were found to decrease with the increase of the initial
[(NH3)sCo(H,O)]?" concentration, and increase with the
number of pulses delivered to the sample, Table 5.

Table 5. Relative yields of C;Hg and CH,4 formed in the (CH3),SO
system; solution composition: N,O saturated, ca. 20% NH; and
1.00 m DMSO; samples were irradiated by consecutive pulses in
the linear accelerator

[Co**] No. Ethane/methanel® Ethane/methane
[M] of pulses (experimental) (simulation)
4.0x1074 10 3.6 4.7

6.0xX107* 10 3.0 32

1.0x1073 10 2.3 2.0

2.0x1073 10 1.5 1.05

1.0x1073 6 1.54 1.35

1.0x1073 4 1.50 1.05

[l The pulses were given before the decomposition reaction occurs.

Discussion

Formation and Decomposition of the Complex
{(NH;)sCo—CH3}**

The experimental results indicate:

1) The reaction of the ‘CH; radical with the cobalt com-
plex is relatively fast and the kinetics follows a pseudo-first-
order rate law. The intercept of the line in Figure 2 is close

to zero, i.e. K is large and k_, is small.
X

{(NH3)5Co(H0)}>" + ‘CH3 T {(NHy)sCo"-CH3)* )
X
-1
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2) However, surprisingly the yield of the intermediate
formed also depends on the initial cobalt complex concen-
tration, Figure 3.

3) The decomposition reaction of the complex
{(NH3)sCo™—CHj;}?" obeys a first-order rate law, with a
rate that does not depend on the concentrations of the solu-
tion components, i.e. the decomposition reaction does not
proceed by homolysis.

4) The major final product is ethane, which is surprising
for a first-order decomposition of the intermediate. The ra-
tio of [ethane]/[methane] formed depends on the initial
[Co(NH3)¢%*] and the total number of pulses delivered to
the sample, Table 5.

These results seemed to suggest that the ethane is not a
product of the decomposition of the intermediate complex,
{(NH3)sCo"™—CH;}>", which decomposes heterolytically
according to Equation (3). The ethane might alternatively
be formed by Equation (4), however the small intercept in
Figure 2 rules out that this is the major source of ethane,
and suggests that Equation (5) also occurs. Reactions ana-
logous to Equation (5) were observed for a variety of com-
plexes, Table 6. If the rate constant of Equation (5) is high
enough it will compete with Equation (2), thus explaining
qualitatively the dependence of the [C,Hg)/[CH4] ratio on
the [Co(NH3)¢>" ]y concentration and on the number of
pulses delivered to the solution, Table 5.

Table 6. Rates of reaction of methyl radicals with {LM—CH;}"*

Reaction 2k (M~ 1s71] Ref.

{(1\11_13)5(:0_CI_I3}2+ + CH3 this work
{(nta)(H,0)Co—CHs}~ + "CHy
{(nta)(H,O)Fe—CH;}~ + 'CH;3

{(nta)(Hzo)Mn_CH3}7 + CH3

(6=3)x 108
(7.5£2.0)x107 127
(1.1+0.3)x10° B8
(3.2+0.6)x10° 181
[27]
[

{(cyclam)(H,O)Ni—CH3}?>* + "CH;  8x107 27
{(hedta)Fe—CH,}2* + "CH, (2.7+0.2)x107 1
{(NH3)5CoMM-CH 31" —12% {(NH3)5 Co(H,0))* " +CHy 3)
k=22x107%"!

CH3 +‘CH3——) C2H6 (4)
k=16x10° Ml 16

{(NH;)5Co'!'-CH3 32" +* CH3 —— {(NH3)5Co(H,0)}*7 + C2Hg )

To check whether the addition of Equation (5) to the
reaction scheme indeed explains the experimental results
and in order to estimate the rate constant of this reaction,
the dependence of the ratio [C,Hg)/[CH4] was simulated.
The simulation experiment was done using the pro-K global
analysis/simulation software (Applied Photophysics). The
simulation was run assuming that only Equations (2), (4)
and (5) have to be included, since Equation (3) is relatively
very slow, and assuming that the concentration of methane
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formed equals the final concentration of the intermediate
complex {(NH;3)sCo—CH;}?>*. The simulation had to ac-
count for the dependence of the [C,H¢)/[CH,] ratio in the
products on the [Co(NH3)s> "], concentration and on the
number of consecutive pulses delivered to the sample,
Table 5. The results clearly indicate that methane is mainly
formed during the first pulses, while Equation (5) domin-
ates during later pulses and ethane is primarily formed,
Table 5. Initially the measured k; = 3.4X107 M~ 's™! was
used to obtain a first estimate for ks. Subsequently, the ef-
fect of the thus calculated k5 on k; was examined, by simu-
lating the rates of intermediate formation and both rates
were iteratively adjusted. The following values best fit the
experimental data: k; = (3.0=0.3)X107 m~!s™! and ks =
(6=3)x10% m~!s™!. Using these rate constants the concen-
trations of {(NH;3)sCo—CH;}>" by one pulse were calcu-
lated and the thus simulated data compared with those ex-
perimentally obtained from the optical density (O.D.) due
to the transient complex, Figure 3. Obviously these rate
constants simulate well with this data. The simulation
points out that the yield of ethane according to Equation
(4)119] is negligible under most experimental conditions; ks
can be compared to other reported values for analogous
reactions, see Table 6. The rate constant for Equation (5)
is at the higher end of the published data for these types
of reactions.

It is of interest to compare the properties of
{(nta)(H,O)Co™—CH;}~ " and {(NH;)sCo-CH;}>*. The
former decomposes homolytically considerably faster than
the heterolytic decomposition of the latter one. This is prob-
ably due to the fact that {Co(NHj;)s}>" is a considerably
stronger reducing agent than {Co(nta)(H,O),}~ '} and
therefore the electrons of the metal—carbon ¢ bond are ne-
arer to the cobalt center in the {(nta)(H,O)Co™—CH;}~
complex. In other words the cobalt—carbon bond in
{(NH;)sCo-CH5}?" has a more ionic nature than that in
{(nta)(H,O)Co™—CH;}~ which is more covalent and
therefore tends more towards homolysis.

Formation and Decomposition of the Complex
{(NH3)sCo—CH,CO,}*

The acetate system behaves analogously to the methyl
system. Formation and decomposition rates were measured
(Tables 2 and 4) and corresponding dependencies of the
formation rate constant and the intermediate concentration
on initial cobalt(Il) concentration were found (Figures 2
and 3). Therefore it is reasonable to conclude that the same
reaction mechanism [analogous to Equations (2)—(5)] ap-
plies. The final products in this system were not measured
as one of the possible products — acetate — is identical to
the starting material. The rate for the reaction of the acetate
radical with the intermediate (ks analogue) for this system
was derived from a simulation of the dependency of the
intermediate concentration versus the initial Co'' concen-
tration (Figure 3) using the measured formation constant
and a radical reaction constant (k, analogue) of 5.0x108
M~ s~ L[5 The derived rate constant for the reaction of the
intermediate with the acetate radical, ks, = (1+0.5)X107
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M~ 's™!, is considerably lower than that for the methyl sys-
tem. This observation is tentatively attributed to higher
steric hindrance in this system.

Formation and Decomposition of the Complex
{(NH3)sCo—CH,OH}**

The formation constant of the intermediate
{(NH3)sCo—CH,OH}?>" could not be measured as in this
case the back reaction of Equation (6), the homolysis, is
apparently fast.

{(NH3)5Co(H,0)}2" + *CH,0H . {(NH3)5Co~CH,OH)*” (6)

The experimental results point out that the equilibrium
constant of Equation (6) is much smaller than that meas-
ured for the analogous intermediate with nta as ligand. In
the nta analog it was suggested’! that the intermediate
formed is {(nta)(Co'—CH,O}, this intermediate does not
decompose readily according to the homolytic reaction
since it is stabilized by partial bonding of the oxygen atom
to the cobalt center due to electrostatic interactions;!”) i.e.
the intermediate formed is:

o-

s

(nta)Co — CH,

As in the NH; system the intermediate formed is
{(NH3)sCo-CH,OH}?" and no cis ammonia release is ex-
pected!'® as no such stabilization is possible and it decom-
poses very fast according to the homolytic pathway.

Spectra of the Complexes {(NH3)sCo™—R}"*

The general spectra of the {(NH;)sCo™—R}"* com-
plexes resemble the spectrum of the complex
{(NH;3)sCo™—CHj;}?",[1% and the spectra of the complexes
{(H,0)(nta)Co™—R}?* I This confirms the identity of the
nature of the transient complexes formed, as complexes
of  cobalt(Ill) with  cobalt—carbon o  bonds,
{(NH3)sCo™'—R}"*.

Concluding Remarks

The rate constants measured in this study, for the forma-
tion of the cobalt complexes with the cobalt—carbon o
bonds, with the different radicals, are similar to the known
rate constants for ligand exchange of the complex
{Co(H,0)6}" in aqueous solutions, k = 5X10° s~ !, Reac-
tions leading to the formation of the metal—carbon bonds
clearly proceed according to the inner-sphere mechanism.
The results are thus in agreement with a mechanism where
the rate-determining step is the ligand-exchange step. Sim-
ilar conclusions were reported previously for a variety of
reactions in which metal—carbon ¢ bonds are formed by
radical reactions.[>71]
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A comparison of the rates of reaction of ‘CHj; radicals
with a variety of complexes of the type L, M""!'—CHs,
Table 6, is of interest. Though all the other reactions meas-
ured are for L,,M""'—CH; complexes which decompose
homolytically, the rate constant for {(NH;3)sCo™—CH;}2",
which decomposes heterolytically, falls well into the ob-
served range for the other reactions, i.e. the rate constants
of these reactions do not depend strongly on the “ionicity”
or “covalency” of the metal—carbon ¢ bond. Contrary
to the previously published systems, which decompose
homolytically (with the exception of the copper systems,
which  decompose in a  bimolecular reaction),
{(NH3)sCo—CHj3}2* decomposes heterolytically, implying
that the Co—CHj; bond is considerably more ionic.

In principle two possible mechanisms might be envi-
sioned for the radical complex reaction:

a) a second CHj radical coordinates at the cis position
to the first one, followed by reductive elimination of ethane:

CH,

n+2

LM e, +.cHy — LMV CH; —= LM + Gl

b) the second CH; radical attacks, and binds to, the car-
bon atom bound to the central metal cation:

H
|
LM"CH, +-CH, —*> LM“+£C\"' CH; — LM" + G
H H

Reaction a) can be disqualified, based on the velocity of
the reaction, as the derived reaction rate for the process is
significantly faster than typical ligand exchange reactions
for such a system. Recently, van Eldik et. al.l'8 measured
the ligand exchange rate for the trans-labilized NHj; ligand
of the {(NH;3)sCo—CH;}>" system as kg, =1.8 s ! (a
cis ligand should be more difficult to exchange). This me-
chanism is also in agreement with the observation that
K(NH3)sCo"—CH; + -CH; > K(NH):Co"—CHaCO, + -CHuCO, @S
the latter reaction is sterically hindered.

Complexes with cobalt—carbon ¢ bonds can be synthe-
sized by a radical process. Nevertheless, this technique has
a disadvantage, the results imply that the reaction according
to Equation (5) is very fast, especially for systems without
steric hindrance, in comparison to Equation (2). Therefore,
the attainable yields of the desired intermediates are ex-
pected to be relatively low.

Experimental Section

Materials: All solutions were prepared from AR grade chemicals
and from distilled water which was further purified by passing
through a Milli Q Millipore setup, final resistivity > 10 MQ/cm.

pH: The pH was measured with a Corning 22 pH meter and ad-
justed by addition of HCIO,4 and/or NaOH.

Radiolytic Technique: Pulse radiolysis experiments were carried out
using the Varian 7715 linear electron accelerator at the Hebrew
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University of Jerusalem. The pulse duration was 0.1—1.5 ps with a
200-mA current of 5-MeV electrons. The dose per pulse was 3—30
Gray. Irradiations were carried out in a 4-cm spectrosil optical cell,
the analyzing light was passed three times through the cell. A 150-
W xenon arc produced the analyzing light. The experimental setup
was identical with that described earlier in detail.>") For dosimetry,
an N,O-saturated solution containing 1X1073 M Fe(CN)s*~ was
used. The yield was measured by using €450 = 1000 M~ 'cm~!. The
values of the molar extinction coefficient calculated from the dosi-
metry measurements have an error limit of £15% due to the scatter
in the pulse intensity and due to uncertainties in G values. A ®°Co
source, Noratom, with a dose rate of ca. 6 Gray/min was used for
low-dose rate experiments and product analysis.

Product Analysis: GC analysis: 30-mL samples in closed glass vials
under N,O were irradiated by the linear accelerator and/or by the
%Co source. The gaseous products were analyzed using a Varian
Model 3700 gas chromatograph.

Production of Radicals: The radiolysis of water in dilute aqueous
solutions can be summarized as follows:

Hzo—% ‘OH (2.65); 'H (0.60);¢;,, (2.65); H, (0.45);H,0, (0.75) 7

(G values in parentheses, are defined as the number of molecules
of each product/100 eV radiation absorbed by the solution).l?’l In
concentrated solutions the yields of the radicals are somewhat
higher and those of H,O, and H, are somewhat lower. In N,O-
saturated solutions the hydrated electron is converted into the hy-
droxyl radical via:(!3

¢y +N,0 —— N, + OH +OH™ ®8)

k=9.1x10° M~Ls7!

at pH > 3 the contribution of 'H atoms to the total free radical
yield is less than 10%. Methyl radicals were produced by reactions
summarized in Table 1. The other alkyl radicals used in this study
were prepared by hydrogen abstraction reactions of the primary
radicals with the appropriate aliphatic solutes, these reactions are
also summarized in Table 1.
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